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Abstract

Abstract

In a battery system, up to several hundred cells are interconnected to provide the required energy
and performance. The behavior of each component in the system is of interest to achieve a long
energy storage life. Most scientific studies are carried out at individual cell level to quantify their
influencing variables. Meanwhile, the current can be distributed unevenly between the cells in parallel
configurations. Understanding the factors influencing current distribution is essential for profoundly
understanding battery system behavior.

A battery management system usually monitors the cell voltages in serial-connected cells. In contrast,
in parallel-connected cells, each cell would require a current sensor to measure the current. As this
would lead to high costs, monitoring each cell current is generally not realized. Instead, different
methods are used in studies to quantify the factors leading to a homogeneous or an inhomogeneous
current distribution. The aim is to identify parameters that lead to convergent or divergent behavior
across the cells connected in parallel.

This work presents three studies that aim to analyze the behavior of battery systems. The first
study quantifies the factors that influence the measurement of electrical contacts. A simulation- and
mathematically-based analysis was used to identify inhomogeneities in the electrical measurement that
affect its accuracy and validity. Based on this, the distribution of the current in area-based connections
was investigated. This knowledge can be used to optimize the design of electrical connections from an
electrical point of view. Consequently, electrically conductive adhesives are analyzed alongside well-
established joining techniques. In a quantitative comparison with well-established joining techniques,
the mechanical and electrical parameters show the same order of magnitude. Regarding economic
considerations, however, adhesive connections cannot keep up with well-established joining techniques.

A second study presents a novel measurement technique to virtually connect cells in parallel with
defined boundary conditions. This makes it possible to measure the current distribution between
battery cells without the influence of parasitic elements such as contacts and measuring equipment.
Using the novel measurement method, clearly defined boundary conditions could be investigated, such
as different contact resistances and cell temperatures between cells connected in parallel.

In a final study, these influencing factors are quantified for three different state-of-the-art cells. To facil-
itate comparability among the three cell technologies, sensitivity factors are introduced, which measure
how sensitive the current distribution of the respective cell technology reacts to the imposed inhomo-
geneities. It was concluded that the current distribution mainly depends on the open-circuit voltage
characteristic, the temperature sensitivity and the resistance of the corresponding cell technology.
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Kurzfassung

In Batteriesystemen werden bis zu mehreren hundert Zellen miteinander verschalten um die geforderte
Energie und Leistung erbringen zu können. Das Verhalten eines jedes Komponents im System ist
dabei von Interesse, um eine möglichst langlebigen Energisepeicher zu erhalten. Die meisten wis-
senschafltichen Studien werden dabei auf Einzelzellebene durchgeführt, um deren Einflussgrößen zu
quantifizieren. In der Parallelschaltung hingegen, kann sich der Strom ungleichmäßig auf die Zellen
aufteilen. Die Kenntnis der Einflussfaktoren für eine inhomogene Stromaufteilung hierfür essential,
um ein tiefgründiges Verständnis von Batteriesystemen zu erhalten.

Während die Zellspannungen einer Serienschaltung in der Praxis vom Batteriemanagementsystem auf-
gezeichnet wird und somit überwacht werden kann, ist eine Strommessung in jedem parallelen Pfad
aufgrund vom hohen Aufwand und Kosten in der Regel nicht möglich. Anstattdessen wird mittels
Testverbünden nach neuen Methoden gesucht, um die Faktoren zu quantifizieren, welche in eine ho-
mogenen sowie inhomogenen Stromaufteilung resultieren. Das Hauptziel ist die Identifikation von
Kenngrößen, welche eine Konvergenz oder Divergenz über die parallel geschalteten Zellen hervorrufen
können.

Diese Arbeit zielt im Rahmen von drei Studien darauf ab, das Verhalten von parallelen Batteriesyste-
men zu analysieren. In einer ersten Studie werden die Einflussfaktoren hinsichtlich der Messung von
elektrischen Kontaktwiderständen quantifiziert. Durch eine simulations- und mathematisch basierte
Analyse konnten Inhomogenitäten auf die elektrische Messung identifiziert werden, welche die Messge-
nauigkeit sowie deren Aussagekraft beeinträchtigen können. Es wurde die Stromaufteilung in flächen-
basierten Verbindungen untersucht, welche sich in Abhängigkeit der Widerstände inhomogen über
die Fläche aufteilen kann. Dieses Wissen kann genutzt werden, um elektrische Verbindungen aus
elektrischer Sicht optimiert auslegen zu können. Darauf aufbauend werden neben konventionellen
Kontaktierungsarten, elektrische Klebeverbindungen analysiert. Im quantitativen Vergleich mit den
konventionellen Kontaktierungsarten zeigen die mechanischen sowie die elektrischen Parameter die gle-
iche Größenordnung. Aus ökonomischer Sicht hingegen können Klebeverbindungen mit herkömmlichen
Verbindungsmethoden nicht konkurrieren.

Im Anschluss wird eine neue Messmethode zur Vermessung der Stromaufteilung in parallel geschal-
teten Zellen vorgestellt. Diese ermöglicht es, die Stromaufteilung in Batteriezellen zu messen, ohne
einen Einfluss von parasitären Elementen wie Kontaktierungen und Messequipment. Mittels der neuen
Messmethode konnten eindeutig definierte Randbedingungen wie unterschiedliche Kontaktwiderstände
sowie Zelltemperaturen zwischen parallel geschalteten Zellen untersucht werden.

In einer abschließenden Studie werden diese Einflussfaktoren anhand von drei kommerziellen Zell-
technologien analysiert. Um Vergleichbarkeit zwischen den drei Zelltechnologien zu schaffen, werden
Sensitivitätsfaktoren eingeführt. Diese quantifizieren, wie sensibel die Stromverteilung der jeweili-
gen Zelltechnologie auf die aufgeprägten Inhomogenitäten reagiert. Es konnte gezeigt werden, dass
die Stromaufteilung dabei hauptsächlich von der Ruhespannungskennline, der Temperatursensitivität
sowie des Widerstandes der Zelltechnologie abhängig ist.
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Please note that the list below is based on the main part of this thesis and does not fully cover the
abbreviations used in the papers.

RC . . . . . . . . electrical contact resistance
np . . . . . . . . n parallel
2p . . . . . . . . two parallel

BEV . . . . . . . battery electric vehicles
BMS . . . . . . . battery management system
BTMS . . . . . . battery thermal management system

CC . . . . . . . . constant current

ECA . . . . . . . electrically conductive adhesives
ECM . . . . . . . electrical circuit model
EP . . . . . . . . external parallel connection
EV . . . . . . . . electric vehicle

FEM . . . . . . . finite element method

IP . . . . . . . . internal parallel connection

LCO . . . . . . . lithium cobalt oxide
LFP . . . . . . . lithium iron phosphate
LIB . . . . . . . lithium-ion battery

NCA . . . . . . . nickel cobalt aluminium oxide
NMC . . . . . . . nickel manganese cobalt oxide

OCV . . . . . . . open-circuit-voltage

PHEV . . . . . . plug-in hybrid electric vehicles

SIB . . . . . . . . sodium-ion battery
SoC . . . . . . . state-of-charge
SoH . . . . . . . state-of-health

UTF . . . . . . . ultimate tensile force

VPC . . . . . . . virtual parallel connection
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1 Introduction

In the 19th century, the first battery electric vehicles (BEV) were introduced [1]. While in the 20th
century, particularly petrol and diesel vehicles dominated the market, the sale of battery-powered
electric vehicles (EVs) has increased significantly since the 2010s, see Figure 1.1 a). This is primarily
due to three major drivers: decreasing battery costs and increasing energy density, government policies,
and the so-called Tesla effect [2]. Since its commercialization in the early 1990s, the lithium-ion battery
(LIB) is now the state-of-the-art technology; due to its high energy and power density, it is used in
many applications, as EV and stationary electrical energy storage [3; 4]; to achieve emission goals,
governments try to increase the EV sales [5]; especially, Tesla managed to change the image of EV
through high performance and aesthetics [6]. Figure 1.1 represents the share of sales of new EV. In
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Figure 1.1: Share of sales of new passenger vehicles according to the electrical energy sources. a)
worldwide sales between 2010 and 2022. b) vehicle sales in Norway, Germany, the European
Union, China, the United States, and worldwide for 2022. Data based on [7].

particular, Figure 1.1 a) shows the worldwide sales of new EV from 2010 to 2022. In 2022, global
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1 Introduction

sales of plug-in hybrid electric vehicles (PHEV) and BEV reached almost 14 %. In this context, the
proportion of BEV has grown significantly, from just under 3 % in 2020 to over 6 % in 2021 and more
than 10 % in 2022. Figure 1.1 b) represents the vehicle sales in Norway, Germany, the European Union,
China, the United States, and worldwide for 2022. Among all regions, regional differences are visible.
Whereas in the United States BEV currently contributes only to 6 %, and in Germany with 18 %, in
Norway already a share over 79 % of BEV is reached.

Recently, Peng et al. [8] presented a comparative study of the EV market share in the European Union
and the United States. Regional differences and similarities were investigated by using statistical and
spatial models. Several factors, such as charging infrastructure, age, income, and level of education
play a role in the acceptance of EV. Targeted political measures, such as affordability and accessibility,
are of high priority. [8] As the sales of EV is developing differently in different regions, the expansion
has great potential.

Batteries play an important role in many applications. Cells are connected in a battery system to
provide the required power and energy for consumer electronics, mobility, and stationary applications.
By comparing the worldwide battery demand between 2020 and a prognosis of up to 2030, the share
of the mobility sector plays a crucial role. Figure 1.2 shows a mobility share of over 70 % in 2023 and
over 85 % in 2030.
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Figure 1.2: Worldwide battery demand and mobility share between 2020 and a prognosis up to 2030.
Data based on [9].

Based on the data of [9], the overall energy demand for batteries will rise. In addition to the increased
demand for energy, more efficient and powerful batteries are of interest. Understanding and optimizing
each component of the battery system is therefore essential.

The number of cells in a battery pack can differ depending on the application; they can be connected
in different ways to achieve the required voltage and energy. Additionally, a variety of cell chemistries,
formats, and capacities can be used. For example, the first generation Nissan Leaf 24 kWh battery
pack consists of 33 Ah pouch cells in 96s2p configuration. In comparison, highly parallelized battery
packs are used in Tesla EVs. The Model S 85 kWh uses a 74s96p configuration. [10] Whereas Tesla uses
cylindrical cells with nickel cobalt aluminium oxide (NCA) or lithium iron phosphate (LFP) cathode
material [11], BYD focuses on blade battery design with LFP chemistry as cathode material [12]. In
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1.1 Scope and Outline

addition, in China, the first EV with sodium-ion battery (SIB) cell technology was presented [13].
Therefore, various approaches are used to design the energy storage system.

A battery system is a system of interrelated subsystems. It consists of electrical contacting, cells,
a battery thermal management system (BTMS), and a battery management system (BMS). To un-
derstand the system’s behavior, it is essential to understand the individual components. Numerous
scientific studies are being carried out to achieve this. With an accurate determination of electrical
contact resistance, various joining technologies are compared against one another. In addition, the
behavior of different cell technologies in battery systems is of interest. In particular, the factors that
influence homogeneous aging across the whole battery system. The existing research examines well-
established joining techniques and factors such as cell variance, the number of cells, and their topology
and chemistry combinations on the system behavior through simulation and experimental studies.
Moreover, it investigates the temperature behavior, including the optimal cell temperature and the
influence of temperature gradients. This work extends the current literature and provides insight into
accurately determining electrical contact resistance. In addition, the sensitivity against resistance and
temperature of three cell technologies will be examined.

1.1 Scope and Outline

This work investigates the behavior of parallel-connected battery cells, focusing on cell connections
and their current distribution. The research addresses the factors influencing the experimental mea-
surement and the current distribution within an electrical connection. Understanding the current
distribution within an electrical connection allows for the optimization of the design from an electrical
point of view. Furthermore, the study compares different types of interconnections, considering their
electrical, mechanical, and economic properties. Based on this, the impact of an inhomogeneous con-
tact resistance and an inhomogeneous path temperature on various cell technologies is investigated by
measuring the current distribution. This leads to the following research questions:

Q1 How can electric contact resistance be measured accurately?
Q2 Is there an optimal design for cell connections to minimize electrical contact resistance?
Q3 Which resistances result from electrically conductive adhesives (ECA) in comparison to well-

established joining techniques?
Q4 How can the current distribution be measured efficiently in the presence of inhomogeneous contact

resistances and path temperature?
Q5 How does an inhomogeneous contact resistance or path temperature influence the system perfor-

mance in a parallel configuration?

This thesis is structured into the following chapters to answer these five central questions. Figure 1.3
gives a general overview of the structure.

Chapter 1 gives an overview of the topic.

Fundamentals of the battery system are included in chapter 2. After defining the electrical and ther-
mal boundaries, the state-of-the-art electrical joining techniques and the measurement of the current
distribution are discussed. This is followed by the methodology to determine the electrical contact re-
sistance of area-based connections. Further, the influence of the current injection is presented. Finally,
a novel measurement technique, the virtual parallel connection (VPC), is introduced to measure the
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1 Introduction

current distribution of parallel-connected battery cells.

Chapter 3 consists of the research paper “Determination of the Contact Resistance of Planar Contacts:
Electrically Conductive Adhesives in Battery Cell Connections” [14]. First, the factors that influence
the measurement will be discussed. After defining a methodology for determining planar contacts,
ECA are compared with conventional joining techniques. The research questions Q1, Q2 and Q3 will
be addressed.

Chapter 4 addresses research question Q4. The paper “A novel measurement technique for parallel-
connected lithium-ion cells with controllable interconnection resistance” [15] presents a concept and
a validation using a conventional test-bench. Within the novel method, influencing factors such as
inhomogeneous contact resistance, as presented in Chapter 3, and inhomogeneous path temperatures
can now be investigated in parallel connection.

Finally, research question Q5 is discussed in chapter 5. This part is based on the two previously
mentioned publications. An inhomogeneous contact resistance and path temperature in a two parallel
(2p) configuration are investigated for LIB and SIB cell technologies. The paper “Scaling from cell
to system: Comparing Lithium-ion and Sodium-ion technologies regarding inhomogeneous resistance
and temperature in parallel configuration by sensitivity factors” [16] is representing it.

Finally, Chapter 6 concludes the main findings of this work and gives an outlook.
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1.1 Scope and Outline

Chapter 1: Introduction

Chapter 2: Fundamentals and Methodology

Chapter 3: Measurement and Determination of the Contact
Resistance of Planar Contacts

Chapter 4: A Novel Measurement Techniquie for Parallel-
Connected Battery Cells

Chapter 5: Comparing Lithium-Ion and Sodium-Ion Technologies
in Parallel Configuration by Sensitivity Factors

Chapter 6: Conclusion and Outlook

Figure 1.3: Structure and overview of this thesis.
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2 Fundamentals and Methodology

This chapter focuses on the fundamentals of a battery system. Commencing with an overview on elec-
trical and thermal boundary conditions in Chapter 2.1. Chapter 2.2 goes on to discuss these variables
in parallel connections. Special attention is drawn to the intrinsic and external factors influencing
the current distribution. Based on a literature research of the electrical contact resistance and the
measurement techniques of the current distribution as shown in Chapter 2.3, Chapter 2.4 presents the
developed methods to measure electrical resistances and the current distribution. In particular, the
influence of inhomogeneities, the determination of area-based electrical contact resistances, and the
methodology of the VPC are discussed.

The main part of the battery system consists of the battery cell. In this thesis, as depicted in Figure 2.1
a), each battery cell is represented in a simplified manner by a voltage source and an internal resistance,
denoted as U0 and Ri respectively. The voltage source, U0, represents the cell voltage, which is defined
as the voltage difference between the cathode and the anode. This difference depends on the degree
of lithiation within both electrodes and therefore, determines the cells state-of-charge (SoC). Specific
anode and cathode materials characterize various cell parameters. Such as the energy and power
density and the voltage range of the cell. [17]

The open-circuit-voltage (OCV) is an internal voltage of the cell. It can be measured at the cell’s
terminals after a certain rest period, specifically when all internal processes have reached equilibrium.
However, under non-equilibrium conditions and a current flow, Iload 6= 0, the measured voltage, Ucell,x,
is the sum of the internal cell voltage, U0,x, and the overpotentials. Overpotentials result due to
internal cell processes under current flow and can be expressed by time-dependent resistances. In a
cell, these include the ohmic overpotential UΩ, the charge transfer overpotential, UCT, and the diffusive
overpotential, Udiff. [18–20] The ohmic overpotential occurs instantaneously and depends on RΩ and
Iload. It is present at the current collector, the active material, and the electrolyte. [21] Charge transfer
overpotential, which is caused by electrons being transferred to ions, can be described with the Butler-
Volmer equation within a time range from milliseconds to one second [22]. The diffusion overpotential
describes the diffusion of ions in the liquid and solid-phase and is dominant at time constants of > 1 s
[23].

Therefore, the total overpotential can be described as the difference of OCV to the measured cell
voltage, Ucell,x. This can be represented in a current- and time-dependent cell resistance, which is
denoted by Ri in this thesis. It is, therefore, important to specify the operation point of the resistance
determination. In this thesis the RAC is measured at a current amplitude of 140 mA and a frequency
of f = 1 kHz, and the RDC is measured after a 0.67 C current pulse of t = 10 s.

In summary, overpotentials describe how well electrochemical processes take place within a cell. The
lower the overpotential, the better the charging and discharging performance.

Besides the cell’s intrinsic parameters, the system’s performance can be influenced by temperature
and contact resistance. In this work, a distinction between parameters and influencing factors is
made. Internal parameters refer to the parameters of the cell, while external parameters refer to the
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2 Fundamentals and Methodology

contacting between cells. Influencing factors are boundary conditions, such as the temperature. They
can influence both internal and external parameters.

In this work four different cell technologies are investigated, including three LIBs with differing cathode
chemistries, nickel manganese cobalt oxide (NMC), NCA and LFP, and a SIB with layered oxide as
cathode material. Table 2.1 summarizes the specific cell data, either taken from data sheets or measured
at 25 °C.

Table 2.1: Specifications of the investigated cells. The measurements were carried out at 25 °C; resis-
tance measurements were taken at 50 % SoC.

Parameter Symbol LIBNMC LIBNCA LIBLFP SIB
Identifier a) - INR18650-MJ1 INR18650-35E HDCF18650-1800 NA18650-1250
Manufacturer a) - LG Chem Samsung SDI HAIDI Energy Group Shenzhen Mushang
Format a) - 18650 18650 18650 18650
Weight b) in g - 47 48.6 41.9 37.2
Nominal capacity in Ah a) CN 3.35 3.35 1.80 1.25
Nominal voltage in V a) VN 3.635 3.6 3.2 3.0
Lower voltage limit in V a) Udischarge 2.5 2.65 2 1.5
Upper voltage limit in V a) Ucharge 4.2 4.2 3.65 3.8
ZAC,ZIm=0 in mΩ b) RAC 28.4 20.2 27.9 25.4
RDC,10 s in mΩ b) RDC 32.9 37.12 58.4 84.99
nominal volumetric energy in Wh/l a) - 736.2 729.1 348.2 226.7
nominal gravimetric energy in Wh/kg a) - 259.1 248.1 137.5 100.8

a) data extracted from datasheet b) measured data

2.1 Fundamentals of Battery Systems

Battery systems are defined as the combination of cells via electrical connections. They are commonly
denoted with the following notation, ms np, where m represents the number of cells connected in
series and n represents the cells connected in parallel.

Various types of cell formats such as pouch, cylindrical and prismatic exist. The cell format influence
the design of the battery system [24]. Kerler [25] presented an electrical, thermal, cost and safety-based
method to determine the optimal battery cell size for electric vehicles. There, the optimal battery cell
format and size are defined by distinct boundary conditions and vary for each application [25]. Several
different assembly strategies exist, for example small cells with a high number of parallel-connected
cells, e.g., Tesla Model S, or large-size prismatic or pouch cells with no or few parallel connections e.g.,
BMW i3 and Nissan Leaf [26].

In a battery system, cells are traditionally connected into modules, which in turn can be connected
in series to form a pack [27]. The module level is used to provide a lower voltage for manufacturing
purposes and to control mechanical stability [28]. Recently, the cylindrical format, with an increased
diameter of 46 mm, has been recognized as the new standard for cells in the automotive sector [29].
Due to the high mechanical stability of the cylindrical cell format, the cell-to-pack approach is being
pursued. This bypasses the module and allows a higher energy density of the system. [30]

There are three important interactions need to be considered in a battery system, the electrical, thermal
and mechanical interaction between cells, which have an influence on the system’s behavior. This thesis
focuses on the electrical and thermal influences on the system’s behavior, which will be explained in
the following chapters.
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2.1 Fundamentals of Battery Systems

2.1.1 Electrical Boundaries

To achieve the desired energy and power for different applications, cells are connected in series and
parallel. Connecting cells in series, results in a voltage increase of the system. The sum of all in series
connected cell voltages defines the system voltage, see Equation 2.1.

Userial =
m∑
s=1

Us (2.1)

Today, EVs are commonly based on a 400 V system, however, manufacturers are beginning to shift to
a 800 V system [31]. Equation 2.2 shows the relationship between current, voltage and charging time.

Echarge = Pcharge · tcharge = Ucharge · Icharge · tcharge (2.2)

Consequently, increasing the voltage can reduce the current to reach the same power. This results in
a reduction of ohmic losses, I2 ·R, and an increase of electromagnetic compatibility at high switching
frequencies, which increases the performance. Furthermore, the current is the same through all cells
in a serial connection. A disadvantage of serial connections is the system’s capacity, which is defined
by the minimum cell capacity over all cells, see Equation 2.3.

Cserial = min
s=1...m

(Cs) (2.3)

Additionally, battery packs with a higher voltage require better insulation and more spacing between
components [32].

In contrast to the serial connection, cells connected in parallel result in an increase of capacity. This
can be achieved by two means: first, a higher number of cells can be connected in parallel, and second,
larger cells with higher capacity content can be used. Figure 2.1 shows the external parallel connection
(EP) and the internal parallel connection (IP). The EP is represented exemplary with cylindrical
cells. The contact resistance, Rc,x, represents the combined resistances from the cell to the terminal
of path x, x ∈ 1,n. The IP is represented by a pouch cell. There, each layer consists of a cathode
and anode foil, each double-sided coated with active material. The electrodes are separated by an
electrical insulating separator. An electrode stack results, if several layers are welded together on the
respective electrode tab. Increasing the number layers in an EP results in a higher capacity and a lower
resistance of the battery. The capacity increases linearly with the active electrode area. [33] Some
researchers investigate the behavior of IP by modifying the cell. However, only a few experimental
studies specifically address the IP, as the experimental setup can affect the cell’s behavior and is
associated with high effort [35–38]. A more significant number of researchers focus on EP. One aim of
these studies is to provide valuable insights into understanding the IP behavior.

The capacity of a parallel string is defined as the sum of all parallel-connected cells, see Equation 2.4.

Ctot =

n∑
p=1

Cp (2.4)

In a parallel circuit the current, Ip, is distributed across all parallel paths. The sum of all currents
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Figure 2.1: Example of a parallel connection. a) n parallel (np) connection within round cells, defined
as an external parallel connection. b) electrode stack with parallel connection inside a
pouch cell defined as internal parallel connection.

results in the total current of the system, Itot, see Equation 2.5.

Itot =

n∑
p=1

Ip (2.5)

If the parallel paths differ in their parameters, an unequal current distribution can occur [39–41].

A limitation of parallel connection is, that due to the increased total current, high-current plugs have
to be used. In addition, cells connected in parallel must have parameters that are as identical as
possible in order to achieve a homogeneous current distribution [42]. Besides that, cells connected in
parallel must be as close together as possible to reduce connection resistances. [25]

A battery system in this work is defined according to Figure 2.1 a). Each parallel path x consists of
a contact resistance, Rc,x, and a battery cell, represented by a voltage source, U0,x, and an internal
resistance Rc,x. The contact resistance, Rc,x, represents the resistance of the contact and connectors.

2.1.2 Thermal Boundaries

The performance, safety and aging of a battery cell are significantly influenced by the temperature
of the cell [43–47]. It is therefore necessary to monitor the temperature of the battery cells using
a BMS. Passive and active cooling methods are used to control the temperature within a battery.
Environmental air can be used as a passive cooling method. A disadvantage is, that the air temperature
must be within the operating range of the battery [48]. The Nissan Leaf, for example, uses this
climatization method [49]. Passive cooling systems are simpler and with lower costs. Active cooling
methods, on the other hand, use a heat exchanger and coolant. Additional energy is used to heat or cool
to the battery the optimal temperature range. However, due to the higher density and conductivity
of a liquid or a refrigerant compared to air, active cooling methods are used for high-performance
applications. [48; 50; 51]
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2.2 Fundamentals of the Current Distribution within a Parallel Battery System

In addition to the cooling method, the connection to the cell also influences the cooling performance.
A distinction is made between side, tab and immersion cooling [52]. Side cooling, for example, is used
by the Tesla Model 3 [53]. In this system, the through-plane conductivity of the electrode-separator
stack, k⊥, limits the effective cooling power. A more efficient but also more challenging cooling method
is tab cooling. Tab cooling utilizes the in-plane conductivity k‖. Due to thermal contact resistances
between the layers, the in-plane conductivity k‖ shows higher thermal conductivity compared to the
through-plane conductivity k⊥. [54] Another cooling method is immersion cooling, where the battery
cells are immersed in an electrically insulating and thermally highly conductive liquid and can therefore
be optimally climated [55].

Furthermore, to the used cooling method, energy consumption, costs, weight, safety, and reliability
are quality indicators of a BTMS [56]. When deciding on a cooling strategy, a compromise must
be found between costs and performance. High-performance applications, like fast charging of EVs,
necessitate advanced thermal management. The aim is to charge the maximum amount of energy
in the shortest feasible time. Conversely, home storage systems typically do not need such complex
cooling mechanisms. The design goal is often maximum internal temperature gradients up to 2 °C at
cell level [57; 58]. Within a battery system, the goal is to keep the temperature differences below 5 °C
[59–61]. Good thermal management of the cells results in an equal and slower aging [43; 44].

Different researchers investigated the influence of temperature gradients within a cell [62–64] and within
a pack [35; 65–71]. For instance, Dai et al. [62] investigated the impact of internal temperature gradient
on impedance characterization, defining the total impedance of the cell as the mean impedance of the
different tempered regions inside the cell.

Series and parallel connection with forced temperature gradients were investigated on pack level.
Zilberman et al. [69] applied a forced temperature gradient on six NMC cells connected in series. This
temperature variation led to differing rates of degradation and voltage drifts among the cells [69].

Naylor Marlow et al. [70] and Klein and Park [71] conducted aging studies of parallel connected cells
with thermal gradients. These are explained in more detail later.

Especially in parallel-connected battery systems, thermal management is indispensable and defines the
overall system’s performance. Whereas due to inhomogeneous temperatures across parallel-connected
cells, an inhomogeneous behavior can be the result [65; 70; 71].

2.2 Fundamentals of the Current Distribution within a Parallel
Battery System

The current and voltage of an electrical circuit are defined by Kirchhoff’s loop and node law. According
to Kirchhoff’s loop law, see Equation 2.7, the voltage of two parallel paths is equal. In contrast, the
current divides according to the Kirchhoff node law, following Equation 2.5. Consequently, differences
between both parallel paths result in a compensating inhomogeneous current to reach the voltage
equilibrium. The following introduces the definition of voltages and currents of parallel-connected
batteries. Figure 2.1 a) is used as a basis for the following equations.

The sum of the overpotentials and the U0,x, which represents the OCV, defines the voltage of a cell
x, Ucell x. All overpotentials are represented with the time-dependent internal resistance, Ri,x. The
corresponding equation is given in Equation 2.6.
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Ucell x = U0,x + Ix ·Ri,x (2.6)

The voltage Up of each parallel path x is then defined by the sum of the cell voltage, Ucell x, and the
voltage over the contact resistance, Rc,x, see Equation 2.7. The same voltage lies across path y.

Up = Ucell x + Ix ·Rc,x = Ucell y + Iy ·Rc,y (2.7)

Consequently, in an np connection the current through path x can be calculated as follows, see Equa-
tion 2.8.

Ix =
Iy ·Rc,y + Iy ·Ri,y − U0,x + U0,y

Rc,x +Ri,x
(2.8)

Equation 2.8 can be divided into internal and external influencing factors, see Equation 2.9. Internal
parameters are the cell resistance, Ri,x, cell capacity, Ccell, and the OCV. External parameters are the
contact resistances, Rc,x.

Ix =
1

Rc,x︸︷︷︸
external

+ Ri,x︸︷︷︸
internal

· (Iy · Rc,y︸︷︷︸
external

+Iy ·Ri,y − U0,x + U0,y︸ ︷︷ ︸
internal

) (2.9)

Consequently, each parallel connection of cells can lead to an inhomogeneous current distribution due
to different parameters, such as U0 and resistances, Ri and Rc [70; 72; 73].

2.2.1 Intrinsic Causes for an Inhomogeneous Current Distribution

The intrinsic causes for an inhomogeneous current distribution between parallel-connected cells can be
divided into influences caused by the OCV, the internal resistance, Ri,x, and capacity, Ci,x. The shape
of the OCV, the internal resistance, Ri,x, and capacity, Ci,x have a significant influence on the current
distribution between cells connected in parallel. [73–75]

Open Circuit Voltage

The most significant part of the cell voltage is carried by U0,x. The shape of the OCV across the
SoC depends on the composition of the electrodes [76; 77]. In addition to material-related influencing
factors and temperature, the OCV also depends on the aging condition, especially in the case of anodes
containing silicon [78; 79].

Figure 2.2 a), b) and c) represent the OCV of three investigated cell technologies, as listed in Table 2.1.
In addition to different voltage levels at which the cells can be operated, the voltage changes differently
over the SoC for all cell technologies. This can be analyzed with the derivative of the voltage according
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2.2 Fundamentals of the Current Distribution within a Parallel Battery System

to the charge, also called differential voltage. The differential voltage is plotted in subfigures d), e) and
f) and corresponds to the voltage measured during the 2p charge process. Figure 2.2 shows exemplarily
the resulting SoC imbalance between the parallel-connected cells during a current distribution with a
resistance inhomogeneity in the order of around 20-25 % RAC. The extent of this imbalance can be
correlated with the slope of the OCV.

The LIBLFP cell, in particular, shows a very flat characteristic voltage curve over the SoC. This flat
characteristic curve results in the highest ∆SoC. The most significant discrepancies are observed in
parts of the OCV where almost no change in the voltage is visible. Across all examined cell technologies,
the overall lowest points of the differential voltage, indicating areas with minimal OCV fluctuation,
align with the points of fastest change SoC divergence between the two cells.
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Figure 2.2: Influence of the OCV on the current distribution and resulting SoC difference for different
cell technologies. All measurements are carried out at 0.5 C and 25 °C. Subfigures a), b)
and c) show the voltage during constant current (CC) charging. The resulting differential
potential is plotted in subfigures d) e) and f). The resulting SoC differences at an inho-
mogeneous contact resistance in the order of about Rc,2 = 5 mΩ are plotted in subfigures
g), h) and i). The measurements are carried out with the VPC, which is explained in
Chapter 2.4.2.
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Resistance and Capacity

Another factor contributing to the cell voltage is the overpotential, which is determined by the time-
dependent internal resistance, Ri,x. This internal cell resistance, as explained on page 7, depends on the
current level, the temperature, and the pulse duration. The voltage drop over the internal resistance
influences the path voltage, Up. Intrinsic resistance and capacitance variations between cells can arise
due to differences in cell production. Varying active material compositions and fluctuating material
components can influence cell quality [80; 81]. Schindler et al. [80] found variations of capacity and
resistance of cells within different cell batches. A reproducible experimental study by isolating and
examining changes in internal resistance or differences in capacitance is challenging. Only a few research
groups have carried out parallel-connected aging studies within initial cell-to-cell variations [73; 82–
85]. Due to the relatively more minor effort, most of the isolated parameter variations are carried out
within a simulation [75; 86–92]. According to Brand et al. [85], the initial current distribution can be
approximated within the current divider. Initially, where both cell voltages are on the same level, and
all electrochemical processes are relaxed, the resistance difference defines the current distribution. [85]
On the other hand, the capacity of a cell can have an indirect influence on the current distribution.
In a first approximation, it does not affect the cell voltage. However, over a longer load time, a
lower capacity results in a faster change of the OCV which results in differences within the current
distribution. [85]

This is in correlation with the findings of Hust [74]. The current distribution in flat OCV segments
is predominantly influenced by deviations in resistance between parallel-connected cells. This can
be demonstrated by comparing LIBNCA with SIB. The SIB cell technology shows a less differential
potential compared to LIBNCA, see Figure 2.2 d) and f). However, the greatest difference in SoC of
LIBNCA, is the same that is observed with SIB. Comparing the RDC of both cell technologies, the
SIB cell shows a 2.3 times larger resistance than the LIBNCA cell. The RDC, therefore, also plays a
role in determining the impact of imposed contact resistance on current distribution, and, as a result,
influences the difference in SoC.

2.2.2 External Causes for an Inhomogeneous Current Distribution

External causes for an inhomogeneous current distribution are the electrical contacting of the cells,
which leads to a higher path resistance, and a temperature inhomogeneity across the parallel-connected
cells.

The electrical contacting includes both the cell contacts and the cell connectors. The resistance of
cell connectors can be calculated by the geometric dimensions and the specific resistance. In order to
utilize as much space as possible in a battery storage system, different locations can result in different
connector resistances between cells connected in parallel. The resistance of cell contacts varies due to
different contacting techniques.

Besides constant influences, dynamic influences, such as the temperature of the cell, influence the cell
behavior and, therefore, the current distribution. Hence, it is essential to manage the temperature
with a BTMS, since a change in the cell’s temperature influences the cell’s parameters, such as the
transport, kinetic and mass-transfer properties [93]. The cell resistance decreases with an increasing
temperature according to the Arrhenius equation [94].

Most studies were carried out with external factors influencing the current distribution. Problematic
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Distribution

are production issues such as cells scattering within the same batch [80], and reproducibility within
cell-to-cell variation. Additionally to the research aim of a specific influencing parameter, a clean and
defined test-bench is required [15]. An experimental setup’s inaccuracies and influencing factors must
be significantly smaller than the cells’ scattering to generate reliable results.

2.3 State of the Art of Electrical Contact Resistances and the
Measurement of the Current Distribution

2.3.1 Electrical Contact Resistances

The electrical connection between cells defines the serial and parallel connection. High mechanical
stability and low electrical resistance are the basic requirements of an electrical connection. [28]

High electrical resistance results in two main influencing factors on the battery system. A larger
electrical resistance will dissipate more energy and generate more heat [95]. This additional heat
can result in a temperature increase in the cell [96; 97]. In addition, Offer et al. [98] concluded
that the connection resistance causes more effect of the inhomogeneous current distribution than an
inhomogeneous internal resistance. A similar result was demonstrated by Wu et al. [99] by investigating
the effect of inhomogeneous contact resistance. While inhomogeneity in constant current operation
should rebalance itself over long cycles, in dynamic pulse loads, inhomogeneous contact resistances
result in current inhomogeneities and, consequently, temperature imbalances within a pack. [99] The
influence of connection resistance on the current distribution is, therefore, an important topic.

A review of joining methods such as tungsten inert gas welding, resistance welding, magnetic pulse
welding, ultrasonic welding, laser beam welding, soldering, and mechanical assembly was carried out by
Zwicker et al. [28] and Das et al. [100]. According to Das et al. [100] four interdisciplinary requirements
have to be fulfilled: electrical and thermal requirements with low electrical resistance with low scatter
and low thermal input during the joining process; material and metallurgical requirements with low
corrosion risk, the possibility of joining dissimilar materials, and the adaptability to a variety of
surface conditions and materials; mechanical requirements with high ultimate tensile force (UTF) and
low vibrational damage; the economic requirements for mass production and low production costs.
Additionally, Brand et al. assessed the electrical contact resistance (RC) and UTF of welding [101],
soldering [102] and press contacts [103] in three publications. These joining techniques will now be
introduced shortly.

Well-established joining techniques

Press contacts, screwed joints, and electrically conductive pads can be used as a detachable joining
technique. Due to the possibility of recontacting, this joining technique is well-suited for electrical
connections at the module level. This has the advantage that defective modules can be easily replaced.
There are also battery pack manufacturers who connect all cells with electrically conductive pads [104].
Moreover, mechanical assembly eliminates the need for heat input during manufacturing, enhancing
the attractiveness of detachable contacts for battery assemblies and systems that include heat-sensitive
electrical components. Mostly aluminum, copper, brass, and hilumin are used for press contacts. [103;
105]
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Soldering represents another joining technique, which involves introducing a third material into the
joint through heat input. Heat input from soldering can induce high temperatures, which limits the
potential for temperature-sensitive applications such as battery cells. [102; 106–108]

Welding is a crucial joining method, offering high mechanical robustness and low electrical resistance
[101]. Various welding techniques, such as resistance spot welding, ultrasonic welding, and laser beam
welding, are available, each with unique features. Resistance spot welding is highly effective for joining
relatively thin connections. It utilizes a weld current to quickly heat the contact points to a melting
state, affecting only a minimal amount of the material. Insufficient weld energy will fail to produce
a weld, whereas too much energy can lead to the electrodes sticking together. [100; 105; 109; 110]
Most resistance spot welding devices use a dual pulse. The first pulse is used to remove oxides and
contaminants from the surface. The second is used for the welding process. [111–113]

An alternative to resistance spot welding is ultrasonic welding. Using ultrasonic vibrations, objects are
scrubbed into one another until they are joined together. Due to the vibrations, which remove oxides
and contaminants from the weld surface, this is an advantage to other joining techniques [114–117].
Another benefit is the low process temperature [101]. When implementing ultrasonic welding, especially
in applications involving battery cell contact, it is important to consider the risk of component damage
during manufacturing. Ultrasonic welding can potentially harm the cell. [118]

One of the most used welding techniques for battery application is laser beam welding. It melts the
joining material with an exact weld seam [119; 120]. By modifying the trajectory of the weld seam
and by adjusting the trajectory [121], the temporal [122] or spatial power distribution [123] a broad
range of materials with varying thicknesses and desired weld seam properties can be joined.

Brand et al. investigated the joining techniques mentioned above in terms of their electrical and me-
chanical performance. In their research, RC and UTF were evaluated as key electrical and mechanical
performance indicators.

Additionally, area-based connections by means of ECA were investigated in this thesis, see Chapter 3.
During the voltage measurement, two inhomogeneities were noticed: firstly, at the current injection
point and secondly, at the contact connection. Doubling the contact area of the connector does not
necessarily lead to a reduction of the contact resistance by 50 %. These inhomogeneities are explained
in more detail in Chapter 2.4.1.

2.3.2 Measurement of the Current Distribution

In industrial applications, mainly only one current sensor is used to quantify the current over the whole
battery pack. To understand the influencing factors for a convergent or divergent current distribution,
scientific research aims to quantify the current of each parallel path. Therefore, many researchers
designed different test-benches to measure the current of parallel-connected batteries and understand
the impact factors of inhomogeneous behavior.

The aim is to measure the current distribution as precisely as possible while minimizing the influence on
the system. Different current sensors from contactless, e.g., hall- and fluxgate sensors, up to contacting
sensors, e.g., shunt resistance, are used. The advantage of contactless sensors the location outside the
current path. These sensors do not influence the current distribution. In contrast, contacting sensors
located inside the current path can influence the current distribution. In addition to the possible
influences of the current sensor, the measurement setup can have an impact on the current distribution.
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Most tests are conducted using fixed connections such as soldering or welding. Only a few implemented
detachable connections in their test-benches [70; 73]. A detachable connection allows the monitoring
of individual cell aging over time. A possible influencing factor of a detachable connection is a different
path resistance after recontacting the cells.

Some researchers have quantified the additional resistance due the measurement equipment [35; 66;
70; 71; 74; 85; 124–128]. In contrast, others have not [38; 39; 72; 83; 129–133]. Fill et al. [66] for
instance, presented a measurement test-bench with an adjustable thermal connection for pouch cells.
The current was determined using load cables as a shunt resistance with an additional resistance of
0.3 mΩ [66].

Summarized, there are two challenges with conventional test-benches. One challenge is the repro-
ducibility of a measurement on a second test-bench, and the other is tracking individual cell behavior.
The first can be reached with a high technical effort. By experimenting with several modules, a reliable
statement can be achieved. During an aging study, the parallel circuit must be separated to achieve
the second and track the individual OCV, capacitance and resistance. Consequently, the check-up is
carried out in the 1p1s network and then reconnected in the parallel network.

The influence of the recoupling of the individual cells before and after a check-up should be considered.
For example, Naylor Marlow et al. [70] found variations in the current distribution due to differences
in the contact resistance caused by the repeated assembly and disassembly of the packs. This problem
is minimized by the VPC methodology described in Chapter 2.4.2. Figure 2.3 shows the influence of
the recontacting of a conventional test-bench and the VPC, which will be presented in Chapter 2.4.2.
Within copper clamps, the detachable connection of the conventional test-bench was realized. The
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Figure 2.3: Current distribution of 2p connection measured with a conventional test-bench and the
virtual parallel connection (VPC). Between two full cycles, the cells were recontacted, and
the current distribution was measured to determine the influence of recontacting. The cells
are resistance welded to hilumin stripes. In the conventional test-bench these are clamped
between two copper clamps. Conventional test-bench was used by [134] and is explained
briefly in Fig. 2 in Chapter 4. Subfigure a) shows the current distribution cells during
CC charging at 0.5 C and 25 °C. Exemplary, the influence of a faulty contact is shown.
Subfigure b) presents a detail-view within the first 100 s.

recontacting can have a significant influence on the current distribution. Especially within a faulty
contact, the current distribution differs between a recontacting of the physical test-bench. Therefore,
different path resistance can result, leading to a distinct current distribution. The virtual parallel-
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connected cells result from a current distribution without path resistances, and consequently, the cell
parameters determine the current distribution.

Besides the test-bench, various investigations were carried out, such as thermal gradients [65; 70;
71], different chemistry combinations [135], influence of pressure [136], inhomogeneous connection
resistances [15; 66; 137], number of cells in parallel [90; 138] and different connection typologies [127;
139; 140].

Prior research studies focused on different impact factors on an inhomogeneous current distribution,
such as intrinsic cell-to-cell variations [39; 73; 82–85; 89; 92; 126; 129; 130; 141; 142], aging [40; 67;
68; 70; 73; 83; 84; 141] and external influencing factors e.g. temperature [65; 67; 68; 70–72]. Most of
the experimental studies in literature were carried out in a 2p connection, with only some researchers
investigating higher parallel-connected setups [37; 70; 71; 74; 125; 128; 132].

The aim is to understand influencing factors for a divergence or a convergence of the current distribution
over time. In the literature, there is disagreement regarding the existence of a convergence among
parallel-connected cells over aging. While some researchers affirm this theory [84; 125], others find a
divergence behavior [92; 131; 143–145].

Influence of path temperature

Naylor Marlow et al. [70] conducted an aging study within NMC and lithium cobalt oxide (LCO) cells,
focusing on how thermal gradients impact the performance of cells connected in parallel. A divergent
capacity fade between parallel-connected LIB cells was observed in a temperature gradient of 20 to
45 °C [70]. Al-Amin et al. [68] investigated the aging effect of four parallel-connected NMC cells with a
forced temperature gradient. The cell exposed to the highest temperature degraded the fastest, which
is attributed to the combined effects of higher temperature and current throughput. Klein and Park
[71] investigated five LFP and NMC cells in parallel. Within a temperature gradient between 5 to
20 °C, current differences of up to 1.8 times the nominal current occurred.

Cavalheiro et al. [67] conducted an aging study on a stack of five chemically non-identified pouch LIB
cells connected in parallel at an ambient temperature of 25 °C. The study found that the cell positioned
at the center of the stack underwent a notably faster capacity fade and an increase in resistance. Higher
local temperatures up to 8 °C led to this behavior. The cell located at the center reached peak values of
up to 1.5 times the nominal current, whereas the current profiles of the outer cells remained relatively
stable. [67]

Influence of path resistances

In contrast to studies on inhomogeneous temperatures, the impact of path resistances in parallel circuits
has been not been extensively explored at an experimental level. According to Brand et al. [85] the
current initially divides according to the current divider. The resistance difference defines the current
distribution, as also visible in Figure 2.3 by the use of a conventional test-bench. A study investigating
the aging behavior of parallel-connected NMC cells based on initial cell-to-cell variation of internal
resistance and capacity as well as charging profiles was presented by Schindler et al. [73]. The data of
Schindler et al. [73] showed, that neither matching by internal resistance nor by capacity has a benefit
for the aging behavior of cells connected in parallel. [73]
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2.4 Developed Methods

2.4 Developed Methods

This section presents the developed methods from the papers present in Chapter 3 and Chapter 4.
Here, a short introduction is provided.

2.4.1 Measurement of Electrical Low-Contact-Resistances

Usually, representative replacement samples are manufactured to determine the electrical resistances of
battery connections with the aim of measuring in a homogeneous area. The benefit of a representative
replacement sample is that there is enough space to carry out the measurement. The representative
replacement samples should have the same materials to quantify the electrical connection. Figure 2.4
shows a schematic with four laser-welded lines.

cell replacement sample

contact

contact

specimen A specimen B

connector Itot U1 U2RB’

RA’ RLJ = RA +RC +RB

−Itot

Figure 2.4: Schematic view of a cylindrical cell with a cell connection. For the measurement of the
electrical contact resistance, the cell connection is transformed into a representative re-
placement sample. The resistance over the lap joint consists of the sum of RA, RB and RC.
The figure is based on [146].

.

In the homogeneous area, simple equations can be used to solve the problem. If a linear voltage drop
across the measurement object is apparent, the resistance can be calculated using geometric variables,
length l and area A, and the specific resistance, ρ, according to Equation 2.10.

R = ρ
l

A
(2.10)

By knowing the material parameters and geometry dimensions and by measuring the resistance over a
defined length, the resistances of the lap joint RLJ and the specimens RA′ and RB′ can be determined.

Due to the analysis of the electrical contact connection in a simulation, two inhomogeneities were
identified: the influence of the current imprinting point, see Figure 2.7, and, the current distribution
in area-based connections, see Fig. 4 in Chapter 3.

Contact resistances are usually determined using a 4-wire measurement. In the 4-wire measurement,
a current pulse is applied to the power lines, Itot, while the voltage response is measured over the
sense lines, U1 − U2. The voltage measurement requires a very low measuring current, to be able to
neglect the resistance across the measuring line. This means that the pure resistance of the object
can be determined. The resulting measured resistance, Rmeasured, is the sum of the resistances RA′ ,
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RB′ and RLJ, see Figure 2.4 and Equation 2.11. The resistance over the lap joint, RLJ, is defined as
the sum of both specimen resistances inside the lap joint, RA and RB, and the contact resistance RC.
According to Holm [147], the RC is defined as the sum of film or layer resistance, and the resistances
of the surfaces where the electrical conduction takes place.

Rmeasured = RA′ +RA +RC +RB︸ ︷︷ ︸
RLJ

+RB′ (2.11)

A sensitivity analysis was performed using LTspice simulations. Consequently, the issue was simplified
into a two-dimensional problem by simplifying the surface. The analysis proceeded with two samples,
specimen A and specimen B, being in contact with each other. These two are defined with identical
geometric and electrical values. This results in an identical resistance for both, RA = RB. For the
contact resistance, RC is assumed to be homogeneous along the contact surface and the current can flow
only vertically through the contact. Four equally distributed laser-welded lines result in the following
resistance network of Figure 2.5. The following variables, RA, RB and RC are defined in Equation 2.12.
k corresponds to the amount of contact paths between the specimens. In this case k = 4.

RA = (k − 1) · ra; RB = (k − 1) · rb; RC =
1

k · rc
(2.12)

ra ra ra

rb RB’

RA’

specimen B - RB

contact - RC

specimen A - RA

rbrb

rc rc rc rc

Itot I1 I2 I3 I4

Figure 2.5: Electrical circuit model (ECM) of the LTspice simulation with two specimens, A and B,
according to Figure 2.4. Each welded line is represented by a contact path, rc.

Three cases are considered within a sensitivity analysis, with the current through each path being
analyzed, see Table 2.2. A different amount of current flows through each path depending on the ratio
of ra to rc.

a) High contact resistance: a high contact resistance compared to the specimen’s resistance results
in a linear current distribution through the contact area. Through all paths, almost the identical
current flow occurs.

b) Low contact resistance: a low contact resistance compared to the specimen’s resistance results
in a current flow at the beginning and the end of the lap joint.

c) Medium contact resistance: an equal contact resistance compared to the specimen’s resistance
results in a non-linear current distribution.
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2.4 Developed Methods

Table 2.2: Current distribution according to the connection in Figure 2.5. The simulation was carried
out with LTspice, and three cases were considered.

case I1 I2 I3 I4 Itot
a) ra = rb = 0.01 · rc 25.25 % 24.75 % 24.75 % 25.25 % 100 %
b) ra = rb = 100 · rc 49.75 % 0.25 % 0.25 % 49.75 % 100 %
c) ra = rb = 1 · rc 37.5 % 12.5 % 12.5 % 37.5 % 100 %

Summarizing, the macro perspective of the current distribution in electrical connections depends on
the ratio between RC and RA. The relationship between contact resistance and contact area is not
linear. In other words, doubling the contact lines does not result in half the contact resistance. To
analyze the problem more generally, the next section will present the methodology to determine the
contact resistance of area-based connections.

Determination of Area-based Electrical Contact Resistances

An area-based resistance is of interest to quantitatively compare the contact resistances with the
parameterization of the simulations. A homogeneous resistance over the whole area is assumed, k → ∞.
However, as indicated by Figure 2.5, the current can be distributed inhomogeneously over this area as
the current splits to reach the path of least resistance.

To analyze this, the measured resistance over the lap joint, RLJ and the resistance of the two specimens,
RA and RB, are defined as known quantities. RC is the variable of interest. In order to compute the
RLJ for an arbitrary kP circuit, ∆-star transformations can be used to transform a kP into a (k−1)P
circuit. The following reciprocal formula is the result, see Equation 2.13. The derivation is given in
Chapter 3 [14].

Rk
LJ(r

k
a , rkb, ra, rb, rc) = sa +Rk−1

LJ
(
r̃k−2

a , r̃k−1
c , ra, rb, rc

)
with r̃k−2

a = rk−2
a + sb and r̃k−1

c = sc

=
rka (rb + rkc )

rka + rb + rc + rkc
+Rk−1

LJ
(
r̃k−1

a , r̃k−1
c , ra, rb, rc

)

with r̃k−1
a = ra +

rkarc

rka + rb + rc + rkc
and r̃k−1

c =
rc(rb + rkc )

rka + rb + rc + rkc

(2.13)

sa, sb, and sc represent resistances after a ∆-star transformation. A convergence analysis showed that
after k > 82 iterations, the reciprocal solution approaches the theoretical solution by less than 1 %.

A similar problem was found by Euler and Nonnenmacher [148] within the current distribution in
porous electrodes. The following analytical solution was found by solving differential equations. Equa-
tion 2.14, extracted from [148], represents the solution of plate-shaped electrodes, the superposition of
two counteracting hyperbolic cosine functions.
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W =
a · b · L
a+ b

1 + 2 +
(
a
b + b

a

)
cosh

(√
(a+ b)c · L

)
√
(a+ b)c · L sinh

(√
(a+ b)c · L

)
 (2.14)

Substituting the variables from Equation 2.14 with the variables defined in this thesis, a = ra, b =

rb, c = rc,L = k leads to Equation 2.15.

RLJ =
ra · rb · k
ra + rb

1 + 2 +
(

ra
rb

+ rb
ra

)
cosh

(√
(ra + rb)rc · k

)
√
(ra + rb)rc · k sinh

(√
(ra + rb)rc · k

)
 (2.15)

To determine ra, rb and rc Euler and Nonnenmacher [148] used an integral instead of the discrete
approach according to Equation 2.12 leading to Equation 2.16.

RA = k · ra; RB = k · rb; RC =
1

k · rc
(2.16)

In the case of both specimens having the same resistance, RA = RB, and consequently ra = rb the
following simplification can be used.

√
2 · ra · rc · k =

√
2 · Ra

k
· Rc

k
· k =

√
2 · Ra

Rc
(2.17)

Equation 2.18 gives the analytical approach to determine the resistance.

RLJ =
RA

2

1 + 2 + 2 cosh
√
2RA
RC√

2RA
RC

sinh(
√
2RA
RC

)

 (2.18)

Both approaches and the asymptotic behavior are plotted in Figure 2.6. It represents the relation
between RLJ and RC. Contact resistances in the order of RC < 0.01 · RA results in an almost ideal
parallel circuit while the ratio of RLJ/RA is approaching 0.5. At high contact resistances in the order
of RC > 0.4 · RA, the reciprocal and the analytical solution approach the asymptote, and a linear
relationship result. A larger contact area results in a lower contact resistance in this linear relationship
through all paths k, where the same amount of current flows. In contrast, a larger contact area does
not result in a smaller contact resistance in the non-linear relationship. The distance between the
contact area’s start and end point primarily defines the contact resistance.

If RA 6= RB, the current is divided according to the path with the lower resistance for as long as
possible. The current is divided according to the resistance ratios of the two resistors, RA and RB.

Furthermore, it was assumed that the current in specimen A and B can only flow horizontally whilst
it can flow only vertically within the contact. In other words, the above mentioned mathematical
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Figure 2.6: Graphical analysis of the current distribution in area-based connections. The analytical
solution of Euler and Nonnenmacher [148] and the reciprocal, with k = 10 000, show the
ratio of RLJ to RC. Contact resistances in the order of RC < 0.01 · RA results in an
almost ideal parallel circuit, i.e., the ratio of RLJ/RA approaches 0.5. In contrast, contact
resistance in the order of RC > 0.4 ·RA, both theoretical methods approach the asymptote
and a linear relationship results.

equations are only correct when the current does not flow horizontally through the contact. This
statement is valid under the condition that a thin contact layer is utilized and the conductivity of the
specimen material exceeds that of the adhesive. However, if the contact layer is thicker and possesses
conductivities significantly higher than the specimens, the ratio may drop below 0.5. Under such
circumstances, current will flow in a horizontal direction.

Considering the case of four welded lines and an excellent contact, refer to the Figure 2.4 and RC <

0.01 ·RA. In such a scenario, the outer lines at the ends of the contact surface are sufficient to ensure
optimal electrical connectivity. An additional weld seam does not lower electrical resistance between
these two lines. Consequently, the positioning of the two weld seams should be as orthogonal as possible
to the direction of the current. Schmidt [149] demonstrated a similar result using an optimization
algorithm. In the optimization algorithm, the number of spot welds was set as a boundary condition,
with the goal to determine the optimum position of the spot welds. The electrically and mechanically
optimized algorithm selected the welding points orthogonally to the current flow.

Phenomena at the Current Injection

Resistance measurements are usually carried out by using the 4-wire technique. This subsection dis-
cusses the impact of the current injection of the power lines on the voltage measurements. The extent
of inhomogeneous behavior was quantified through a finite element method (FEM) simulation. It
specifically examines the effect of the current injection, as illustrated in Figure 2.7. Additionally,
inhomogeneities near the contact area are identified.

The simulation was carried out with a brass sample with a greater side length of x = 15 mm and a
current injection at x = 7.5 mm and y = 2 mm. A radially symmetrical equipotential field is formed
near the current injection point. When moving away from this point along the y-axis, the theoretical
potential approaches the linear potential; see Figure 2.7 b).

Taking measurements in the inhomogeneous area, results in a different resistance. This resistance can
be used to compare samples with each other, but the material parameters cannot easy be identified.
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a)

b)

c)

Figure 2.7: Influence of the current injection on the equipotential lines via an FEM simulation. The
current was injected at x=7.5 mm and y=2 mm. a) Top view of the sample, including the
electric equipotential lines. Around the current injection point, an inhomogeneity results.
b) Resulting theoretical potential through a horizontal line at the sample at 7.5 mm and a
comparison considering a linear potential drop. c) Relative error between the theoretical
and the linear voltage curve normalized to the longest side length of the specimen’s contact
area (A). Figure is based on the publication presented in Chapter 3 [14].
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The closer the voltage measurement is located at the current impingement point, the greater the effect
of a position inaccuracy on the measurement accuracy, see Figure 2.7 c).

The problem can be described using Gauss’s law. Gauss’s law describes the electric field from a positive
to a negative charge. The resulting electrical potential is orthogonal to the electric field. Consequently,
an electric potential with radially symmetrical behavior results in an infinite plate. This phenomenon
is known in the field of electrical engineering when calculating earthing rod resistances [150]. The earth
represents the infinitely large surface. The resistance can be determined as a function of the radius.

In a geometrically limited conductor the electric field and the resulting electric potential are constricted,
as represented in Figure 2.7. The radial behavior only occurs in the vicinity of the current application
point. The problem can be analytically solved using mirror sources to fulfill the boundary conditions
[151; 152].

The error between theoretical and linear potential decays to zero based on the dimensions of the sample.
The gap between the power and sense pins should be at least half the length of the longest side of the
sample’s contact area. An inhomogeneous potential can also occur in the vicinity of the contact. A
distance must also be maintained in order to measure in the linear range. A voltage measurement in
the linear range is also necessary for the parameterization of simulations, where the effective contact
resistance and the exact material parameters are required as input.

An analogy was found in mechanics with the principle of Saint Venant. The principle of Saint Venant
states that the inhomogeneity caused by a load on a long cuboid depends on its geometry. After a
distance of at least half the longest side length of the specimen’s contact area, the relative magnitude
of the inhomogeneity is less than 0.85 % and therefore negligible. In this case the behavior becomes
linear [153; 154].

2.4.2 Virtual Parallel Connection

This section presents the methodology of the VPC. The problem with conventional test setups is that
defined and undefined parasitic resistances in the measurement path are unavoidable, as shown in
Chapter 2.3.2. In addition, a measurement setup to determine the current distribution involves much
effort. The following discusses the methodology of the VPC and its advantages and disadvantages.

In any n parallel connection of battery cells, the current is divided according to Kirchhoff’s node and
loop law. The following equations are based on the schematic of Figure 2.1 a). To calculate the current
in path x, x ∈ [1,n], one must subtract the sum of currents flowing through the other n − 1 parallel
paths from the system’s total current, Itot, as per Kirchhoff’s node law, see Equation 2.19.

Ix = Itot −
n∑

y∈[1,n],y 6=x

Iy (2.19)

Kirchhoff’s loop law determines the voltage of each parallel path, see Equation 2.7. The voltage of
each cell y can be calculated as follows, see Equation 2.20.

Ucell y = Ucell x + Ix ·Rc, x − Iy ·Rc, y (2.20)

Assuming that a battery cycler can regulate cells in both current and voltage modes, and given that
each channel can access the real-time values of voltage and current from the other channels, a VPC
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can be established. Figure 2.8 represents the schematic of the VPC for an n channel battery cycler.

VV

Ucell x Ucell y Ucell nInIyIx

cell x cell y cell n

VA AA

Ucell y = Ucell x + Ix ·Rc, x − Iy ·Rc, yIx = Itot −
n∑

y∈[1,n],y 6=x

Iy

Battery cycler

Figure 2.8: Schematic of the VPC within a n-channel battery cycler. Channel x corresponds to the
master and is current-controlled. All other n−1 channels are voltage-controlled. The figure
is based on the publication presented in Chapter 4 [15].

Specifically, there is one master and n−1 slave channels. The n−1 slave channels are voltage-controlled
and have the task of maintaining the voltage of the master cell minus any contact resistances according
to Equation 2.20. Depending on the voltage level and the cell parameters, a current Iy results. The
master cell x, on the other hand, is current-controlled according to Equation 2.19.

Due to the parallel connection over equations, it is straightforward to scale from 2p to np. In addition,
the interconnection can be carried out several times within a battery cycler to generate reproducible
results simultaneously. This is particularly advantageous for aging studies to identify possible mea-
surement outliers and make the results more reliable. Due to the virtual connection of the cells, it is
possible to place them in different positions. This makes it very easy to investigate specific external
influencing variables such as temperature on the system’s behavior. Besides, each cell is connected
with a 4-wire connection, therefore no undefined contact resistance occurs. If a resistance input is still
desired, virtual resistances can be introduced according to Equation 2.20.

The VPC studies shown in this thesis were carried out with a Basytec CTS system. No changes were
made to the software or hardware; the VPC was carried out using existing software tools. The method
of the VPC should, therefore, be possible on all Basytec CTS devices.

The transient response to current steps is particularly a control engineering challenge. In Figure 2.3 b)
the step response of the VPC shows an overshooting in the first calculation cycles. To eliminate this,
the maximum currents were limited, in this case, to 130 % · Imean. The transient response could be
quantified within 3 s for a 2p interconnection. For this thesis, all studies were carried out with a
maximum current of Itot = 1 C. Over the entire SoC range, the influence of the transient behavior
thus corresponds to less than 0.1 %. It was, therefore assumed that this has no significant influence on
the study’s validity. However, this should be considered for fast charging studies where depending on
the SoC, several current ranges are approached.
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A disadvantage is the step response from a current step. To keep this to a minimum, it is advantageous
to implement the methodology directly in the microcontroller and to design the control for a parallel
circuit. Furthermore, as with all experimental studies, the battery cycler’s accuracy must be considered.
When applying inhomogeneous contact resistances, attention must be paid to whether the battery
cycler can regulate the resulting voltage drop. It should also be noted that the contact resistance is
applied virtually and only reflects the electrical behavior. This measurement methodology does not
consider thermal influences from an inhomogeneous contact resistance.
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3 Measurement and Determination of the Contact
Resistance of Planar Contacts

The electrical contacts define a battery system. In order to understand and simulate the current
distribution in parallel-connected cells, knowledge of the contacting is essential. The expected value,
variances, and error cases should be known for different joining techniques.

An overview of well-established joining techniques was presented in Chapter 2.3.1. Electrical resis-
tance, mechanical stability, heat input and possible damage during joining are essential for battery
applications. Besides, the economic effort is a critical factor in choosing a joining technique.

Based on the publications of Brand et al. [102], this chapter adds a fourth joining technique using
ECA. To investigate of copper and brass samples in dependence to the contact area, the adhesive’s
layer thickness, the RC and UTF are analyzed and compared with well-established joining techniques.
Overall, the examined adhesive exhibits both low contact resistance and high mechanical strength com-
parable to well-established joining methods like welding, detachable connections, and soldering. The
mechanical and electrical parameters of the electrically conductive adhesives were assessed and eco-
nomically evaluated in this thesis. This analysis highlighted that the material expenses of the adhesive
substantially impact the total connection expenses. As a result, the effective costs in mass production
are higher than those associated with laser beam welding. Thus, answering research question Q3: →
Q3 Which resistances result from ECA in comparison to well-established joining techniques?

A quantitative evaluation of the factors that affect the measurement’s accuracy, including the posi-
tioning, the measurement equipment, and the influence of the current injection on the sense pin, was
conducted to achieve reliable measurement results. This evaluation addresses Q1: → Q1 How can
electric contact resistance be measured accurately?

Two physical-based inhomogeneities were discussed in more detail: Firstly, fluctuations during the
voltage measurement near the current injection point and contact connection, and secondly, the contact
area of the connector is not necessarily resulting in a proportional decrease of the contact resistance.

Both inhomogeneities were first visualized within FEM simulation. After a mathematical analysis
based on Poisson’s equation and Gauss’s law, the inhomogeneity near the current injection point can
be determined. In summary, when considering the influence of the voltage distribution near the current
injection, it is recommended to uphold a minimum distance between power and sense points equal to
half the longest side length of the cross-sectional area of the specimen. Outside this area, a linear
dependence results. In order to minimize measurement inaccuracies such as positional inaccuracies,
measurements should be carried out outside this range. In addition, material-specific and geometric
variables can only be determined in the linear range.

A recursive formula based on a branched ECM was defined to quantify the effective contact resistance
to investigate the second inhomogeneity. Chapter 2.4.1 presents the developed method. In summary,
the current distribution connections rely on the ratio between RC and RA. The correlation between
contact resistance and contact area is non-linear. For very low contact resistances as RC < 0.01 ·RA,
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3 Measurement and Determination of the Contact Resistance of Planar Contacts

the area does not define the effective contact resistance. Instead, the positioning of outer contacting
lines should be as far away and as orthogonal as possible to the direction of the current. In contrast,
for very high contact resistances RC > 100 · RA, the area defines the contact resistance. In this case,
an area-based contact resistance is justified. This answer Q2: → Q2 Is there an optimal design for cell
connections to minimize electrical contact resistance?
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Abstract: This study presents a method to analyze the electrical resistance of planar contacts. The
method can determine whether the contact resistance of the joint exhibits linear or non-linear behav-
ior. By analyzing the current distribution over a planar contact, it can be determined whether an
area-based contact resistance is justified or if other parameters define the contact resistance. Addi-
tionally, a quantitative evaluation of the factors that affect the measurement accuracy, including the
positioning, the measurement equipment used, and the influence of the current injection on the sense
pin was conducted. Based on these findings, the electrical contact resistance and the mechanical
ultimate tensile force of a silver-filled epoxy-based adhesive are analyzed and discussed. The layer
thickness and the lap joint length were varied. Overall, the investigated adhesive shows a low
contact resistance and high mechanical strength of the same magnitude as that of well-established
joining techniques, such as welding, press connections, and soldering. In addition to evaluating
the mechanical and electrical properties, the electric conductive adhesive underwent an economic
assessment. This analysis revealed that the material costs of the adhesive significantly contribute to
the overall connection costs. Consequently, the effective costs in mass production are higher than
those associated with laser beam welding.

Keywords: electrical conductive adhesive; battery assembly; battery contacting; electrical contact
resistance; batteries

1. Introduction

Electrical connections are necessary for many mobile and stationary applications to
connect lithium-ion batteries to an electrical load or charger. In addition to providing
high mechanical strength, minimizing the electrical resistance is one of the most critical
challenges in contacting lithium-ion batteries for electric vehicle (EV) powertrains and for
stationary energy storage [1–4]. Depending on the application, individual target param-
eters must be optimized. Such parameters can include the maximum heat input during
joining or cost. In order to manufacture electrical connections, a variety of joining tech-
niques are commonly used. For instance, Das et al. [1] conducted a comprehensive review
of joining techniques for battery packs, providing insights into resistance spot welding,
laser beam welding, ultrasonic welding, soldering, and mechanical assembly techniques.
Reichel et al. [5] investigated the joining for a hybrid busbar made of copper and aluminum
using a forming process. Clamped cell connectors and their effect on the electrical contact
resistance was investigated by Bolsinger et al. [6]. Brand et al. [2–4] assessed the contact
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resistance (RC) and ultimate tensile force (UTF) of welded, soldered, and press-contacted
battery packs. Additionally, Wassiliadis et al. [7] investigated the influence of electrical
contact resistance on lithium-ion battery testing for fast-charge applications.

Functional adhesives are an alternative to these well-established contacting techniques.
They are generally defined as adhesives that fulfill a role beyond the adhesive’s primary
function of creating a mechanical bond between two substrates. They are typically thermally
conductive adhesives (TCA) or electrically conductive adhesives (ECA). Due to their
low processing temperatures, their ability to join dissimilar materials, and their reduced
complexity for processing, ECA may have the potential as an alternative to currently
widespread joining processes regarding RC and UTF [8].

This paper aims to analyze the viability of functional adhesives for creating electrically
conductive connections, with a particular emphasis on the current distribution in planar
(area-based) contact resistances. Furthermore, this paper highlights the importance of
quantifying and minimizing influencing factors of the measurement setup to achieve precise
and reproducible results. Based on these findings, an ECA is quantitatively evaluated by
geometrically simplified samples and compared to well-established joining techniques.
The research objectives of this work are summarized as follows:

1. How does the setup influence the contact resistance measurement accuracy?
2. How can the contact resistance be determined as a function of the contact area?
3. How do the electrical and mechanical properties of the investigated ECA differ from

those of welding, soldering, and press contacts as shown by Brand et al. [2–4]?

In this paper, planar contact refers to an electrical connection between two surfaces.
The relationship between contact area and resistance is defined as an area-based quantity.

Electrical Joining Techniques

Welding is a vital joining technique for EV powertrains because it can provide mechan-
ically robust electrical connections with low resistances [2]. Applicable welding techniques
for battery applications include resistance spot welding, ultrasonic welding, and laser
beam welding. Resistance spot welding generates a weld seam by passing a current
from two electrodes through the joined components, rapidly heating the contact surface
and melting the joining partners. It is best-suited for applications that require relatively
thin connections. During the ultrasonic welding process, ultrasonic vibrations lead to the
objects being scrubbed into each other until they are joined together. An advantage of this
process is that the metal surface is exposed to the induced vibrations, which remove oxides
and contaminants from the welding surface [9]. Furthermore, low process temperatures
are needed for ultrasonic welding, which provide a significant benefit to weld battery ter-
minals [2]. In addition, dissimilar materials can be joined using ultrasonic welding [10,11].
However, the joining components can be damaged during this process when materials with
high hardness are used [2,9,12]. Laser beam welding uses laser radiation, which melts the
joining components with a very precise weld seam at high welding speeds [13]. By adapting
the weld seam trajectory [14], the temporal [15] or spatial [16] power distribution, or the
wavelength of the laser radiation [17], a broad range of materials with varying thicknesses
and desired weld seam properties can be joined.

Besides welding processes, electrical connections can also be manufactured by me-
chanical assembly. Press contacts and screwed joints provide a detachable alternative
to welding and establish contacts by direct mechanical contact of the current-carrying
members. Detachable joining techniques are desirable because of their repairability and
ease of manufacturing, contributing to more sustainable EV powertrain systems and re-
ducing the level of training required for personnel in manufacturing facilities [18]. Due
to the repairability enabled by press contacts, this joining method is suitable for creating
electrical connections at the battery-pack level. In addition, mechanical assembly typically
does not require any heat input during manufacturing, further increasing the appeal of
detachable contacts for battery assemblies and systems containing heat-sensitive electrical
components [3,18].
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Finally, soldering represents another joining technique. An additional material is
melted into the joint by applying heat [19,20]. This third material is referred to as solder.
Soldering is commonly applied in microelectronics applications and represents a proven
process for creating connections between dissimilar materials [1]. Soldering has limited
suitability for temperature-sensitive applications, such as lithium-ion batteries, as heat is
necessary for this process to melt the solder.

A general comparison between welding, press contacts, and soldering concerning
their electrical and mechanical performance was conducted by Brand et al. [2–4]. In their
studies, contact resistance (RC) and UTF were assessed as representative quantities for
electrical and mechanical performance.

2. Basics of Electrically Conductive Adhesives

As defined in DIN EN 923, an adhesive is a non-metallic substance connecting two ma-
terials via surface adhesion. A sufficiently strong bond between the materials is created
and maintained through cohesion [21]. Adhesives are polymeric materials composed of
hydrocarbon-based monomer units that combine to form long polymer chains with a high
degree of interconnection.

ECAs are composite materials comprised of a polymer adhesive matrix and electrically
conductive fillers. Figure 1a shows a schematic of an isotropically conductive adhesive
(ICA) joint cross section with a polymer binder, electrically conductive flakes, and resulting
electrical conduction between two specimens. The resistances mentioned are categorized
as follows: RA and RB represent the resistances of the specimens along the length of the lap
joint, RL denotes the resistance of the layer, and RS1 and RS2 represent the resistances of
the surfaces. The combined sum of these resistances is defined as the lap joint resistance,
denoted as RLJ. According to Holm [22], the contact resistance (RC) is defined as the
sum of film or layer resistance (RL), and the resistances of the surfaces (RS1 and RS2)
where the electrical conduction takes place within a-spots. While the polymer matrix
provides the ECA with its mechanical properties, the conductive filler is responsible for
enabling the electrical conductivity of the ECA [23,24]. In order to better understand how
adhesives become electrically conductive, it is necessary to refer to the percolation theory of
conduction [23]. Based on this theory, the conductivity of the ECA remains constant at low
filler concentrations, providing only minimal conductivity of the bulk material. However,
once the percolation threshold, as indicated by the vertical dashed line in Figure 1b, is
reached, the conductivity increases dramatically. Increasing the filler material content
beyond the percolation threshold typically yields diminishing returns and can lead to
worse mechanical properties of the ECA [23]. The percolation threshold typically occurs at
a volume fraction of 15–25%, although this value is dependent on the size and shape of the
flakes [23]. Due to this behavior, ECAs can be categorized based on their placement within
the graph shown in Figure 1b, where anisotropically conductive adhesive (ACA) and ICA
represent the dominant categories of ECA. In contrast to ACAs and ICAs, non-conductive
adhesives (NCAs) do not contain conductive fillers but provide a direct mechanical bond
between contacting surfaces instead.

ACAs differ from ICAs in the direction of their conductive properties. While ACAs
only conduct electricity in one direction, ICAs conduct electricity in all three dimensional
directions. Below the percolation threshold, electricity cannot be conducted throughout the
polymer matrix due to the low filler content.
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Figure 1. (a) Schematic of an isotropically conductive adhesive (ICA) joint cross-section with a
polymeric binder, electrically conductive flakes, and the resulting electrical conduction between two
specimens. Itot: total current; hL: adhesive layer thickness; lLJ: layer length; RA and RB: specimen
resistance over the lap joint length; RL: layer resistance; RS1 and RS2: surface resistance; RLJ: lap joint
resistance. (b) Qualitative percolation curve for electrically conductive adhesives (ECA), indicating
the filler content regions for anisotropically conductive adhesive (ACA) and ICA, as well as the
percolation threshold (Pc).

Above the percolation threshold, however, the filler particles create a three-dimensional
conductive network, forming an ICA [23,25].

Besides the conductivity, another drawback of the application of an ACA is that heat
and pressure are required during the curing process to ensure proper contact [23]. An ICA,
however, does not necessarily require heat and pressure to form an adequate electrical
contact. Depending on the properties of the polymer matrix of the ICA, the adhesive can
be cured at room temperature, and the process can be accelerated by applying higher
temperatures. For example, the silver-filled epoxy-based ICA from Polytec PT GmbH
(PT EC 244) has a curing time of 24 h at room temperature, while curing can also occur
in 15 min at 80 °C. This property of ICAs provides a significant advantage in scenarios
where high-temperature curing is not feasible or desired. In the past, studies of ECA as
an alternative to soldering in microelectronics were published, [24–30]. The present study,
on the other hand, deals with high-current applications, which are also found in battery
systems. Measurements are used to verify whether an area-based contact resistance is justi-
fied or whether other parameters determine the contact resistance. These findings can be
applied to all contact techniques and to the design and optimization of contact connections.
Additionally, RC and UTF are compared with well-established joining techniques, such as
welding, press connections, and soldering.

3. Experimental

Based on the studies of Brand et al. [2–4], two rectangular specimens, denoted as
A and B and forming a lap joint, were investigated. Each specimen had dimensions of
50 mm× 15 mm and a lap joint length (lLJ) with another specimen across a lLJ× 15 mm area.
The adhesive layer thickness between the two specimens is defined by hL. In comparison
to Brand et al. [2–4], the sample thickness of the brass samples was increased to 2 mm to
achieve a better measurement of the contact resistance ratio. Furthermore, four sense pins
were used on each specimen, denoted as Am=1...4 and Bn=1...4. Figure 2a shows the sample
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layout. In order to achieve defined testing conditions between the two specimens, the layer
thickness (hL) was varied between 38, 89, and 124 µm, and the layer length (lLJ) was varied
between 5, 10, and 15 mm. Spacer particles in the above defined layer thicknesses from
Rock West Composites Inc. were used. In a preliminary study, several adhesives were
examined. These included PC 3001 from Heraeus and EC 262 and EC 244 from Polytec PT
GmbH. EC 262 exhibited excessive resistance and was excluded from further investigations
in this study. EC 244 and PC 3001 both showed very low contact resistance and high
mechanical strength. However, PC 3001 was unsuitable for battery applications because
it requires a curing temperature above 120 °C. Therefore, the silver-filled epoxy-based
isotropically and electrically conductive adhesive from Polytec PT GmbH (PT EC 244) was
used for all investigations reported in this paper.

l = 50mm

lLJ

5
m
m

5
m
m

10
m
m

2
m
my

5
m
m

t = 15mm

h = 2mm
hL

x

(a)

(b)

B2B3B4 -ItotB1

Itot A4A3A2A1

A = t · h

Figure 2. (a) Schematic view of the sample with current input and output points denoted by ±Itot,
measurement points on specimens (A and B) denoted by Am and Bn, where m, n = 1 . . . 4 are the
dimensions of the specimens and relative locations of the current input and output, as well as
measurement points; the dimensions in this schematic are not scaled. This figure is based on [2–4].
(b) finite element method (FEM) simulated voltage curve at x = 7.5 mm over y with resulting voltages
at the measurement positions (Am and Bn). The simulation was performed with a current of Itot = 5 A
across the sample. hL: adhesive layer thickness; lLJ: layer length.

3.1. Measurement of Electrical Contact Resistance

For an accurate and reproducible measurement, the influence of the measurement
equipment, the positions of the sense pins, and the presence of inhomogeneities on the
measurement must be known.

Therefore, measurements were carried out using an electrical contact tester developed
by Li.plus GmbH based on the four-wire measurement principle. Each measurement
contained a pulse series of five pulses, with a pulse duration of 25 ms. The two power and
sense lines were twisted separately from to minimize electromagnetic interference. A cur-
rent of 5 A was applied to the power lines, and the voltage was measured with the sense
lines. In order to minimize position inconsistencies, a custom-made test fixture including
gold-plated spring-loaded contact pins with a continuous plunger by Feinmetall GmbH
was used, based on the geometry shown in Figures 2a and A1. This fixture contained two
power pins to apply the measurement current (±Itot) and eight sense pins on both speci-
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mens, denoted by the subscripts Am=1...4 and Bn=1...4, to measure the potential distribution
between every combination of measurement pins (UAm,Bn). Therefore, all measurements
had identical distances between the sense and power pins. With this high amount of sense
points, position inconsistencies can be minimized, and the specific resistance of both spec-
imens can be determined (see Section 3.1.3 Performing the Measurement). Furthermore,
the measurements were performed automatically via a multiplexer (MUX).

As part of this experiment, the capability of the measurement process is proven
according to the standards specified in German Association of the Automotive Industry
(VDA) Volume 5. The accuracy of the contact tester without recontacting the power and
sense pins was identified to a standard deviation of less than 3.634 · 10−9 Ω at an expected
value of 70.47 · 10−6 Ω over 25 measurements. An additional influencing factor is the
recontacting of the measurement pins to the same sample. Throughout 25 recontacting
measurements, a standard deviation of less than 26.29 · 10−9 Ω was determined. This
corresponds to a relative standard deviation of less than 0.0373%. With this measurement
quality, the contact resistance in the expected order of magnitude of 1 · 10−5 to 1 · 10−3 Ω

can be reliably measured and analyzed. Hence, the commercial electrical contact tester
developed by Li.plus GmbH was suitable. However, other electrical contact testers could
also be employed, provided they demonstrate the same level of accuracy. Furthermore,
at least five test samples were tested and averaged to achieve high accuracy and certainty.

Additionally, a simulation based on finite element method (FEM) was carried out to
verify the influences of the measurement setup. Based on the experimental investigations,
a model of a sample was implemented in COMSOL Multiphysics. The modeled brass
sample (σbrassA,B = 15.5 · 106 S/m) consisted of a contact area of 15 mm × 15 mm, a homo-
geneous surface resistance of 2.25 · 10−8 Ωm2, and a third layer (σL = 2 · 105 S/m), which
represents ECA. A current of 5 A across the surface (±Itot) was applied. The ground poten-
tial of the simulation was set to the top of the negative power pin, which was modeled as a
cylinder with a height of 0.1 mm and a radius of 0.1 mm. The specific surface resistance of
the power pins was set to 675 · 10−18 Ωm2, and that of the layer was set to 2.25 · 10−8 Ωm2.
The objective of the simulation was to demonstrate the effects of the measurement setup
rather than to parameterize it based on the measurement outcomes.

All materials and contact conditions were assumed to be homogeneous and isotropic.
The resulting voltage drop across x = 7.5 mm over y and the positions of the sense pins
(Am and Bn), as well as the current injection (±Itot) are illustrated in Figure 2b. The voltage
curve over y in Figure 2b shows two peaks. The first appears at the current injection at
±Itot, and the second appears around the contact area.

3.1.1. Phenomena at the Current Injection

The voltage peaks near the current injection point (Itot) are now considered. Around
this point, x = 7.5 mm and y = 2 mm, a radially symmetrical equipotential field is formed.
Figure 3a illustrates the equipotential lines on the sample’s surface. The equipotential
lines change from radially symmetrical to linear behavior as the distance from the point of
current impingement increases (in the y direction in this case). An infinitely large surface
is considered for the theoretical view of this phenomenon. As discussed by Prechtl [31],
when a current is injected at any point on an infinitely large surface, an electric field with
radially symmetrical behavior results. Therefore, the radially symmetrical behavior of the
equipotential lines never ends. The resulting potential (φ) depends on the specific resistance
(ρ), the injected current (I), and the radial distance (r), as illustrated in Equation (1) [31].

φ =
ρI

2πr
(1)

If one dimension is finite, this behavior cannot be observed. Figure 3b represents
the resulting potential from the FEM simulation along the y axis at x = 7.5 mm. For a
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comparison with linear behavior, according to Equation (2), the linear drop of the potential
is depicted in Figure 3b.

R = ρ
l
A

(2)

The greater the distance from the current impingement point (see Figure 3b), the closer
the potential approaches the linear function. If the relative error is considered, as shown
in Figure 3c, it is evident that this behavior of the potential is independent of the spe-
cific resistance of the investigated material but depends on the geometry of the specimen.
An analogy was found in mechanics with the principle of Saint Venant. The principle of
Saint Venant states that the inhomogeneity caused by a load on a long cuboid depends
on its geometry. After a distance of at least half the longest side length of the specimen’s
cross-sectional area (A; variable t in Figure 2a), the magnitude of the inhomogeneity is
negligible, and the behavior becomes linear [32,33]. The same results are represented in
Figure 3b. A mathematical analysis of the decaying behavior of the inhomogeneity is pro-
vided within Poisson’s equation in Appendix C.1. The analytical equation represents how
inhomogeneity influences the voltage curve concerning the geometrical dimensions (see
Equation (A8)). The Transmission line model proposed by Murrmann and Widmann [34],
as well as Berger [35], can demonstrate a similar phenomenon when modeling semiconductors.
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Figure 3. (a) Detailed view of a sample including the resulting electric equipotential lines with
inhomogeneity at the current injection point at x = 7.5 mm and y = 2 mm, where inhomogeneous
behavior results. The y axis is not completely displayed. (b) Detailed view of Figure 2, where the
resulting potential and a theoretical linear voltage curve are represented across the horizontal axis at
x = 7.5 mm. The voltage curve is affected inhomogeneously by the current impingement following
the principle of Poisson’s equation. (c) Relative error between the linear and theoretical voltage curve
of (b) normalized to the longest side length of the specimen’s cross-sectional area (A). According to
the analytical solution, the error decays to zero for an increasing distance of greater side length than
the specimen’s cross-sectional area (A).

In summary, special attention must be paid to this influence when determining geomet-
rical and electrical quantities. The linear equation of the resistance calculation according to
the length (l), area (A), and specific resistance (ρ) (Equation (2)) can therefore only be used
if the assumption is made that the material to be investigated is homogeneous and isotropic.
Furthermore, the geometrical parameters of the sample are finite, and the measurement
must be taken at a sufficient distance from the point of a current impingement.

The distance of the voltage measurement to the current injection point is essential
to determine and compare the electrical contact resistance. Considering the impact of
voltage distribution during current injection, it is advisable to maintain a minimum dis-
tance between power and sense points equivalent to half the longest side length of the
cross-sectional area (A) of the specimen. This helps to minimize the error resulting from
contacting below 0.05%, as illustrated in Figure 3c. Therefore, the measurements were
carried out in the linear area to optimize the measurement results.

In order to compare samples to each other, a smaller distance between the power and
sense pins can be chosen. As the distance to the point of current impingement decreases,
as shown in Figure 3c, the local derivative of the voltage increases. However, special
attention must be paid to the positioning of the voltage measurement. The closer the
voltage measurement is located to the current impingement point, the greater the effect
of a position inaccuracy on the measurement accuracy. The area of the power pin defines
the maximum voltage peak at the current injection point. A thinner power pin results in a
higher voltage peak. In contrast, a large homogeneous area-based current injection results
in a lower voltage peak.

Another factor that must be considered to determine the contact resistance is the ratio
between the contact resistance and the measured total resistance, which should be close to
1. If the ratio is too small, slight variations in the geometry, material, and positioning of
the measurement pins can significantly impact the quality of the measurement. In order to
keep the quality of the results high, thicknesses of 2 mm and 0.2 mm were chosen for the
brass and copper samples, respectively.
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3.1.2. Method to Calculate the Electrical Connection Resistance within Planar Contacts

After having defined a measurement procedure and having identified the influences on
the measurement, the calculation method within planar contacts for electrical connection
resistance is discussed. For this purpose, the first step is to answer the questions as
to how the contact resistance is obtained and how it can be determined. Similarly to
soldered connections, a third conductive material is added between two specimens for
adhesive connections. With the additional conductive partner, the resistance is split into
the resistances of the specimens, (RA and RB); the contact resistance (RC), which is the
sum of the surface resistance between the specimens and conductive adhesive; RS1 and
RS2; and the resistance of the conductive adhesive layer (RL). The value of RC can be
determined based on the values of RA, RB and RL, which are known parameters.

Additionally, as a planar contact is obtained when using an adhesive, the current
distribution over this planar area needs to be investigated. To justify an area-based contact
resistance, a parameter study in an FEM-simulation was performed. For all studies, a
homogeneous surface resistance was used.

Figure 4 shows the normalized current through specimen A over the normalized lap
joint (lLJ) in the y direction. Four different values for the contact resistance (RC), which
depend on RA and RB, were chosen. Additionally, it is assumed that the current does
not flow across the third partner. This phenomenon results when the layer thickness
is small and the specific resistance of the third conductive partner is sufficiently high.
As shown in Figure 4, three cases were investigated to demonstrate the influence of low,
high, and two different medium contact resistances on the current distribution over the
lap joint.

For this simulation analysis, the previously defined parameters were used
(σbrassA,B = 15.5 · 106 S/m and AA,B = 2 mm × 15 mm).

High contact resistance: A high specific contact resistance (RCA = 1 · 10−8 Ωm2)
results in a linear current distribution through the contact area, indicated by the orange
line in Figure 4. The current through specimen A decreases linearly. The current flows
homogeneously through the contact area, and a larger contact results in a lower contact
resistance. In this case, the contact area determines the magnitude of the contact resistance.

Low contact resistance: A low specific contact resistance, e.g., RCA = 1 · 10−11 Ωm2,
results in two separate current flows: one at the beginning and one at the end of the lap
joint, as represented by the brown line in Figure 4. Although an electrical connection is
present over the whole area between the specimen and the adhesive, only a minimal current
flows through the middle of the specimen. This leads to the current remaining within the
specimen and remaining constant. The current is divided according to the resistance of the
specimens and forms an ideal parallel connection, resulting in non-linear behavior between
the contact area and the resulting resistance. The distance between the contact area’s start
and end primarily defines the contact resistance.

Medium contact resistance: Specific contact resistance in the range between the two
cases discussed above (RC = 1 · 10−9 Ωm2 and RCA = 1 · 10−10 Ωm2) results in a non-linear
current distribution through the contact area, as represented by the pink and blue lines
in Figure 4, respectively. Additionally, the current through the middle of the lap joint at
lLJ = 7.5 mm in Figure 4 is divided according to the resistance ratio of both specimens (RA
and RB).

In summary, no straightforward relation between contact resistance and contact area
exists. However, the contact resistance does depend on the resistance ratio (RC/RA).
The assumption of Brand et al. [4] to use a simplified version of the Equivalent Circuit
Diagram (ECD) for area-based resistance is only valid if the contact resistance is lower
than the resistance of the specimens. Additionally, Schmidt [36] analyzed the influence
of the weld seam’s position on electrical properties. The connection showed the lowest
resistance with two weld seams that were aligned as far apart as possible. This can be
extended analogously to low contact resistance.
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Generally, it cannot be stated that a larger contact area leads proportionally to a lower
contact resistance. For the geometry investigated in this work, the primarily target is not to
contact a large surface but to place the contact points as far apart as possible and to establish
a parallel connection. The results of this study are relevant to all types of joining techniques
and can be utilized to optimize and design the joining layout. For other geometries,
such as cylindrical cells, the inner structure of the geometry has a significant influence.
In this case, the contact points should be selected depending on the internal current
flow. Lin et al. [37] defined this phenomenon at the end of the contact region as “current
crowding” by investigating the wafer bonding process of microelectromechanical systems.
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Figure 4. Detailed view of the normalized current through specimen A. Four different values for
the specific contact resistance (RCA ) concerning the resistance of the specimens (RA = RB) and the
resistance of the added layer show their influence on the current distribution over the lap joint (lLJ) in
the y direction.

Nevertheless, the question of how to determine the contact resistance (RC) remains.
For the analytical solution, the measured resistance over the lap joint (RLJ) and the resis-
tance of the two specimens (RA and RB) are defined as known quantities, and the contact
resistance is defined as the desired quantity. The branched electrical circuit model (ECM)
relationship and the following simplified recursive formula (see Equation (3)) are derived
in Appendix D.
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(3)

Variables sa, sb, and sc represent resistance after a ∆-star transformation (see Appendix D).
Equation (3) is only valid if it is assumed that no current flows across the third partner
in the y direction. The resistors (rc) correspond to the equivalent circuit of a conductive
adhesive joint, as illustrated in Figure A6.
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Figure 5b depicts an example of the graphical determination of the contact resistance
(RC) in the case of RA = RB based on Equation (3). With a contact resistance of RC = 0,
an ideal parallel connection results and the RLJ/RA ratio is equal to 0.5. Furthermore, linear
behavior results at high contact resistance (RC). For a better understanding of the cases
discussed above, Appendix C.1 discusses the resulting analytical contact resistance of a
branched network. A similar result was published by Euler and Nonnenmacher [38].

3.1.3. Performing the Measurement

A fixture over an extruded aluminum rail was constructed to minimize possible
position fluctuations. A picture is provided in Figure A1. Additionally, the distance between
the power and sense pins for this investigation was set to a minimum of 10 mm to achieve an
error below 0.05%. The distances between Am and Bn=1...4 were set to 5 mm, (c.f. Figure 2).
Finally, all reasonable combinations of the sense pins (Am and Bn) were measured via
an MUX. Figure 5a exemplarily illustrates the measured resistances used within a linear
interpolation to lLJ to determine RLJ. The distance (dLJ) is defined as the difference in the
spacing between the sense pins (Am and Bn) and the overlap length (lLJ). Assuming two
identical specimens (A=B) are connected to each other, the specific resistance of the material
can also be determined via the slope (m) and the specimen’s cross-sectional area (A) (see
Equation (4) and Figure 5a).

ρA,B = mA,B · AA,B (4)

Subsequently, the recursive formula (Equation (3)) is solved based on the material
resistance across the lap joint (RA and RB) and the resistance (RLJ), as shown in Figure 5b.
The contact resistance (RC) can then be determined via the relationships of RLJ over RA
and RC over RA.

Theoretical considerations can be utilized, regardless of the measuring device and
joining technique. The subsequent analysis examines and compares electrically conductive
adhesives with other well-established techniques. Moreover, the behavior of the ratio
between contact resistance and contact area is demonstrated.

As specified by the manufacturer, the adhesive was mixed at a gravimetric ratio of
100:10 (resin (part A) to hardener (part B)), with an additional gravimetric 1% of spacer
particles. Each sample was pressed with a weight of 60 g and cured for at least 24 h at room
temperature. For each thickness (hL), a separate batch of the two-component adhesive was
mixed. Thus, measurement data with the same adhesive thickness (hL) can be compared,
and a scattering of the adhesive batches among each other can be assumed to be negligible.
Before adhesive bonding, each specimen was cleaned with isopropanol to minimize surface
inaccuracies between samples.
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Figure 5. (a) Measured points within a linear interpolation to lLJ and RLJ. The distance (dLJ) is defined
as the difference of the spacing between the sense pins (Am and Bn) and the overlap length (lLJ).
(b) Graphical determination of the contact resistance according to Equation (3) when RA = RB.

In order to determine the UTF of the samples joined with ECA, tensile tests were
performed using the a Zwick Roell Z020universal testing machine (UTM) according to
DIN EN 2243-1. Beyond the UTF of the lap joints, tensile tests can also provide additional
information. In particular, an analysis of the fracture mechanisms provided insights into
the joint’s limitations and the quality of the manufactured joint. Adhesive, cohesive, and
substrate fracture mechanisms were expected from these tensile tests. While an adhesive
fracture is caused by adhesion between the adhesive and substrate being the weakest
point, a cohesive fracture results from broken bonds within the adhesive. In the case of a
substrate fracture, the specimen material’s tensile strength is lower than that provided by
the adhesive’s adhesion and cohesion. In this context, a substrate fracture provides the
least information concerning the adhesive’s mechanical properties [39].

4. Results

In order to pursue the research objectives specified in Section 1, a variety of testing
methods and materials were used to investigate dependencies in the contact area, the
adhesive’s layer thickness, and specimen material concerning the RC and UTF. Table 1
shows the measured properties. The failure mechanism for UTF determination involved
either adhesive (A) or cohesive (C) fracture. In addition to the expected value (µ) and 90%
confidence interval (CI) of the RC and UTF, the ratio of RLJ/RA is also provided in Table 1.
The number of test samples for each step was five.

As expected, all measurements demonstrate a low RC and high UTF for an increased
contact area. In addition, the results indicate a significant influence of the used specimen
material on the contact resistance. The copper samples exhibit lower RC and UTF values.
This can be attributed to different surface properties of the copper and brass samples, (RS1
and RS2 [40]). The increasing adhesive layer thickness deteriorated the contact quality,
leading to an increase in the RC and a decrease in the UTF. This was also discovered for the
mechanical strength by Habenicht [40].

Among the brass samples, excluding the sample with the thickest adhesive layer
(124 µm), a cohesive (C) fracture occurred. The brass samples with a 124 µm adhesive layer
thickness and all copper samples showed adhesive failure (A). This is also visible in the
UTF measurement results in Table 1. The corresponding force–displacement curves are
illustrated in Appendix B, Figure A2. Similar to the results of Habenicht [40], an increased
lap joint length enhances the UTF, whereas with higher layer thickness, the UTF decreases.
Figure 6b displays an example of a cohesive (C) fracture of silver-filled two-component
epoxy-based adhesive with a contact area of 10 × 15 mm2 and a layer thickness of 38 µm.
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Table 1. Measurement results regarding the dependencies of the contact area, the adhesive’s layer
thickness, and the specimen material (copper (Cu) or brass (Br)), on the contact resistance (RC) and
the ultimate tensile force (UTF). Results are presented as the expected value (µ) and 90% confidence
interval (CI). Additional fracture mechanisms from the tensile tests are indicated as adhesive (A)
or cohesive (C) fractures. The number of test samples for each step was five.

RC UTF

Fracture

RLJ/RA
Specimen lLJ hL µ CI µ CI µ
Material in in in in in in

mm µm µΩ µ Ω N N

Copper
5 38 42.78 29.55 283.6 114.7 A 2.428
10 38 19.74 12.61 417.0 20.93 A 1.080
15 38 10.53 3.478 515.7 271.1 A 0.7872

Brass
5 38 162.8 87.09 1862 145.6 C 15.32
10 38 86.02 22.94 2165 279.0 C 4.536
15 38 74.62 26.16 2519 252.4 C 2.902

Brass
10 38 86.02 22.94 2165 279.0 C 4.536
10 88 109.5 58.36 2400 87.54 C 5.591
10 124 306.5 57.65 2112 165.7 A 14.46

Given that the influences of measurement were quantified and reduced in the pre-
ceding section, it is assumed that the sample scatter is substantial, despite the use of
isopropanol to clean the surfaces. Furthermore, it can be affirmed that the variation was
reduced for a larger area, which may be attributed to the bonding process employed in the
laboratory. Nevertheless, it can be concluded that the contact resistance is characterized by
low magnitudes of 10.53 µΩ and 74.62 µΩ when considering the expected values in an area
of 15 × 15 mm2.

In general, an increased contact area results in lower contact resistance. For both
investigated materials, increasing the lap joint length (LLJ) from 5 to 10 mm reduces the RC
by about half its value. This correlation is invalid if the length is increased to 15 mm, which
is three times the original length. In this case, the theoretical knowledge from Figure 5b
and the RLJ/RA relation are considered. The linearity of RC’s behavior depends on RLJ/RA
when non-linear or linear behavior of the RC is present, assuming a contact-area-related
resistance is only justified with a linear ratio, as described in Section 3.1.3. However, this
does not hold true for copper and brass substrates. The RC is not in the linear domain.
In this range to a first approximation, the contact resistance is no longer determined by
the contact area but by the distance between the first and last contact conditions. An ideal
parallel circuit can be assumed as a limiting value, and the RLJ/RA ratio converges toward
0.5. This statement is valid as long as a relatively thin layer of the ECA is applied and
the conductivity of the adhesive is higher than the conductivity of the specimen material.
If the third conductive partner is thicker and has very high conductivity with respect to the
metal to be joined, the ratio can be less than 0.5. In that case, a current flows through the
additional conductive partner in the y direction. The contact conditions keep the resistance
low, as is the case when both materials are ideally connected.

In order to assess the layer thickness and the uniformity of the adhesive bonds,
microscopic images were captured using a Keyence VR 3100 profilometer. Figure 6a
indicates the layer thickness from the intended 124 µm spacer. It is apparent, however,
that the layer thickness is not entirely uniform across the adhesive layer. In this case, it
has a thickness of approximately 130 µm. Additionally, Figure 6a illustrates that the two
specimens were bonded parallel to each other.
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Figure 6. (a) A section of the adhesive layer containing the 124 µm spacer particles along the
long edge of a brass sample using a layer thickness measurement. The total thickness of the lap
joint was 4.127 mm, and the thickness of the adhesive layer was 130 µm. (b) Picture of a brass
sample after tensile test. Cohesive (C) fracture of silver-filled two-component epoxy-based adhesive;
contact area of 10 × 15 mm2 and layer thickness of 38 µm. Figure A2 shows the corresponding
force–displacement curve.

4.1. Comparison of Joining Techniques in Terms of Electrical Connection Resistance and Ultimate
Tensile Force

In this section, the investigated ECA is compared to other electrical joining techniques
regarding RC and UTF, which results from the brass substrate. Figure 7 shows the RC
of ECA in comparison to soldering, spot welding, ultrasonic welding, laser beam weld-
ing, and press contact, which were investigated by Brand et al. [4]. The abscissa from
Brand et al. [4] was applied to depict the ECA for soldering and press contact. Caution
regarding the ECA abscissa is required, as the abscissa exhibits a linear progression up to
225 in 45 increasing intervals. However, starting from 225, the interval between the values
increases to 75. The contact areas of the ECA are 5× 15 mm2, 10× 15 mm2, or 15× 15 mm2.
According to the investigated brass samples, ECA lies in the range between welding and
soldering. With a contact resistance of 74.62 µΩ, it exhibits the lowest resistance compared
to the connection techniques investigated by Brand et al. [4]. Contrary to Brand et al. [2–4],
the brass samples in this study were measured with a thickness of 2 mm to minimize the
measurement errors (see Section 3.1.1). Additionally, Brand et al. [4] conducted experiments
with the BT3562 measurement unit of the Hioki E.E. Corp.. The alternating measurement
current was set to 100 mA at a frequency of 1000 Hz.
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Figure 7. Comparison of brass samples connected by soldering, spot welding, ultrasonic welding,
laser beam welding, and press contact with a thickness of and 38 µm electrically conductive adhesives
(ECA) concerning contact area. Separate abscissas were necessary due to the different characteristics
of each connection technique. Graphs include the 90% confidence interval (CI). Data of soldering,
spot welding, ultrasonic welding, laser beam welding, and press contact refer to the publications of
Brand et al. [2–4]. Please be aware that the scale is not linear.

In addition, the UTF of well-established joining techniques was compared to the
respective ECA. Figure 8 provides a quantitative overview of ECA, soldering, spot welding,
ultrasonic welding, laser beam welding, and press contact. Again, Brand et al. [4] provided
the data on well-established joining techniques. The soldered specimens fractured due to
material fatigue and did not break at the joint. As previously mentioned, specimens ten
times thicker were used in this work and reached the highest mechanical tensile force of
2519 N at a contact area of 15 × 15 mm2 with ECA.

4.2. Discussion

The present study illustrates that electrically conductive adhesives (ECA) can achieve
similar magnitudes of electrical conductivity and mechanical strength as those attained
by well-established electrical contacting techniques. While several ECAs were assessed,
only PT EC 244 exhibited results comparable to those of well-established joining techniques
for battery applications. Consequently, only one adhesive is presented here. Furthermore,
while the copper samples exhibited a lower electrical contact resistance than brass, the brass
samples had higher mechanical strength. These two characteristics are assumed to depend
on the condition between the specimens’ surfaces and the adhesive. The characteristics can
be transferred with regard to the condition of the specimens. In addition, ECA demonstrates
several advantages over well-established electrical joining techniques. Depending on the
adhesive, the gluing process does not require heat input for soldering or welding. It is,
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therefore, suitable for temperature-sensitive components, such as lithium-ion batteries [4].
Due to the lack of heat input, no residual stresses remain in the connection after the
joining process.

45 90 135 180 225
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osc. beam
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Figure 8. Comparison of ultimate tensile forces for brass samples connected by soldering, spot
welding, ultrasonic welding, and laser beam welding with an electrically conductive adhesives (ECA)
thickness of and 38 µ. Graphs include the 90% confidence interval (CI). Data on soldering, spot
welding, ultrasonic welding, and laser beam welding refer to the publications of Brand et al. [2–4].
Please be aware that the scale is not linear.

However, disadvantages are that the adhesive is cost-intensive, and scattering of the
joint’s properties can also occur in small quantities. Furthermore, the adhesive requires
a resting period for curing, which can be shortened by heat input. The adhesive used in
this experiment was cured at room temperature for 24 h. In particular, a pot time of 15 min
could make this method problematic in many of the assembly processes for manufacturers.
However, if a high temperature does not harm the application, PC 3001 from Heraeus can
also be considered as a possible adhesive. An internal preliminary study showed similar
electrical resistance and mechanical strength results compared to the investigated EC 244
from Polytec. However, PC 3001 was unsuitable for battery applications because it required
a curing temperature of over 120 °C.

The electrical contact resistance is not just determined by the process and material
composition but also by the geometrical and electrical parameters of the elements being
connected and the arrangement of the contact points. As demonstrated in this paper,
it is not necessarily a larger contact area that is important but the distance between the
two outer contact lines. This should be taken into account when evaluating the electrical
contact resistance.
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4.3. Economic Evaluation

The resulting electrical and mechanical joint properties are visualized in
Figures 7 and 8 in comparison to other joining techniques. Since laser beam welding
is commonly used for mass production in battery contacting, it was used as a reference
for the economic assessment of ECA. To manufacture planar contacts using ECA, a plant
producing adhesives worth EUR 50,000 was defined. For laser-based joining, a setup that
includes a laser cell, chiller, laser beam source, and scanner optics for EUR 455,000 was
assumed. The costs for both systems were requested from the respective manufacturers.
For both joining processes, the machine costs per hour were calculated according to VDI
guideline 3258 A, where the machine costs per hour, the labor costs, and the cycle times
are considered. Appendix E, Tables A1 and A2 provide a detailed overview of the costs.
For ECA, there are two different curing approaches. On the one hand, a temperature of
80 °C can be applied for 15 min, whereas, on the other hand, curing can take place at room
temperature for 24 h. Since the former may harm the battery cell, the latter was chosen.
Regarding the calculation, additional space for curing was considered and approximated by
a square that fits a cylindrical cell (18 mm by 18 mm for a 18,650 cell, for example). Figure 9
shows a comparison of the two joining methods.
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Figure 9. Comparison of the annual costs for the manufacturing of planar contacts using electrically
conductive adhesives (ECA) or laser beam welding. For both joining processes, the machine costs per
hour were calculated according to VDI guideline 3258 A, where the machine costs per hour, the labor
costs, and the cycle times are taken into account. The contact area was calculated based on 90% of the
area of a 18650-cell positive pole.

Furthermore, it was considered that the costs of a connection for ECA depend on the
joined area. A selection of joining areas for frequently used cell geometries and the accom-
panying costs for ECA and the spacers are provided in Figure 10. A detailed overview of
the calculation is listed in Appendix E, Table A3. A large cost factor is the material costs of
the adhesive. In this publication, a price of 5 kg was used for the calculation. It is assumed
that this cost will decrease with mass production

Figure 9 clearly demonstrates that the costs for ECA in series production are sig-
nificantly higher than those for laser beam welding. Nevertheless, ECAs is competitive
with established joining processes concerning physical properties. This is why ECA may
be a suitable alternative to manufacturing planar contacts for prototyping and develop-
ment projects.
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Figure 10. Costs of electrically conductive adhesives (ECA) and spacers for different cell formats
per planar contact in EUR. For the calculation, 90% of the area of the positive pole was used for
both poles.

5. Conclusions

This study introduces a method to analyze the electrical resistance of planar contacts
based on their area. The method allows for identification of whether the contact resistance of
the joint demonstrates linear or non-linear behavior. It is suitable for all electrical connection
techniques and can help to optimize contact geometries. Based on this, electrical adhesive
connections were analyzed based on their electrical and mechanical properties and through
an economic assessment and compared with well-established contacting techniques.

Regarding the first research question, it was demonstrated that current injection
considerably influences voltage measurement and accuracy. The former is particularly
important when determining electrical parameters and when high accuracy is required.
Through mathematical consideration, the error between the linear and the theoretical
values was determined using Poisson’s equation. The error decays to zero depending on
the sample’s dimensions. The distance between the power and the sense pins should be set
to a minimum of half of the longest side length of the specimen’s cross-sectional area (A).
Concerning the second research question, the current is divided according to the resistance
of the specimen and the contact. For this purpose, a correlation was mathematically
determined to verify whether the measurement occurs in a non-linear or linear relationship
between contact area and contact resistance. According to the derived method, the current
is divided by the current divider in the non-linear range. In this case, the contact resistance
is primarily affected by the length of the contact area but not by the cross-sectional area.
Finally, based on the third research question, epoxy-based silver-filled adhesive joints were
compared to other well-established contacting techniques [2–4], such as welding, press
connections, and soldering, and were found to have a low contact resistance and a high
mechanical strength. For brass samples with a contact area of 15 × 15 mm2 and a thickness
of 38 µm, an electrical contact resistance of 74.62 µΩ and an ultimate tensile force of 2519 N
were observed.

Moreover, an economic assessment was conducted to compare the investigated ECA
and the equipment for laser beam welding. The results indicate that for series production,
costs for ECA are significantly higher than for laser beam welding. It is assumed that
the cost of ECA will decrease with mass production. However, ECAs is competitive with
established joining processes concerning electrical and mechanical properties.

Further studies should be conducted in an attempt to minimize sample scatter in the
form of pretreated materials. Other environmental influences, such as humidity and
temperature, on the contact resistance (RC) or the current-carrying capacity should be
investigated. Another interesting research topic is the aging behavior of the joints under
the influence of the abovementioned environmental aspects.
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Appendix A. Test Bench

1
2
3

4

5

Figure A1. Custom-made test bench including gold-plated spring contact pins with a continuous
plunger by Feinmetall GmbH. It contains two power pins 1© to apply the measurement current and
eight sense pins 2© to measure the potential distribution over the sample under test 3©. The geometric
dimensions of the contact pins can be taken from Figure 2. The fixture 5© over the extruded aluminum
rail 4© was used in order to minimize fluctuations in position.

Appendix B. Force–Displacement Curve
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Figure A2. Force–displacement curve of brass (a) and copper (b) samples for different adhesives
layer thicknesses and lap joint lengths.

Appendix C. Theoretical Consideration of the Influence of Current Injection on the
Voltage Measurement

Appendix C.1. Formulation of the Problem

On an infinitesimally thick conductive plate with a width of w and a length of l at
the position ~x1 = (x1, y1), a current (I) is induced into the plate. At another position
(~x2 = (x2, y2)), a current of exactly the same strength flows out of the plane. In less abstract
terms, this problem involves a metal plate with two needles pressed onto it, which function
as contacts to an external ideal current source. Now, the task is to determine the potential
field and the current density distribution inside the plate.

Appendix C.2. Governing Equations and the Infinite Plate Problem

Before considering a finite plate, the solution for an infinite plate is presented. Since
the induced and extracted currents are constant, the problem can be assumed to be static,
i.e., the electrical and magnetic fields (~E and ~B, respectively) are independent of time
(Ė = Ḃ = 0). In this case, the Maxwell equations describing the electric field (E) can be
summarized by Poisson’s equation

∆Φ(~x) = −ρ(~x)
ε

, (A1)

where Φ is the electric potential, ρ(~x) is the charge distribution, and ε is the permittivity
inside the plate. The electric potential can be calculated once the charge density is known
using this equation. Now, the charge density in this infinite plate problem is described.

It is generally accepted that a current flow does not result in a charge buildup inside a
conductor. The conductor stays neutral. However, if an attempt is made to induce a fixed
current through an infinitely small cross section into a plate, the charge density (~j(~x)) is
infinitely large. Under this condition, the charge neutrality is no longer valid. Therefore,
only at positions (x1, y1) and (x2, y2), where the current is being induced and respectively
extracted, does the charge density not vanish. Instead, at these two positions, the charge
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density is expressed by two parameters: Q1 and Q2. By using two Dirac deltas, the charge
density can be mathematically expressed as

ρ(~x) = Q1δ(~x− ~x1) + Q2δ(~x− ~x2). (A2)

In order to find the as-yet-unknown parameters (Q1 and Q2), Ohm’s law is applied:

~j = σ~E (A3)

where σ is the conductance of the plate. The integral of the current density around the
source needs to be equal to the total current (I) that is being induced into the plate.

I =
∫

∂A
dA~j =

∫
∂A

dAσ~E =

=
∫

A
dVσ∇~E =

∫
A

dVσ
ρ(~x1)

ε
=

Q1σ

ε

(A4)

Gauss’s theorem was used to transform the surface integral to a volume integral.
Since this is a 2D problem, the surface is a line, and the volume is an area in this case.
The prefactor of the Dirac delta function can be obtained by applying a volume integral
enclosing the root of the Dirac delta function, which is position (x1, y1).

If the charge density of a single source, i.e., ρ(~x) = εI
σ δ(~x− ~x1), is plugged into (A1),

the potential of a source on a plate can be computed:

Φ1(~x) = −
I

2πσ
ln
√
(~x−~x1)2 (A5)

The potential of a sink, i.e., the point where the current (I) is being extracted, can be
computed similarly, with the only difference being a minus sign in the constraint of (A1).

Φ2(~x) =
I

2πσ
ln
√
(~x−~x2)2 (A6)

Since the Poisson equation is linear, the total potential of a sink/source system on an
infinite plate can be simply determined by the superposition of Φ1 and Φ2.

Appendix C.3. The Finite Plate Problem

In order to solve the finite plate problem, the linearity of Poisson’s equation is used
again. Furthermore, because it is a solution for a certain charge distribution (ρ(~x)) and
a set of boundary conditions is unique, the boundary conditions are determined by the
requirement that no current crosses through the boundaries of the plate, i.e.,

~j ·~n = 0, (A7)

where ~n represents the normal vectors at the plate boundaries. As long as the boundary
conditions are satisfied, charges can be added outside the finite plate without affecting
the solution inside the plate. This is true because of the uniqueness of the solution of the
Poisson equation. It is also possible to place charges outside the plate in a manner that still
fulfills the boundary conditions, as described in more detail by Griffiths [41].

If the plate with the sink and source were only constrained in one direction, such as
x > 0, it would be sufficient to mirror the positions of the sink and source on the y axis.
However, after introducing other boundary conditions, the source and sinks must also be
mirrored on these new boundaries. This creates additional virtual sources and sinks that
must be mirrored at the original boundary as well, leading to an infinite series of virtual
sources and sinks, as shown in Figure A3.
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According to [42], the coordinates of all sources or sinks that needed to express the
finite plate problem for a source or sink at position (xi, yi) are given by

(xi + 2ml, yi + 2nh),

(2l(m + 1)− xi, 2hn + yi),

(2l(m + 1)− xi, 2h(n + 1)− yi),

(2lm + xi, 2h(n + 1)− yi)

where m, n ∈ Z. The variable m is needed to describe all mirror sources that are necessary
to fulfill the boundary conditions of the current density in the -direction, whereas the index
n creates image sources to satisfy the constraints on the y component of~j.

-80 -60 -40 -20 0 20 40 60 80 100 120

-20

0

20

40

Figure A3. Mirror sources and sinks for an arbitrary position of the original source and sink.

The full potential of the source and sink problem is obtained by adding up the poten-
tials related to sources and sinks at these coordinates.

ΦSource/Sink(~x) =

∓ I
2πσ

∞

∑
m=∞

∞

∑
n=∞

{
ln
∣∣∣∣(xi + 2ml

yi + 2nh

)
−~x
∣∣∣∣

+ ln
∣∣∣∣(2l(m + 1)− xi

yi + 2hn

)
−~x
∣∣∣∣

+ ln
∣∣∣∣(2l(m + 1)− xi

2h(n + 1)− yi

)
−~x
∣∣∣∣

+ ln
∣∣∣∣( xi + 2lm

2h(n + 1)− yi

)
−~x
∣∣∣∣}

(A8)

=⇒ Φtot(~x) =ΦSource(~x) + ΦSink(~x) (A9)

The resulting potential field can be found in Figure A4. Figure A5 compares this
analytical result with a numerical simulation. These numerical and analytical calculations
align the most if, in the simulation, the radius of the current source, as well as the plate
thickness, are set to be very small. Additionally, the mesh of the simulation was set to be
extremely fine.
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Figure A4. Potential distribution of the finite plate problem with a current of I = 1 and
σ = 156.64Ω−1 (effective 2D conductivity for a brass plate with a thickness of d = 0.01 mm).
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Figure A5. Potential across the y axis; a numerical and analytical voltage curve compared to the
ideally expected linear slope of Ohm’s law.

Appendix D. Resistance of An Adhesive Joining

Appendix D.1. Derivation of the Recursive Formula

Using the equivalent circuit depicted in Figure A6, the resistance of an adhesive joint
can be calculated. In order to compute its total resistance for an arbitrary kP circuit (where
k stands for the number of vertical resistors (rc)), ∆-star transformations can be used to
transform a kP into a (k− 1)P circuit.

Figure A7 shows the circuit after a ∆-star transformation applied to the leftmost loop,
where

sa =
rk−1

a (rk
c + rk−1

b )

rk
c + rk−1

c + rk−1
b + rk−1

a
(A10)

sb =
rk−1

a rk−1
c

rk
c + rk−1

c + rk−1
b + rk−1

a
(A11)

sc =
rk−1

c (rk
c + rk−1

b )

rk
c + rk−1

c + rk−1
b + rk−1

a
. (A12)

This results in a (k − 1)P circuit in series with the resistor (sa), where the original
resistor values of rk−1

a and rk
c were changed to rk−1

a + sb and sc, respectively. All other
resistor values remain unchanged. Therefore, their indices (k) can be omitted.
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Figure A6. Equivalent circuit of a conducting adhesive joint

sa

sc

sb

rk−2
b

rk−2
a

rk−2
c

r1a

r1cr2c

rb

Figure A7. Equivalent circuit after a ∆-star transformation.

Now, a recursive formula for the total lap joint resistance (Rk
LJ) of a kP circuit can

be found:

Rk
LJ(r

k
a, rk

b, ra, rb, rc)

=sa + Rk−1
LJ

(
r̃k−2

a , r̃k−1
c , ra, rb, rc

)
with r̃k−2

a = rk−2
a + sb and r̃k−1

c = sc

=
rk

a(rb + rk
c)

rk
a + rb + rc + rk

c

+ Rk−1
LJ

(
r̃k−1

a , r̃k−1
c , ra, rb, rc

)
with r̃k−1

a = ra +
rk

arc

rk
a + rb + rc + rk

c

and r̃k−1
c =

rc(rb + rk
c)

rk
a + rb + rc + rk

c

(A13)

Recursive reduction can be used until k = 3 is reached. Now, the 3P circuit shown
in Figure A8 can be solved directly by a ∆-star transformation. The transformed circuit is
depicted in Figure A9.

r3c

rb

r2a

rc

rb

ra

rc

Figure A8. Base case for k = 3.

s′a

s′c

s′b

rb

ra

rc

Figure A9. Base case for k = 3 after a ∆-star transformation.

3 Measurement and Determination of the Contact Resistance of Planar Contacts

56



Batteries 2023, 9, 443 26 of 29

The resistor values (S′i) are expressed as

S′a =
r2

a(r3
c + rb)

r3
c + rc + rb + r2

a
(A14)

S′b =
r2

arc

r3
c + rc + rb + r2

a
(A15)

S′c =
rc(r3

c + rb)

r3
c + rc + rb + r2

a
(A16)

and the total resistance of the 3P case is:

R3
LJ(r

3
a, r3

c , ra, rb, rc) =

=S′a +
1

1
S′c+rb

+ 1
S′b+ra+rc

=
r2

a(r3
c + rb)

r3
c + rc + rb + r2

a
+

+
1

1
rc(r3

c+rb)

r3
c+rc+rb+r2

a
+rb

+ 1
r2
arc

r3
c+rc+rb+r2

a
+ra+rc

(A17)

Appendix D.2. Convergence

In the equivalent circuit in Figure A6, ra, rB, and rc are differential resistors that
must be connected to a finite macroscopic resistor to ensure convergence. As k increases,
these macroscopic resistors are decomposed into an increasing number of differential
resistors. Quantitative dependencies can be found for the two limiting cases (rc → ∞ and
ra, rb → 0). Then:

rA =
RA

k− 1
(A18)

rb =
RB

k− 1
(A19)

rc =kRC (A20)

After substituting these definitions into the recursive formula, Rk
LJ(RA, RB, RC) can be

calculated for k = 3, 4, 5. The following expressions can be found for the symmetrical case
where RA = RB:

R3
LJ =

(RA)
2+12RARC+18(RC)

2

2RA+18RC

R4
LJ =

(RA)
2+16RARC+24(RC)

2

2RA+24RC

R5
LJ =

(RA)
3+55(RA)

2RC+700RA(RC)
2+1000(RC)

3

2((RA)2+50RARC+500(RC)2)

(A21)

Figure 5b shows the dependence of the total resistance on the input parameters (RA,
RB, and RC) for the simplified symmetrical case with RA = RB. In Figure A10, the relative
difference of a kP circuit compared to a 1000 P circuit is plotted.
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Appendix E. Economical Evaluation

Table A1. Overview of the costs for the systems to apply electrically conductive adhesives (ECA) and
laser beam welding for the joining of a 18650 battery cell.

Costs Data ECA Laser Beam Welding

Machine
(1) Acquisition EUR 50,000 EUR 453,000
(2) Useful life 5 y 5 y
(3) Working hours 3392 h/y 3392 h/y
(4) Plant availability 90% 90%

Fixed
(5) Interest rate 1.14% 1.14%
(6) Space requirement 10 m2 10 m2

(7) Operating cost rate 550 euro/m2 550 euro/m2

(8) Nominal power 10 kW 8 kW
(9) Utilization rate 100% 100%
(10) Electricity price 0.225/kWh 0.225/kWh
(11) Maintenance cost rate 7% 7%

Variable
(12) Labor costs 39.73 euro/h 39.73 euro/h
(13) Total cycle time 20 s/sample 1 s/sample
(14) Adhesive 5.84 euro/g 0
(15) Spacer 1.37 euro/g 0
(16) Adhesive per sample 0.0045 g/sample 0
(17) Spacer per sample 0.000025 g/sample 0
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Table A2. Calculation of the machine costs per hour and the resulting costs per joint for ECA and
laser beam welding for the joining of a 18650 battery cell

.
Costs Formula ECA Laser Beam Welding

fixed acc. Table A1
(18) Depreciation (1)

(2)·(3) 2.95 euro/h 26.71 euro/h

(19) Interest cost per
hour

0.5·(1)·(5)
(3)

0.08 euro/h 0.76 euro/h

(20) Room cost per
hour

(6)·(7)
(3)

1.62 euro/h 1.62 euro/h

(21) ∑ of fixed costs
—machine hours (18) + (19) + (20) 4.65 euro/h 29.09 euro/h

(22) ∑ of fixed costs (21) · (3) 15,785 euro/y 98,682.1 euro/y

variable
(23) Energy (8) · (10) 2.25 euro/h 1.80 euro/h
(24) Maintenance (1)·(11)

(2)·(3) 0.21 euro/h 1.87 euro/h

(25) Labor (12) 39.73 euro/h 39.73 euro/h
(26) Material (14) · (16) + (15) · (17) 0.03 euro/sample 0 euro/sample
(27) Material (26)·(3600)/(13) 4.77 euro/h 0 euro/h

(28) ∑ of variable costs (23) + (24) + (25) + (27) 46.96 euro/h 43.40 euro/h
(29) ∑ of variable costs (13)

3600 · (28) 0.26 euro/sample 0.01 euro/sample

(30) Max. number of
samples per year

(3)
(13)
3600 ·(4)

549.504 samples/y 10,990,080 samples/y

Table A3. Selection of joining areas for frequently used cell geometries.

Cell Diameter or
Lengths of Edges 90% Area Adhesive

Thickness Adhesive Volume

At the positive
pole in cm In cm In µm In cm3

18650 0.8 0.4072 38 0.001547
21700 1 0.6362 38 0.002417
4680 1.5 1.431 38 0.005439

BEV2 1.8 · 3.6 5.832 38 0.02216
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4 A Novel Measurement Technique for
Parallel-Connected Battery Cells

The previous chapter explained the measurement process of electrical joining techniques between cells.
Different joining techniques were compared after determining an accurate and reproducible measure-
ment process of electrical contact resistances. In the next step, cells are combined into parallel strings.
In parallel strings, the current distribution is an option to quantify the inhomogeneity. Consequently,
test-benches are necessary to define the driving forces for a homogeneous or an inhomogeneous current
distribution.

In scientific studies, test-benches are designed to identify the factors influencing homogeneous current
distribution under various boundary conditions. A precise and reproducible measurement setup is
indispensable, which, up to now, was only possible with a high effort. Various current sensors are
employed, ranging from contactless to contacting sensors. To our knowledge, no laboratory test-bench
achieved clean re-contacting with defined additional path resistances.

This chapter presents the VPC, which virtually connects cells. Each cell is connected using the 4-wire
measurement technique. The parallel connection is realized via the control variables of the battery
cycler. Kirchhoff’s node and loop law are used to solve the currents and voltages.

Due to Kirchhoff’s node and loop law, additional resistances can be implemented in each parallel path.
As the cells are only virtually connected in parallel through mathematical equations, it is possible
to decouple the cells for check-up measurements and recouple them for cycling without ever having
to touch them. In addition, cells can be easily located within different boundary conditions, such as
positioning them in different climate chambers and varying the temperatures. → Q4 How can the
current distribution be measured efficiently in the presence of inhomogeneous contact resistances and
path temperature?

The novel measurement method was validated using a conventional test-bench in different charge,
discharge, and rest phases. The results showed a good qualitative and quantitative agreement between
the two measurement setups regarding the local minima and maxima and the intersection points of
both currents.

Finally, two studies were conducted to assess the impact of contact resistances on the current dis-
tribution. The first study examined an additional resistance in one parallel path, while the second
study focused on the influence of additional resistances in both parallel paths. Both studies concluded
that the height of the local minima and maxima mainly depends on the resistance ratio relative to
the combined cell and interconnection resistance in each pathway. However, neither the local minima
and maxima observed at different cumulative charge throughputs nor the intersection points of the
current distribution were affected by varying contact resistances. OCV interactions between both cells
determine the shape of the current distribution. Additionally, the shape of the differential voltage
showed correlations with the current distribution.
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A B S T R A C T

Due to the broad use of parallel-connected cells across multiple applications, it is essential to understand the
current distribution between them. Variations in resistance, temperature and capacity can lead to an inhomo-
geneous current distribution and have a deleterious influence on ageing and safety. It is therefore crucial to
investigate the current distribution within such systems. However, the task of designing a low-complexity test
apparatus, that does not itself affect the current measurement, remains incomplete.

This work investigates a novel measurement method to connect cells in parallel with controllable
interconnection resistances. Instead of a physical connection, the presented method couples the cell using
Kirchhoff’s laws via a commercial battery cycler. This connection allows investigation of parallel-connected
cells, without influencing factors such as contact resistances or an additional measurement environment.

Further, two studies demonstrate the influence of the additional interconnection resistance caused by the
parallel connection of two cells. The results of measurements including a differential voltage analysis show,
that the cell current divides according the ratio of the combined cell and interconnection resistance, whilst
the open-circuit-voltage influences the shape of the current distribution.

1. Introduction

Lithium-Ion Batteries (LIBs) are used in many different applications
and have to fulfil varying power and energy requirements [1]; from
consumer electronics, with low energy and power requirements, up to
automotive applications, e.g. Audi e-tron, Nissan Leaf, Renault ZOE
and Tesla Model 3, to stationary operations where high power and
energy are required, series and parallel connections can be used to
achieve the desired characteristics [2]. Coupling cells in series raises
the voltage of the battery module, although maximum voltage of the
battery module is limited by the need for electrical isolation and the
cost of semiconductors [3]. Connecting cells in parallel is used to
achieve a desired energy. The load of each parallel path is defined by
the resistance of the electrical wiring and junction to the cell, the open-
circuit-voltage (OCV), the capacity and the internal resistance of the
cell.

As such, variations during production, ageing and temperature dif-
ferences and their effects on the OCV, capacity and the internal re-
sistance can induce inhomogeneous current distribution [4–7]. It is
therefore crucial to understand the drivers of the current distribution.
With help of test-benches, the measurement of the current through
each path in parallel-connected cells, helps to determine the driving

∗ Corresponding author.
E-mail address: philipp.jocher@tum.de (P. Jocher).

forces for convergence and divergence of the current distribution. The
typical test-bench challenge is to define and minimise the influencing
factors caused by the current measurement. The aim is an accurate and
reproducible measurement of the individual cell current. Although we
are aware that in commercial settings it can be rather difficult to test,
verify, and ensure uniform current distribution in individual paths to
another, the researcher goal is understanding the current distribution
of parallel connected cells and the development of improved guidelines
for commercial applications. Alternative approaches to the problem of
battery diagnostics can be found in the work of Wei et al. [8] which
discussed a variety of smart battery sensors, containing also innovative
current sensors.

To understand the behaviour of parallel-connected cells, many re-
searchers [4–7,9–26] have designed distinct test-benches to measure
the current distribution. In any test-bench defined and undefined resis-
tances caused by wiring, interconnections and measurement equipment
can adversely effect the current distribution.

A summary of the publications regarding the measurement of the
current distribution is presented in Table 1. All test-benches were
designed such that measurement equipment and contact areas would
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minimally influence the measured current. For the conventional mea-
surement of the current on each parallel path, contactless, e.g. hall- and
fluxgate sensors, as well as contacting sensors, e.g. shunt resistance,
were used. Increasing the resistance in parallel paths leads to a more
homogeneous current distribution [4,5,12], but the efficiency decreases
due to increased ohmic losses. On the other hand, an inhomogeneous
resistance ratio between parallel-connected paths leads to a divergent
current distribution between parallel conduction paths [4,5,12].

Some of the authors quantified the influence of their interconnec-
tion technique, whereas others did not. To better understand their
influence upon measurements, values and standard deviation intervals
of the resistance of several interconnection techniques can be found
in [27–30].

In the studies focussing on the measurement of the current distri-
bution, the researchers investigated at most two parallel (2p) parallel-
connected round cells with Lithium Sulphur (LS) and different LIBs
cathode materials such as Lithium Iron Phosphate (LFP), Nickel Man-
ganese Cobalt (NMC), Nickel Cobalt Aluminium (NCA) and Lithium
Cobalt Oxide (LCO). Additionally, the resistance of the measurement
environment is listed in the table, if it was defined in the work.
Otherwise not defined (n.d.) is written. The primary goal was to
determine the ageing behaviour of parallel-connected cells. Several
measurement studies investigated the influence of parameter variations
on the current distribution, using real capacity and ohmic resistance
differences between the cells [4,5,10,12]. Additionally, measurements
provided in [12] show the influence of cable resistances on current
distribution.

Brand et al. [4] attempted to construct a defined measurement
set-up with low impedances. For the measurement of the current dis-
tribution between 2p-connected battery cells the test-bench consisted
of six current sensors. Fluxgate- and hall-transducer were used without
increasing resistance in any parallel pathways. All in all, Brand et al.
were able to determine an additional ohmic resistance of less than
1.5mΩ per path. Combining test-bench results and simulations, Brand et
al. showed, that at the beginning of a current step, the current distribu-
tion is dominated by resistances. In contrast, capacity differences affect
the current distribution in the long term. Fill et al. [12] described a
measurement set-up with adjustable thermal control of cells connected
in parallel with an additional resistance of 0.3mΩ per path and inves-
tigated the impact of the resistances on the current distribution within
the whole measurement set-up. In this set-up load cables were used
as a shunt resistance. Further, they used the measurement set-up to
validate a simulation model showing the effects of module design on
temperature gradients. Within a subsequent publication, Fill et al. [5]
discussed the influence of current distribution, of cell parameter dif-
ferences and of dynamic current stresses. Hofmann et al. [6] described
a measurement set-up, using a shunt current sensor with a resistance
of 1.0mΩ. The test set-up consisted of a copper clamping construction,
where cells are connected in parallel using laser welded hilumin plates.
The test-bench was used to validate a simulation model for both, CC
and dynamic load profiles.

Even though all of the publications in Table 1 produced useable
findings, they have a common shortcoming: their measurement set-
up influenced the current distribution. Some of the authors described
their attempts, at great effort and cost, to determine and reduce each
additional parasitic resistance, whereas others do not consider them.
As a faulty contact or an unclean test-bench can unbalance the resis-
tance ratio between parallel pathways, whilst the internal resistance
of commercial LIBs is in the range of few mΩ, a clean test-bench is
indispensable for high-quality experiments.

This work describes a novel measurement technique to connect cells
in parallel, that overcomes the problems of additional and undefined
resistances due to measurement equipment and contact resistance.
Whereas in conventional test-benches cells are connected physically
with junctions, Fig. 1(a), this novel technique takes advantage of Kirch-
hoff’s laws, calculating the resulting voltage or current, and connects

Table 1
Publications regarding current distribution with details on the measurement equipment,
the path resistance and the number and chemistry of cells in parallel.

Ref. Measurement set-up Number of
cells in
parallel

Cell format &
chemistry

Additional
resistance in
mΩ per path

[9] Hall Effect current sensor,
undefined wiring

2 18 650 -
nickel-based

n.d.

[31] n.d. 2 18 650 - NCA n.d.
[4] Shunt resistance, Fluxgate

and Hall Effect current
sensor

2 18 650 - NMC 1.5

[10,
21]

Shunt resistance, undefined
wiring

4 18 650 - n.d. 10

[11] Hall Effect current sensor 2 & 3 18 650 - NMC n.d.
[5,12] Load cables were used as a

shunt
2 Pouch - LCO 0.3

[13] Shunt resistance 3 Round - LFP 2.15
[14] Sensors and wiring

undefined
2 Round - LFP n.d.

[15] Hall Effect current sensor 2, 3 & 4 Pouch - n.d. n.d.
[16] Load cables were used as a

shunt
4 & 8 26 650 - LFP &

18 650 - LCO
3

[6] Shunt resistance 2 18 650 - NMC 1
[17] Shunt resistance 3 Pouch - LS 20
[18] Shunt resistance 27 18 650 - NMC 25
[7] Shunt resistance and wiring

undefined
5 18 650 - LFP &

NMC
3.4

[19] Shunt resistance, undefined
wiring

2 & 4 18 650 - n.d. 5

[20] Shunt resistance, undefined
wiring

2 Pouch - NMC 5

[22,
25]

Contactless sensor,
undefined wiring

8 18 650 - n.d. n.d.

[32] n.d. 3 Pouch -
NCA/LCO

n.d.

[23] Shunt resistance 2 n.d. - LFP 0.25
[24] Shunt resistance Multi tab Pouch - LFP 2
[26] Hall Effect current sensor 5 Pouch - LFP n.d.

cells in parallel using a commercial battery cycler, Fig. 1(b) and (c).
Therefore, each cell benefits from the 4-wire measurement of the bat-
tery cycler, which generates no additional interconnection resistances.
For this reason, only the OCV, the capacity and the resistance of the cell
itself, as well as its relationship to other cells can influence the current
distribution. Each cell is individually connected to the battery cycler
using a 4-wire connection, and each cell voltage can be controlled
separately. A current pulse is used to determine the voltage across the
reference cell and the control unit imposes the same voltage across each
cell. Thus, although individually connected to separate voltage sources,
a ‘virtual parallel connection’ is present.

Connecting cells virtually has many advantages, such as coupling
and decoupling without touching the cells, scaling to n-parallel con-
stellations, low assembly effort on the test-bench and defined contact
resistances. In addition, different cell formats can be investigated with
no additional effort.

In this paper, the novel measurement method will first be validated
and discussed for CC-, CV- and rest phases using of a conventional test-
bench. Next, two studies will show the effect of additional resistances
on the measurement. The first study investigates the influence of an
inhomogeneous resistance increase within one leg of the parallel paths.
Subsequently, the second study examines a homogeneous impedance
increase within both parallel-connected paths. Finally, a DVA is used to
discuss the relationship between the current distribution and the OCV.

2. Experimental

2.1. Cell characteristics

All measurements are performed in a climate chamber (Espec LU-
123) at 25 ◦C with a commercial high energy 3.35Ah cell
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Table 2
Measured capacity and ohmic resistance of the investigated cells in a climate chamber
at 25 ◦C.

Cell CCCV capacity in Ah Ohmic resistance in mΩ at 50% SoC

cell 1 3.288 29.626
cell 2 3.296 32.536
cell 3 3.315 28.413
cell 4 3.344 28.525

(LG INR18650-MJ1). The electrodes are composed of nickel-rich NMC
(811) on the cathode and silicon doped graphite (SiC) on the anode
side [33,34]. The measurements in this work, unless not otherwise
stated, were carried out by a CTS 32 channel battery cycler from
BaSyTec GmbH where every cell is connected individually to a channel.
According to the data-sheet of the battery cycler used in this work, the
voltage sensor is guaranteed to a precision of 1mV and a resolution of
0.3mV and the current sensor to a precision of 1mA and a resolution
of 0.250mA at the voltage and current ranges, used in this work CC
periods. At the lower currents used for the DVA and the resting periods,
the current measurement exhibits precision and sensitivity values that
are correspondingly smaller.

All cells used within this study were initially characterised to deter-
mine their capacities and ohmic resistances. The capacity was measured
via a constant current constant voltage (CCCV) charge with a CC rate
of 0.2C and a cut off current of 50mA at 4.2V. Ohmic impedance was
determined at 50% State of Charge (SoC) using galvano electrochemical
impedance spectroscopy (EIS) with a current amplitude of 140mA on
a VMP3 potentiostat from Biologic Science Instruments SAS and was
measured as the real-axis intercept of the Nyquist plot.

The cell type used in this work is known to contain variances in
capacity and resistance [35–37]. Therefore, for the validation of the
virtual parallel connection two cells with resistance spread of 2.9mΩ
and a capacity difference of 8mAh, cell 1 and cell 2 from Table 2 were
used. According to recently published results by Schindler et al. [37],
the difference in resistance appears relatively high, since it corresponds
to a difference of almost ten times the standard deviation for cells from
the respective production batch. On the other hand, the difference in
capacity corresponds to only 0.5 times the standard deviation [37].

For the measurements investigating the behaviour of cells with low
initial differences in capacity and internal resistance cell 3 and cell 4
(see Table 2) were chosen.

2.2. Measurement principle

Any 𝑛-parallel connection can be typified by a simple ECM. Fig. 1(a)
represents a simple ECM of a conventional n-parallel connection using a
battery cycler in CC mode with as current source and voltage measure-
ment within a 4-wire connection. Within such an ECM, each conduction
path 𝑥 ∈ [1, 𝑛] consists of a cell 𝑥, that represents an individual cell
including internal resistance and OCV, and a contact resistance, 𝑅c, 𝑥,
that stands for any additional resistance caused by contacting, wiring
and measurement equipment. Using Kirchhoff’s voltage and current
laws, the following equations can be defined:

The current, 𝐼𝑥, of path 𝑥 can be determined by the difference
between the total current of the system, 𝐼tot, and the sum of the current
through all other 𝑛 parallel paths, according to the Kirchhoff node law,
Eq. (1).

𝐼𝑥 = 𝐼tot −
𝑛
∑

𝑦∈[1,𝑛],𝑦≠𝑥
𝐼𝑦 (1)

Analogously, the voltage across the parallel connection, 𝑈p, can be
determined by employing the Kirchhoff loop law, represented by 𝑚1 on
Fig. 1(a). This generates Eq. (2).

𝑈p = 𝑈cell 𝑦 + 𝐼𝑦 ⋅ 𝑅c, 𝑦 = 𝑈cell 𝑥 + 𝐼𝑥 ⋅ 𝑅c, 𝑥 (2)

Based on Eq. (2), the voltage of the cell 𝑥 in path 𝑥, 𝑈cell 𝑥, as a
function of cell 𝑦, can be determined with Eq. (3).

𝑈cell 𝑥 = 𝑈cell 𝑦 + 𝐼𝑦 ⋅ 𝑅c, 𝑦 − 𝐼𝑥 ⋅ 𝑅c, 𝑥 (3)

If all cells are operated by independent battery test channels, and
assuming that each channel can read the values of voltage and current
from others and use this as a control parameter, it is possible to set
up the virtual parallel connection. This is achieved by utilising Eqs. (1)
and (3). An example of this is provided in Fig. 1(c) where cell 1 is
operated by a current source in respect to Eq. (1) – current 𝐼1 is
then used as the setpoint and voltage 𝑈cell, 1 is the feedback parameter
that is fed to the control unit. All other n-1 cells are operated by a
voltage source corresponding to Eq. (3) and as such, voltage 𝑈cell, 𝑛
is the setpoint and current 𝐼𝑛 is the feedback parameter. This means
that each cell is operated at the same voltage, as though the cells
were in parallel. Further, no undefined contact resistances occur due
to the 4-wire connection of each channel. If an additional resistance is
desired, the virtual parallel connection can increase the interconnection
resistance, 𝑅c, 𝑥, by calculating an ohmic loss in respect to Eq. (3).

The resulting closed-loop control system of 𝑛-parallel-connected
cells is shown in Fig. 1(b). The forward path corresponds to the path
through cell 1 with the additional resistance 𝑅c, 1. Further, the feedback
path corresponds to the path through cell 2 with the resistance 𝑅c, 2. The
setpoint of the forward-path is the current 𝐼1 and the voltage sensor
measures the cell response of cell 1. Combining the calculated voltage
drop over the resistance 𝑅c, 1 with the calculated current through
path 1, the voltage of the virtual parallel connection, 𝑈p, results. The
feedback path of cell 2, controlled by voltage 𝑈cell, 2 results in the
current 𝐼2. This current 𝐼2 is used to calculate the voltage drop over
the resistance 𝑅c, 2. Any additional parallel path of 𝑛 cells is calculated
in the same manner as the feedback path of cell 2.

Consequently, for a 2p connection, the above defined equations
were summarised to two equations. The voltage of cell 2 is controlled
as in Eq. (3) and the current of cell 1 is controlled as in Eq. (1).
According to Brand et al. [4] an asymmetric resistance ratio influences
the beginning of a current pulse in the manner of a typical current
divider. The current divider for the 2p connection of this work is given
by Eq. (4), based on the ECM on Fig. 1(a).

𝑖2∕𝑖tot =
𝑅cell, 1 + 𝑅c, 1

𝑅cell, 1 + 𝑅c, 1 + 𝑅cell, 2 + 𝑅c, 2
(4)

2.3. Validation of the measurement

The virtual parallel connection described above is validated by a
conventional 2p test-bench. This test-bench was designed and validated
by Hofmann et al. [6,38]. To allow a better understanding of this work,
a short summary is given.

The conventional test-bench of Hofmann et al. is shown in Fig. 2.
It consists of a shunt current transducer 1⃝ with a resistance of 1.0mΩ
and a temperature coefficient of 30 ppm K−1. Each cell 8⃝ is mounted
with laser-welded hilumin plates 2⃝ and fixed into the copper clamps

7⃝. Soldered junctions and wiring 3⃝ are used to connect the shunt
resistance 1⃝ with the copper clamp 7⃝ and the main connector 4⃝.
A 24-bit analog digital converter (ADC) measurement board 11⃝ is used
to measure the current. The current is applied to the main connector

4⃝.
A temperature control unit is also integrated into the test-bench but

not used and not mounted in this work. Consequently, the cells in this
work are connected without cooler 10⃝, Peltier element 6⃝ and copper
shells 5⃝.

For the measurement using the virtual parallel connection, the
cells are removed from the conventional test-bench and connected by
the individual cell connector 9⃝ to an independent channel of the
battery cycler. With the 4-wire measurement at the hiliumin plate, the
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Fig. 1. (a) Simple ECM of a conventional n-parallel connection using a battery cycler in CC mode – current source and voltage measurement – in which each cell represents
both the cell and its internal resistance, and a contact resistance, 𝑅c that stands for any additional potential drop due to contacting, wiring and measurement equipment. (b)
Closed-loop control system of a virtual n-parallel connection. The forward-path corresponds to the cell 1 with the additional resistance 𝑅c, 1 and the feedback-path is equivalent
to the cell 2 (cell 𝑛) with the additional resistance 𝑅c, 2 (𝑅c, 𝑛). All symbols with an orange border refer to physical components. (c) Schematic of the virtual parallel connection
within a 𝑛-channel battery cycler and physical cells connected to individuals channels via 4-wire technique. The controller calculates the setpoint of any channel with regard to
Eqs. (1) and (3). Cell 1 is fed by a current source, see Eq. (1); current 𝐼1 is the setpoint and voltage 𝑈cell, 1 is the feedback parameter. All other n-1 cells are operated with a
voltage source, see Eq. (3). Voltage 𝑈cell, 𝑛 is the setpoint and current 𝐼𝑛 is the feedback parameter. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 2. Conventional test-bench used for the validation of the virtual measurement
method; picture taken from [38]. Shunt 1⃝, hilumin plate 2⃝, soldered connection
and wiring 3⃝, main 2p connector 4⃝, copper shells - not used in this work 5⃝, peltier
element - not used in this work 6⃝, copper clamp 7⃝, cells 8⃝, individual cell connector

9⃝, cooler - not used in this work 10⃝, measurement board 11⃝.

resistance of the laser-welded spots from the cell pole to the hilumin
plate can be neglected. The measured capacity and ohmic resistance
of these cells, as described in Table 2, had been established using this
connection.

To ensure that both measurement methods incorporate the same
additional resistance of the test-bench, 𝑅c, 𝑥 has to be included in the
virtual parallel connection. To define the resistance influence of the
conventional test-bench, a hilumin strip was clamped between the two
copper clamps, 7⃝ on Fig. 2, instead of a physical cell.

Using this measurement set-up, an additional resistance of 2.2mΩ
for each path was determined using a high precision resistance mea-
surement unit from Li.plus GmbH. The additional resistance results
from the shunt of 1mΩ 1⃝, the press contact and the soldered con-
nections as well as the wiring 3⃝ between the main connector 4⃝ and
the clamping construction 7⃝. Considering the results given in [28],
the resistance of a press contact area of 10mm × 15mm with brass as
the contacting material results in a resistance of about 0.15mΩ. The
remaining resistance of 0.9mΩ is caused by additional undefined resis-
tances due to soldered connections and wiring. Additional undefined
resistances due to the area in the clamp and the welding area may
occur.
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3. Results and discussion

3.1. Validation of the measurement setup

For the validation of the virtual parallel connection, two test sce-
narios were chosen. The first test scenario was a CCCV charge and
discharge, each at 1C, and a cut-off current of 100mA. The second test
scenario was a CC charge and discharge at 1C and a consecutive rest
phase of 3600 s after each of the CC phases. The currents are related to
the system current, and we would expect that the nominal current per
cell should be half of the system current. Both scenarios were repeated
over four cycles.

If one aims to compare different measurement methods with each
other, it has to be ensured that the current distribution is reproducible
and does not change significantly between two consecutive cycles.
To calculate the difference between two cycles, 𝑥1 and 𝑥2, the root
mean square (RMS) value 𝑥𝑅𝑀𝑆 can be calculated by Eq. (5) and the
maximum difference by Eq. (6). Here, 𝑖 defines the time-discrete point.

𝑥RMS =

√

√

√

√

1
𝑛

𝑛
∑

𝑖=1
(𝑥1(𝑖) − 𝑥2(𝑖))2 (5)

𝑥max = max
𝑖=1,…𝑛

|𝑥1(𝑖) − 𝑥2(𝑖)| (6)

The differences between two consecutive cycles of virtual parallel
connection were calculated to be 𝑖RMS = 0.487mA with a maximum
value of 𝑖max = 2.386mA, whereas the conventional test-bench resulted
an 𝑖RMS = 0.438mA and a maximum difference of 𝑖max = 3.402mA.
Taking the mean current of 1.675A into account, these differences
correspond to maximum deviation of 0.03% and 0.2%. For the purposes
of comparing the measurement methods, these deviations are deemed
to be negligible.

Further, the standard deviation of the sum of both currents over a
CC phase is a quality factor of the test-bench and the battery cycler.
The noise of the virtual measurement was found to 0.52mA.

To compare and contrast the two measurement methods, six differ-
ent phases of a typical LIBs charge–discharge cycle, including CC, CV
and resting, were analysed. As described above, an additional resistance
of 𝑅c, 𝑥 = 2.2mΩ was added to each leg of the virtual connection to
ensure comparability. Figs. 3 and 4 show the current distribution of
both measurement methods over their charge and discharge phases.
The orange lines represent the test-bench measurements with a physical
interconnection and are labelled with ‘‘physical’’, whereas the blue
lines show the measurements with the virtual parallel connection and
are therefore labelled with ‘‘virtual’’. The solid lines correspond to the
current through path 1 and the dashed lines to the current of path 2.
The black, dashed line on the subfigure (a) represents the case of a
homogeneous current distribution. The C-rate of the 𝑦-axis is calculated
relative to the nominal capacity of a single cell.

Fig. 3 illustrates the charging behaviour of both methods. The
subfigures represent the CC charging phase (a), the CV charging phase
(b) and the resting phase (c) for both measurement techniques. For
all measurements high qualitative and quantitative compliance is seen.
Since both approaches display a high degree of similarity, the virtual
rate closely follows the physical test-bench rate.

The lines representing the relative distribution of the charge pro-
duced by both methods agree closely. This is shown by the locations
of their local minima and maxima and the intersection with the line
drawn at 0.5C. The same cumulative charge per cell is measured by
both methods. This result is underlined by an RMS of less than 1.9mA
(0.11%) for both, CC and CV charging between both measurement
methods. Fig. 3(c) illustrates the resting phase after a CC charging.

Fig. 4 shows the discharge behaviour of the two cells connected in
parallel. The CC and CV phases are marked with the letters (a) and
(b) respectively. As seen in the charging behaviour, the local minima

Fig. 3. Validation of the current distribution during charge between the novel
measurement method and a conventional test-bench [38]. (a) shows the CC charge
with an current of 𝐼tot = 1C and (b) shows the consecutive CV charge to 4.2V. (c)
shows the rest phase after a CC charge. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

and maxima and the intersections of both currents display the same
cumulative discharge throughput per path during discharge. Fig. 4(c)
represents the rest phase after the CC discharge, where the highest
difference occurs during the beginning of the phase. This might be
explained as a consequence of the divergent current distribution at
the end of the previous phase. Fig. 4(b) and (c) show the greatest
differences between both measurement methods with disparities of
138.2mA for the CV phase and 157.6mA for the rest phase. Both
follow the CC discharge phase, and the highest difference of 72.14mA
occurs during CC discharging at low SoC around 3.2Ah. It seems that
the virtually connected cells are exposed to a slightly higher voltage
range, and therefore the current shows higher spreads at the end of
the CC discharge phase. Most likely, this is caused by an additional
resistance in the virtual test-bench due to an undefined resistance in
the clamp contacts of the construction. The influence of such additional
resistances is presented later on to underpin the importance of a
correctly defined resistance in the measurement set-up. Nevertheless,
an RMS of less than 7.5mA (0.45%) for both CC and CV discharging
can be determined. Table 3 summarises all differences between RMS
and maximum current for both test scenarios.

All in all, the comparison of the two measurement methods shows
good correspondence between the local minima and maxima of both
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Fig. 4. Validation of the current distribution during discharge between the novel
measurement method and a conventional test-bench [38]. (a) shows the CC discharge
with an current of 𝐼tot = 1C and (b) shows the consecutive CV discharge to 2.5V. (c)
shows the rest after a CC discharge. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 3
Differences between 𝑖RMS and 𝑖max in the conventional- and the virtual measurement
method in different phases, according to Figs. 3 and 4.

Fig. 3 - Charge Fig. 4 - Discharge

CC CV Rest CC CV Rest
(a) (b) (c) (a) (b) (c)

𝑖RMS in mA 1.485 1.838 1.912 7.054 6.444 7.411
𝑖max in mA 14.71 19.76 21.61 72.14 138.2 157.6

measurement methods as well as the intersection points of both cur-
rents during CC charging and discharging demonstrating points where
the uneven current distribution through the cells was reversed. With
these findings, the virtual connection can be used as a measurement
method to connect cells in parallel. The presented measurement method
should be open to all measurement devices which are capable of
dynamic interaction between their channels.

Researchers investigating the ageing of parallel-connected LIBs have
reported differing results in regard to the convergence and divergence
of the current distribution. Although some discovered convergent cur-
rent distribution behaviours [10,21], others found the opposite [15,39–
42].

Any ageing study of LIBs is complex. Due to the influence of pa-
rameter variations, environmental parameters and load profiles on the

ageing behaviour [43], a large number of tests are necessary to reach a
scientific conclusion [44]. With individual cell connections each cell is
connected via the 4-wire technique, therefore no additional resistance
occurs and this is increasing the accuracy of the measurement.

Conversely, the interconnection of the cells in a conventional paral-
lel test bench as well as the measurement of the current can introduce
additional resistances that can influence the current distribution [12,
28,31]. Added to the extra time and effort required to set such test
benches up, the virtual parallel measurement represents a quicker and
easier method to measure the same quantities. It is also not subject to
the distorting effects of the additional resistances. To define possible
influences of system parameters two studies are carried out.

3.2. Influence of system parameters

Due to the nature of electrical connection, additional resistances are
inevitable in physical applications. In any conventional test-bench, the
contact, wiring and measurement resistances increase the influence of
the test-bench on the measurement. As described in Section 1, these
additional interconnection resistances influence the current distribution
and should therefore be minimised. Thus, in the following section, the
influence of varying interconnection resistances within the measure-
ment set-up on the current distribution is investigated. The intention
is a better understanding of the drivers of inhomogeneous current
distribution during measurements with exact additional resistance.

This study addresses the influence of undefined resistances, e.g. due
to production variance of the electrical connectors, as well as defined
resistances in test-benches, e.g. measurement equipment. The values
were chosen with respect to typical additional resistances of conven-
tional test-benches as summarised in Table 1, as well as faulty contact
resistances. Hence, the resistance 𝑅c, 𝑥 is set to 0mΩ, 0.2mΩ, 0.5mΩ,
1mΩ, 2mΩ and 5mΩ and measurements were conducted using cell 3
and cell 4, which are described in Table 2. Two 2p studies with
additional interconnection resistances are examined by increasing of
𝑅c. Study one analyses an increase of 𝑅c, 2, where 𝑅c, 1, is set to 0mΩ.
Study two investigates an increase of the resistance on both paths, such
that 𝑅c, 1 = 𝑅c, 2. For both studies the 𝑥-axis represents time and not
the charge throughput as used in Figs. 3 and 4. This allows a better
comparison of the curves due to the inhomogeneous resistance ratio.

Fig. 5 shows CC charging and discharging in the presence of an
asymmetric resistance ratio with a homogeneous current through each
path of 𝑖1∕2 = 0.5C. As expected from Eq. (4), the degree of distribution
of the current is determined by the path resistance. This is however
not responsible for the alterations in this distribution over time, which
remain independent of path resistance. At the marked time intervals,
the same maxima and minima are seen for all measurements. A quan-
titative analysis of the current at different local minima and maxima
is illustrated in Fig. 7. The height change in the minima and maxima
marked from 1⃝ to 6⃝ in Fig. 5 corresponds to the ratio of the respective
path resistances.

The higher current gap observed for marker 1⃝ during discharging
can be explained by the SoC dependency of the internal resistance, as
noted generally by [45,46] and by Zilberman et al. [47] for this cell
type. The resistance is minimal at medium SoC range and increases
for both higher and lower SoC. Its maximum values are found at
low SoC. This can also be seen in the gradient of marker 1⃝ in the
current in Fig. 7(a). The higher the internal resistance of both cells,
the flatter the resultant gradient, see Eq. (4). Further, the steepness of
the OCV influences this phenomenon [6]. Consequently, variations in
resistance dominate the current distribution for flatter OCVs, whereas
OCV changes become more influential as they become steeper. There-
fore it can be stated, that the height of the minima and maxima of the
current distribution are mainly dependent on the resistance ratio. In
contrast, neither local minima and maxima seen at given cumulative
charge throughputs, nor the changes in current distribution between
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Fig. 5. Current distribution with the virtual parallel connection within inhomogeneous
interconnection resistances. The resistance of path 1 was held at 0mΩ while the
interconnection resistance of path 2 was varied from 0mΩ to 5mΩ. Measurements
were conducted during CC charging in (a) and discharging in (b) with a homogeneous
current in each branch of 0.5C. The marked circles correspond to local minima and
maxima and are used in further analyses. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

the cells are affected by the resistance ratios. Instead, the later two
factors are dictated by the OCV interaction between the cells.

In a similar manner, the effect of increasing homogeneous path
resistance on the current distribution was measured for CC charging
and discharging, see Fig. 6. The current distribution with no additional
resistance, 𝑅c, 𝑥 = 0mΩ, echos the shape of Fig. 5. As expected, the
current is very evenly distributed at the start of the measurement,
as Eq. (4) suggests. During charging and discharging, the current
distribution depends on the resistance of the paths, while higher ad-
ditional resistances homogenise the current distribution. Nevertheless,
the shape of the current distribution does not change significantly, and
the intersection points of both currents only change marginally over
the resistance increase.

A closer look at the progress of the intersection points of both
currents, marked from 1*⃝ to 5*⃝ on Fig. 6, is given in Fig. 7(b). Here
the relative capacity at the intersection points of both currents over all
charging cycles with a homogeneous current in each path of 𝑖1∕2 = 0.5C
to study the influence of homogeneous resistance based on the first
cycle is shown. Measurements were conducted three times at each
resistance level. Analysing the behaviour of the intersection points
of both currents as the cycles increase, some trends are visible. In-
tersection points 1*⃝ and 3*⃝ generally occur at higher capacities as
the number of cycles increase, whereas intersection points 2*⃝ and 4*⃝
generally occur at lower capacities as the number of cycles increase.
However 4*⃝ correlates with 5*⃝, which represents the capacity of the
CC fully charged cell. The alteration in the intersections over time may
indicate ageing, as reported in [48,49], however this cannot be stated
conclusively in this paper.

Fig. 6. Current distribution with the virtual measurement method and homogeneous
interconnection resistances. The resistance of path 1 and of path 2 was varied from 0mΩ
to 5mΩ. Measurements were conducted during CC charging in (a) and discharging in (b)
with a homogeneous current in each branch of 0.5C. The marked circles correspond
to the intersection points of both currents, which are used in further analyses. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

The same behaviour is also reported by Fill et al. in [12], where
the influence of cable resistances was pinpointed within measurements.
That paper also showed an independence between the intersection
points of the currents and the resistance differences between parallel-
connected cells. To analyse this in detail, the current distribution is
compared with the DVA in the following paragraphs.

The DVA can be used for chemical investigation [48], as well as
to detect degradation mechanisms, where the characteristics of the
DVA can be evaluated to determine different ageing contributions as
loss of lithium inventory (LLI) and loss of active material (LAM) [50,
51]. Hust [18] explained current distribution based on the change of
the OCV. With a DVA analysis of 27 parallel-connected cells, regions
of an increased importance of the impedances and regions of increased
importance of the OCV were noted. According to Hofmann et al. [6]
a change in the OCV gradient influences the current distribution by
causing an increase or decrease in the OCV differences between the
cells. With this in mind, a DVA was carried out in this work during a
2p measurement. As a DVA provides clearer results at lower currents,
the system current, 𝑖tot was therefore set to 0.1C [52]. This allowed
a deeper analysis of the 2p DVA. The DVA is usually plotted over the
capacity or the SoC during a CC charge or discharge. However, because
the path current does not remain constant during the 2p measurement,
and therefore the DVA of the 2p measurement is plotted over the
voltage in this work.

Fig. 8 illustrates the analysis of the current distribution within
the DVA. The corresponding DVA is illustrated in Fig. 8(b) and is
normalised by the measured capacity, 𝑄0, as performed by [52]. Addi-
tionally, the dashed lines in Fig. 8(b) and (c) were extracted from Sturm

4 A Novel Measurement Technique for Parallel-Connected Battery Cells

70



Journal of Power Sources 503 (2021) 230030

8

P. Jocher et al.

Fig. 7. Analysis of minima and maxima as well as intersection points of both currents.
(a) shows the current spread at different points within different additional resistances
due to an inhomogeneous load of Fig. 5. (b) shows the relative progress of intersection
points of both currents according to Fig. 6 over all cycles within the investigation
of homogeneous resistance in aspect to the loaded charge. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

et al. [53] and illustrate the contribution of the SiC anode and the
nickel-rich NMC cathode to the DVA of the full cell. The dashed yellow
lines in Fig. 8(b) and (c) correspond to the same measurement data,
whereby the 𝑥-axis is set to voltage in Fig. 8(b) and to capacity in (c).
For a better comparison, the data of the 2p measurement is shifted
on the 𝑥-axis to match with data of [53]. Although the cell batch
and the measurement current in this work and in [53] differ, the
corresponding DVA during the 2p measurement and the full cell of [53]
show similarities, see Fig. 8(b).

Even though the current distribution of the 2p measurement shows
more characteristics peaks compared to the DVA, some local minima
and maxima within the current through path 2, 𝑖2, appear in almost
the same region as the local minima and maxima of the 2p DVA. By
assigning different peaks of both half cell profiles of the DVA to the
anode and the cathode, see Fig. 8(c), the current distribution of both
currents should be affected by these characteristic peaks. The pink
arrows correspond to significant peaks belonging to the cathode and the
blue arrows correspond to significant points belonging to the cathode.
A clear explanation of the shape at low currents in Fig. 8 is still pending
and will be continued in a subsequent work.

Additional ongoing investigations will focus on the development
of the intersection points of both currents as a function of ageing.
Nevertheless, the results of this work allow the conclusion, that the
resistance ratio is responsible for the values of the local minima and
maxima, whilst the DVA defines the shape of the current distribution.

4. Conclusion

This work presented a novel measurement technique to investigate
the current distribution in parallel-connected cells. The cells were
connected in parallel using Kirchhoff’s laws and a battery cycler. By
using the 4-wire measurement technique for each cell, the influence of

Fig. 8. Analysis of the DVA with the current distribution. (a) shows the current
distribution between two parallel-connected cells with a homogeneous current in each
branch of 0.05C. The corresponding DVA during the 2p measurement is shown in (b).
Additionally, the dashed lines in (b) and (c) were extracted from [53] and correspond to
the half cell profiles and full cells of this cell type with assigned characteristic material
markers. The arrows show some areas where the local minima and maxima between
the current 𝑖2 and DVA appear on the same voltage level. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

system parameters such as interconnections and measurement equip-
ment could be neglected, as is important for an exact and reproducible
measurement setup. The novel measurement method was validated us-
ing a conventional test bench in charge and in discharge phases within
CC, CV and resting periods. Measurement data showed good qualitative
and quantitative agreement between the two measurement setups in
regard to the local minima and maxima as well as the intersection
points of both currents. The RMS was calculated to compare the mea-
surements and showed low deviations of approximately 0.11% across
various charging phases and approximately 0.45% across corresponding
discharge phases.

To understand the influence of additional resistances in two parallel-
connected cells, two measurement studies were carried out in which
interconnection resistances were varied from 0mΩ to 5mΩ. Study one
investigated the influence of an additional resistance in one parallel
path, whilst study two addresses the influence of additional resistances
in both parallel paths. The conclusion of both studies is, that the
height of the local minima and maxima are mainly dependent on the
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resistance ratio. They divide relative to the ratio of the combined cell
and interconnection resistance in each pathway. In contrast, neither
the local minima and maxima measured at various cumulative charge
throughputs nor the intersection points of the current distribution are
affected by varied resistances. OCV interactions between both cells
determine the shape of the current distribution. Additionally, the shape
of the DVA showed correlations with current distribution.

Using the tools set out in this work, the driving forces for conver-
gence and divergence of the current distribution can be determined.
As the cells are only ever connected in parallel via equations, it is
possible to decouple the cells for check-ups and recouple them for
cycling without ever touching them. This avoids any alteration of the
contact resistance [4]. Additionally, with the flexibility of the virtual
parallel connection, different cell formats can be investigated with less
effort.

Based on the findings of these work, additional studies should
be carried out. Ongoing work will focus on the ageing behaviour of
parallel connected LIBs, influence of other electrode chemistry combi-
nations as well as further analysis of the correlation between DVA, the
intersection points of both currents and current distribution.

CRediT authorship contribution statement

P. Jocher: Conceptualization, Methodology, Software, Project ad-
ministration, Writing - original draft, Visualization, Data curation, In-
vestigation, Writing - review & editing. M. Steinhardt: Conceptualiza-
tion, Writing - review & editing. S. Ludwig: Conceptualization, Writing
- review & editing. M. Schindler: Writing - review & editing. J. Martin:
Software, Conceptualization, Writing - review & editing. A. Jossen:
Writing - review & editing, Supervision.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

Received funding from the Bavarian Research Foundation of the
project OparaBatt, Germany (AZ-1296-17) and supported by the Ger-
man Federal Ministry of Education and Research (BMBF), Germany
under grant number 03XP0330A-F (OSLiB) is gratefully acknowledged.
The responsibility for this publication rests with the authors.

References

[1] L. Noel, G. Zarazua de Rubens, B.K. Sovacool, J. Kester, Fear and loathing of
electric vehicles: The reactionary rhetoric of range anxiety, Energy Res. Soc. Sci.
48 (2019) 96–107, http://dx.doi.org/10.1016/j.erss.2018.10.001.

[2] B. Tarroja, L. Zhang, van Wifvat, B. Shaffer, S. Samuelsen, Assessing the
stationary energy storage equivalency of vehicle-to-grid charging battery electric
vehicles, Energy 106 (2016) 673–690, http://dx.doi.org/10.1016/j.energy.2016.
03.094.

[3] S. Kasap, P. Capper, Springer Handbook of Electronic and Photonic Materials,
Springer International Publishing, Cham, 2017, http://dx.doi.org/10.1007/978-
3-319-48933-9.

[4] M.J. Brand, P. Berg, E.I. Kolp, T. Bach, P. Schmidt, A. Jossen, Detachable
electrical connection of battery cells by press contacts, J. Energy Storage 8 (2016)
69–77, http://dx.doi.org/10.1016/j.est.2016.09.011.

[5] A. Fill, T. Mader, T. Schmidt, R. Llorente, K.P. Birke, Measuring test bench
with adjustable thermal connection of cells to their neighbors and a new model
approach for parallel-connected cells, Batteries 6 (1) (2020) 2, http://dx.doi.org/
10.3390/batteries6010002.

[6] M.H. Hofmann, K. Czyrka, M.J. Brand, M. Steinhardt, A. Noel, F.B. Spingler,
A. Jossen, Dynamics of current distribution within battery cells connected in
parallel, J. Energy Storage 20 (2018) 120–133, http://dx.doi.org/10.1016/j.est.
2018.08.013.

[7] M.P. Klein, J.W. Park, Current distribution measurements in parallel-connected
lithium-ion cylindrical cells under non-uniform temperature conditions, J.
Electrochem. Soc. 164 (9) (2017) A1893–A1906, http://dx.doi.org/10.1149/2.
0011709jes.

[8] Z. Wei, J. Zhao, H. He, G. Ding, H. Cui, L. Liu, Future smart battery and
management: Advanced sensing from external to embedded multi-dimensional
measurement, J. Power Sources 489 (1) (2021) 229462, http://dx.doi.org/10.
1016/j.jpowsour.2021.229462.

[9] F. An, J. Huang, C. Wang, Z. Li, J. Zhang, S. Wang, P. Li, Cell sorting for parallel
lithium-ion battery systems: Evaluation based on an electric circuit model, J.
Energy Storage 6 (2016) 195–203, http://dx.doi.org/10.1016/j.est.2016.04.007.

[10] T. Bruen, J. Marco, Modelling and experimental evaluation of parallel connected
lithium ion cells for an electric vehicle battery system, J. Power Sources 310
(2016) 91–101, http://dx.doi.org/10.1016/j.jpowsour.2016.01.001.

[11] M. Dubarry, A. Devie, B.Y. Liaw, Cell-balancing currents in parallel strings of a
battery system, J. Power Sources 321 (2016) 36–46, http://dx.doi.org/10.1016/
j.jpowsour.2016.04.125.

[12] A. Fill, T. Schmidt, T. Mader, R. Llorente, A. Avdyli, B. Mulder, K.P. Birke,
Influence of cell parameter differences and dynamic current stresses on the
current distribution within parallel-connected lithium-ion cells, J. Energy Storage
32 (2020) 101929, http://dx.doi.org/10.1016/j.est.2020.101929.

[13] M. Fleckenstein, O. Bohlen, M.A. Roscher, B. Bäker, Current density and state of
charge inhomogeneities in li-ion battery cells with lifepo4 as cathode material
due to temperature gradients, J. Power Sources 196 (10) (2011) 4769–4778,
http://dx.doi.org/10.1016/j.jpowsour.2011.01.043.

[14] R. Gogoana, M.B. Pinson, M.Z. Bazant, S.E. Sarma, Internal resistance matching
for parallel-connected lithium-ion cells and impacts on battery pack cycle life,
J. Power Sources 252 (2014) 8–13, http://dx.doi.org/10.1016/j.jpowsour.2013.
11.101.

[15] X. Gong, R. Xiong, C.C. Mi, Study of the characteristics of battery packs in elec-
tric vehicles with parallel-connected lithium-ion battery cells, IEEE Trans. Ind.
Appl. 51 (2) (2015) 1872–1879, http://dx.doi.org/10.1109/TIA.2014.2345951.

[16] T. Grün, K. Stella, O. Wollersheim, Influence of circuit design on load distribution
and performance of parallel-connected lithium ion cells for photovoltaic home
storage systems, J. Energy Storage 17 (2018) 367–382, http://dx.doi.org/10.
1016/j.est.2018.03.010.

[17] I. Hunt, T. Zhang, Y. Patel, M. Marinescu, R. Purkayastha, P. Kovacik, S.
Walus, A. Swiatek, G.J. Offer, The effect of current inhomogeneity on the
performance and degradation of li-s batteries, J. Electrochem. Soc. 165 (1) (2018)
A6073–A6080, http://dx.doi.org/10.1149/2.0141801jes.

[18] F. Hust, Physico-Chemically Motivated Parameterization and Modelling of Real-
Time Capable Lithium-Ion Battery Models - a Case Study on the Tesla Model
S Battery (Ph.D. thesis), RWTH AACHEN UNIVERSTIY, Aachen, 2018, http:
//dx.doi.org/10.18154/RWTH-2019-00249.

[19] S. Miyatake, Y. Susuki, T. Hikihara, S. Itoh, K. Tanaka, Discharge characteristics
of multicell lithium-ion battery with nonuniform cells, J. Power Sources 241
(2013) 736–743, http://dx.doi.org/10.1016/j.jpowsour.2013.05.179.

[20] A.S. Mussa, M. Klett, G. Lindbergh, R.W. Lindström, Effects of external pressure
on the performance and ageing of single-layer lithium-ion pouch cells, J. Power
Sources 385 (2018) 18–26, http://dx.doi.org/10.1016/j.jpowsour.2018.03.020.

[21] C. Pastor-Fernández, T. Bruen, W.D. Widanage, M.A. Gama-Valdez, J. Marco, A
study of cell-to-cell interactions and degradation in parallel strings: Implications
for the battery management system, J. Power Sources 329 (2016) 574–585,
http://dx.doi.org/10.1016/j.jpowsour.2016.07.121.

[22] Y. Pan, X. Feng, M. Zhang, X. Han, L. Lu, M. Ouyang, Internal short circuit
detection for lithium-ion battery pack with parallel-series hybrid connections,
J. Cleaner Prod. 255 (2020) 120277, http://dx.doi.org/10.1016/j.jclepro.2020.
120277.

[23] W. Shi, X. Hu, C. Jin, J. Jiang, Y. Zhang, T. Yip, Effects of imbalanced currents
on large-format lifepo 4 /graphite batteries systems connected in parallel, J.
Power Sources 313 (2016) 198–204, http://dx.doi.org/10.1016/j.jpowsour.2016.
02.087.

[24] G. Zhang, C.E. Shaffer, C.-Y. Wang, C.D. Rahn, In-situ measurement of current
distribution in a li-ion cell, J. Electrochem. Soc. 160 (4) (2013) A610–A615,
http://dx.doi.org/10.1149/2.046304jes.

[25] M. Zhang, M. Ouyang, L. Lu, X. He, X. Feng, L. Liu, X. Xie, Battery internal
short circuit detection, ECS Trans. 77 (11) (2017) 217–223, http://dx.doi.org/
10.1149/07711.0217ecst.

[26] Y. Zhang, J. Zheng, S. Lin, F. Bai, W.H. Tanveer, S. Cha, X. Wu, W. Feng, Nonuni-
form current distribution within parallel-connected batteries, Int. J. Energy Res.
42 (8) (2018) 2835–2844, http://dx.doi.org/10.1002/er.4039.

[27] M.J. Brand, P.A. Schmidt, M.F. Zaeh, A. Jossen, Welding techniques for battery
cells and resulting electrical contact resistances, J. Energy Storage 1 (2015) 7–14,
http://dx.doi.org/10.1016/j.est.2015.04.001.

[28] M.J. Brand, M.H. Hofmann, M. Steinhardt, S.F. Schuster, A. Jossen, Current
distribution within parallel-connected battery cells, J. Power Sources 334 (2016)
202–212, http://dx.doi.org/10.1016/j.jpowsour.2016.10.010.

[29] M.J. Brand, E.I. Kolp, P. Berg, T. Bach, P. Schmidt, A. Jossen, Electrical
resistances of soldered battery cell connections, J. Energy Storage 12 (2017)
45–54, http://dx.doi.org/10.1016/j.est.2017.03.019.

4 A Novel Measurement Technique for Parallel-Connected Battery Cells

72



Journal of Power Sources 503 (2021) 230030

10

P. Jocher et al.

[30] P. Taheri, S. Hsieh, M. Bahrami, Investigating electrical contact resistance losses
in lithium-ion battery assemblies for hybrid and electric vehicles, J. Power
Sources 196 (15) (2011) 6525–6533, http://dx.doi.org/10.1016/j.jpowsour.2011.
03.056.

[31] M. Baumann, L. Wildfeuer, S. Rohr, M. Lienkamp, Parameter variations within li-
ion battery packs – theoretical investigations and experimental quantification, J.
Energy Storage 18 (2018) 295–307, http://dx.doi.org/10.1016/j.est.2018.04.031.

[32] S. Paarmann, L. Cloos, J. Technau, T. Wetzel, Measurement of the temperature
influence on the current distribution in lithium–ion batteries, Energy Technol.
158 (2021) 2000862, http://dx.doi.org/10.1002/ente.202000862.

[33] J. Sturm, A. Rheinfeld, I. Zilberman, F.B. Spingler, S. Kosch, F. Frie, A. Jossen,
Modeling and simulation of inhomogeneities in a 18650 nickel-rich, silicon-
graphite lithium-ion cell during fast charging, J. Power Sources 412 (2019)
204–223, http://dx.doi.org/10.1016/j.jpowsour.2018.11.043.

[34] T.M.M. Heenan, A. Jnawali, M.D.R. Kok, T.G. Tranter, C. Tan, A. Dimitrije-
vic, R. Jervis, D.J.L. Brett, P.R. Shearing, An advanced microstructural and
electrochemical datasheet on 18650 li-ion batteries with nickel-rich NMC811
cathodes and graphite-silicon anodes, J. Electrochem. Soc. 167 (14) (2020)
140530, http://dx.doi.org/10.1149/1945-7111/abc4c1.

[35] K. Rumpf, M. Naumann, A. Jossen, Experimental investigation of parametric cell-
to-cell variation and correlation based on 1100 commercial lithium-ion cells, J.
Energy Storage 14 (2017) 224–243, http://dx.doi.org/10.1016/J.EST.2017.09.
010.

[36] I. Zilberman, S. Ludwig, A. Jossen, Cell-to-cell variation of calendar aging
and reversible self-discharge in 18650 nickel-rich, silicon–graphite lithium-ion
cells, J. Energy Storage 26 (2019) 100900, http://dx.doi.org/10.1016/j.est.2019.
100900.

[37] M. Schindler, J. Sturm, S. Ludwig, J. Schmitt, A. Jossen, Evolution of initial cell-
to-cell variations during a three-year production cycle, eTransportation (2021)
100102, http://dx.doi.org/10.1016/j.etran.2020.100102.

[38] M.H. Hofmann, Current Distribution in Parallel-Connected Battery Cells, Vol. 1,
auflage ed., Verlag Dr. Hut, München, 2020, URL: https://www.dr.hut-verlag.
de/9783843946148.html.

[39] A. Cordoba-Arenas, S. Onori, G. Rizzoni, A control-oriented lithium-ion battery
pack model for plug-in hybrid electric vehicle cycle-life studies and system design
with consideration of health management, J. Power Sources 279 (8) (2015)
791–808, http://dx.doi.org/10.1016/j.jpowsour.2014.12.048.

[40] P.-L. Huynh, Beitrag Zur Bewertung Des Gesundheitszustands Von Traktionsbat-
terien in Elektrofahrzeugen, Springer Fachmedien Wiesbaden, Wiesbaden, 2016,
http://dx.doi.org/10.1007/978-3-658-16562-8.

[41] N. Kakimoto, K. Goto, Capacity-fading model of lithium-ion battery applicable
to multicell storage systems, IEEE Trans. Sustain. Energy 7 (1) (2016) 108–117,
http://dx.doi.org/10.1109/TSTE.2015.2476476.

[42] S.F. Schuster, M.J. Brand, P. Berg, M. Gleissenberger, A. Jossen, Lithium-ion
cell-to-cell variation during battery electric vehicle operation, J. Power Sources
297 (2015) 242–251, http://dx.doi.org/10.1016/j.jpowsour.2015.08.001.

[43] C.R. Birkl, M.R. Roberts, E. McTurk, P.G. Bruce, D.A. Howey, Degradation
diagnostics for lithium ion cells, J. Power Sources 341 (1) (2017) 373–386,
http://dx.doi.org/10.1016/j.jpowsour.2016.12.011.

[44] R.A. Maronna, D.R. Martin, V.J. Yohai, M. Salibián-Barrera, Robust Statistics:
Theory and Methods (with R), second ed., in: Wiley Series in Probability and
Statistics Ser, John Wiley & Sons Incorporated, Newark, 2018, URL: https:
//ebookcentral.proquest.com/lib/gbv/detail.action?docID=5568377.

[45] S. Gantenbein, M. Weiss, E. Ivers-Tiffée, Impedance based time-domain modeling
of lithium-ion batteries: Part i, J. Power Sources 379 (2018) 317–327, http:
//dx.doi.org/10.1016/j.jpowsour.2018.01.043.

[46] W. Waag, S. Käbitz, D.U. Sauer, Experimental investigation of the lithium-ion
battery impedance characteristic at various conditions and aging states and its
influence on the application, Appl. Energy 102 (2013) 885–897, http://dx.doi.
org/10.1016/j.apenergy.2012.09.030.

[47] I. Zilberman, J. Schmitt, S. Ludwig, M. Naumann, A. Jossen, Simulation of
voltage imbalance in large lithium-ion battery packs influenced by cell-to-cell
variations and balancing systems, J. Energy Storage 32 (2020) 101828, http:
//dx.doi.org/10.1016/j.est.2020.101828.

[48] H.-J. Noh, S. Youn, C.S. Yoon, Y.-K. Sun, Comparison of the structural and
electrochemical properties of layered li[nixcoymnz]o2 (x = 1/3, 0.5, 0.6, 0.7,
0.8 and 0.85) cathode material for lithium-ion batteries, J. Power Sources 233
(2013) 121–130, http://dx.doi.org/10.1016/j.jpowsour.2013.01.063.

[49] D. Anseán, G. Baure, M. González, I. Cameán, A.B. García, M. Dubarry, Mecha-
nistic investigation of silicon-graphite/lini0.8mn0.1co0.1o2 commercial cells for
non-intrusive diagnosis and prognosis, J. Power Sources 459 (2020) 227882,
http://dx.doi.org/10.1016/j.jpowsour.2020.227882.

[50] P. Keil, S.F. Schuster, J. Wilhelm, J. Travi, A. Hauser, R.C. Karl, A. Jossen,
Calendar aging of lithium-ion batteries, J. Electrochem. Soc. 163 (9) (2016)
A1872–A1880, http://dx.doi.org/10.1149/2.0411609jes.

[51] M. Dubarry, C. Truchot, B.Y. Liaw, Synthesize battery degradation modes via
a diagnostic and prognostic model, J. Power Sources 219 (2012) 204–216,
http://dx.doi.org/10.1016/j.jpowsour.2012.07.016.

[52] I. Bloom, A.N. Jansen, D.P. Abraham, J. Knuth, S.A. Jones, V.S. Battaglia, G.L.
Henriksen, Differential voltage analyses of high-power, lithium-ion cells, J. Power
Sources 139 (1–2) (2005) 295–303, http://dx.doi.org/10.1016/j.jpowsour.2004.
07.021.

[53] J. Sturm, A. Frank, A. Rheinfeld, S.V. Erhard, A. Jossen, Impact of electrode
and cell design on fast charging capabilities of cylindrical lithium-ion batteries,
J. Electrochem. Soc. 167 (13) (2020) 130505, http://dx.doi.org/10.1149/1945-
7111/abb40c.

4 A Novel Measurement Technique for Parallel-Connected Battery Cells

73





5 Comparing Lithium-Ion and Sodium-Ion Technologies
in Parallel Configuration by Sensitivity Factors

Up to now, electrical path resistances were presented, and a novel measurement technique was in-
troduced. In summary, accurately determined path resistances can set as a boundary condition in a
test-bench for measuring the current distribution. In this chapter, we use the VPC to analyze the
influence of inhomogeneous path resistances of cells connected in parallel. In addition, the influence of
inhomogeneous path temperature of parallel-connected cells is investigated.

In order to provide general information of inhomogeneities across different cell technologies, three
cell technologies were investigated in a 2p configuration. Two LIB with NCA and LFP as cathode
chemistries and an SIB with layered oxide as cathode material were investigated. The first part of
the study investigated the inhomogeneous path resistances from 0 up to a resistance in the order of
their internal resistance, RAC. The second part of the study investigated the temperature difference of
parallel-connected battery cells. Two different climate chambers were used to achieve a temperature
difference between both battery cells of the same chemistry. The temperature of one cell was kept at
25 °C while the temperature of the other cell was varied between 15 and 35 °C. In a third study, the
impact of the C-rate was quantified with three different current rates, ranging from 0.25 to 1 C.

The following parameters were used to compare all three cell technologies with each other: the maxi-
mum current of both cells, imax,1, imax,2 and the maximum SoC difference between both cells at two
operating points: the overall maximum difference, max∆SoC, and the ∆SoC at 80 % SoCSystem.

Sensitivity factors were introduced to assess the influence of inhomogeneous boundary conditions. For
this purpose, the respective parameters are measured over the additional resistance and the temper-
ature difference. For all the investigated inhomogeneities, an increase of the inhomogeneity showed
a proportional change in the quantifiable parameters, imax,x and ∆SoC. The sensitivity factor is the
slope of the linear fit over the added inhomogeneity.

Using these sensitivity factors, the following research questions were addressed. How sensitive are
LIBNCA, LIBLFP and SIB to inhomogeneous path resistance and cell temperature differences? How
does this affect the current distribution and what is the resulting SoC difference? → Q5 How does an
inhomogeneous contact resistance or path temperature influence the system performance in a parallel
configuration?

Due to the increase in maximum current and the differences in SoC, all three investigated cell technolo-
gies exhibit performance losses across both investigated inhomogeneities. The SIB shows the smallest
sensitivity to inhomogeneous path resistance but showed the greatest RDC, see Table 2.1. In contrast,
due to the flat OCV the LIBLFP resulted in the most inhomogeneous behavior. The LIBNCA overall
shows the lowest sensitivity regarding path resistance and temperature.
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A B S T R A C T

Understanding the strengths and limitations of different cell technologies is vital for effectively scaling from
cell to system level. In any group of cells connected in parallel, inhomogeneous current flow can occur. To
better understand the factors influencing current distribution, we conducted a sensitivity analysis focusing
on the effects of inhomogeneous contact resistances and unequal cell temperatures. This analysis was carried
out on several state-of-the-art battery chemistries, with Sodium-Ion Batteries and Lithium-Ion Batteries using
both NCA and LFP as cathode materials. Our study reveals that both investigated inhomogeneities result in
unique outcomes for different cell technologies, such as fluctuations in maximum currents and differences in
SoC. By introducing sensitivity factors, LIBLFP show the highest deviations due to its flat open-circuit-voltage
characteristics. This leads to maximum SoC differences of up 14.8%/𝑅AC and 7.46 ‰/K between the cells. In
contrast, the SIB current distribution shows significantly lower sensitivity to resistance but higher sensitivity
to temperature inhomogeneities. The LIBNCA technology demonstrates comparatively low sensitivity to both
investigated inhomogeneities. Our results show that, when selecting a cell type for a particular application, it
is crucial to consider the effect of contact resistance and temperature inequalities on current distribution.

1. Introduction

Given the rapid development of electrical energy storage systems in
stationary and mobile applications, it is essential to investigate cells’
electrical, mechanical, and thermal behavior. Many laboratory studies
focus on the single-cell level which offers useful insights at low current
and voltage levels. This has the advantage of reduced effort, cost,
and safety risks, compared to multi-cell systems. In real applications,
multiple cells are connected in series and parallel to achieve the desired
energy and required system voltage.

To increase system voltage, cells are connected in series, however
the voltages of each logical cell can drift apart during operation and
limit the accessible system energy [1]. By actively monitoring the indi-
vidual cell voltages and implementing appropriate control algorithms,
balancing systems can ensure that each cell operates within a specified
voltage range [2].

Cells connected in parallel are vulnerable to significant reductions in
performance and longevity if they experience inhomogeneous current
flows [3]. As a result, different electrical, mechanical, and thermal
boundary conditions have been investigated to understand effects on
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current distribution in such systems. In lithium battery systems, in-
trinsic cell parameter variations [3–11] and aging [8,10,12–16] have
been widely investigated. Other studies focus on external boundary
conditions such as variations in contact resistance [17–19], different
State of Health (SoH) between the cells under test [12,19] and the
effects of external temperature gradients [14–16,20,21].

The influence of intrinsic resistance and capacity differences on the
initial current distribution has been demonstrated in the literature.
According to Brand et al. [3] the resistance ratio defines the initial
current distribution according to the current divider, whereas long-
term differences in current distribution are attributed to differences
in capacity. Additionally, it was shown that the current distribution’s
minima and maxima vary linearly with an incremental increase in the
contact resistance and that the shape of the current distribution vs. SoC
is determined by the OCV differences between the cells [17].

Several authors have investigated the influence of a temperature
gradient between Lithium-Ion (LI) cells connected in parallel. Klein
and Park [20] used Nickel Manganese Cobalt (NMC) and LFP cells and
investigated them by using a shunt-based test-bench for connecting
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five 18 650 cells in parallel. Within a temperature gradient between
5 to 20 °C, current differences, up to 1.8 times the nominal current,
occurred [20].

The development of aging in the presence of temperature gradients
between the cells has also been investigated in the literature. Naylor
Marlow et al. [14] carried out an aging study investigating the effects
of thermal gradients on cells connected in parallel. A divergent capacity
fade between parallel connected LI cells was observed in a temperature
gradient of 20 to 45 °C. [14] Cavalheiro et al. [15] carried out an
aging study on a stack of five pouch non-identified chemistry LI cells
connected in parallel at a temperature of 25 °C. The cell located at the
center of the stack experienced a significantly accelerated capacity fade
and resistance increase. This was linked to higher local temperatures up
to 8 °C greater than the ambient temperature. While cycling, the middle
cell’s current deviated considerably from that of the other four and
reached peak values of up to 1.5 times the nominal current, whereas the
current profiles of the outer cells remained relatively stable [15]. The
aging effects in a module of four parallel NMC cells under a forced tem-
perature gradient of 10 °C were examined by Al-Amin et al. [16]. The
cell exposed to the elevated temperature degraded the fastest, which
is attributed to the combined effects of higher temperature and current
throughput. Nevertheless, an unheated cell with a lower initial capacity
underwent the highest current peaks of up to 1.4 times the nominal
current, which led to an accelerated increase in its resistance [16].

While it is well-known that inhomogeneities lead to faster aging, it
is unclear which boundary conditions affect convergence or divergence
of the SoH of the cells. While some studies state that different boundary
conditions result in a diverging of the capacity of the individual LI
cells [5,13,22], others find that capacity converges in parallel LI cells
as aging progresses [10,12]. Shi et al. [13] conducted an aging study
with parallel connected LFP cells displaying different SoH. Using a
shunt of 0.25 mΩ, a diverging of the cell capacities was measured
during aging. Contrary to that, Pastor-Fernández et al. [12] analyzed
non-identified parallel connected LI cells with varying SoH and found
a converging behavior. Four 3Ah cells were aged to different SoHs.
Subsequently, the cells were further cycled in parallel using 10 mΩ
shunts. Both the capacity and resistance of the individual cells showed
a convergence [12].

Moreover, Cui et al. [19] carried out experiments to investigate the
effects of different SoH, 2–18%, and contact resistances, 5–25 mΩ, on
the current distribution of two NMC cells in parallel. Current peaks
reaching 1.38 and 1.3 times the nominal current, respectively, were
observed [19]. Further, Ma et al. [18] varied both the contact and the
internal resistance of NMC cells in parallel and analyzed the effects on
system performance. The research revealed that these inhomogeneities
yield comparable current profiles, but the maximum current peaks and
SoC differences in charge and discharge direction differ [18].

Studies regarding the current distribution mainly focus on the 2p
level. An advantage of conducting investigations at the 2p level is the
directly coupled behavior of the two cells. This allows for a targeted
investigation of the influence of boundary conditions. When scaling
to the 𝑛 parallel (𝑛p) level, each cell affects the others, complicating
the analysis. Nevertheless, studying and analyzing behavior at the 𝑛p
level is important as it allows insights into the behavior of real systems
containing large numbers of cells. Some researchers try to scale the in-
vestigations from 2p to 𝑛p with Monte Carlo simulations [9,23,24]. For
instance, by varying cell resistance, capacity, and number of parallel
LI cells Fill et al. [9] investigated the different effects on the current
distribution based on a ECM model. According to the Monte Carlo
simulations, increasing the number of parallel connected cells increases
current inhomogeneities and SoC imbalances [9].

For all experimental studies, a high precision test-bench is vital. Dif-
ferences between the resistances of each parallel path can significantly
influence the current distribution and the measurement results [17].
Consequently, the coupling and decoupling of connections in labo-
ratory test-benches to allow single cells to be measured may alter

the contact resistance of the connections. Naylor Marlow et al. [14]
found variations in the current distribution caused by differences in the
contact resistance. This was, in turn, attributed to repeated assembly
and disassembly of the packs.

Several studies have explored current distribution, employing vari-
ous experimental setups and investigating diverse boundary conditions
across distinct LIB cell technologies. Nevertheless, a clear comparison
between cell technologies within the same test-bench is still missing.
By using conventional setups, for example, the influence of contact
resistance is a difficult parameter to adjust. In addition, the temperature
was usually applied via a gradient and not cell individual. A targeted
adjustment of both parameters, cell temperature and contact resistance,
has not yet been possible in experimental studies. This work uses the
virtual parallel connection, where each parallel-connected cell can have
specific boundary conditions.

Three different state-of-the-art cells are investigated under sev-
eral sets of inhomogeneous parallel path conditions, namely contact
resistance and cell temperature. Contact resistances encompass any
additional potential drop due to contacting, wiring, and measurement
equipment. Two LIB with differing cathode chemistries are investigated
(i.e., NCA, and LFP) as well as an SIB with a layered oxide as cathode
material. These cells were used to research the following questions:

• What are the strengths and challenges of different cell technolo-
gies (LIBNCA, LIBLFP and SIB) when placed in parallel systems?

• How sensitive are LIBNCA, LIBLFP and SIB to inhomogeneous
contact resistance and cell temperature differences?

– What is the effect on the current distribution?
– What is the resulting SoC difference?

• What are the consequences for their application in battery sys-
tems?

2. Experimental

2.1. Cell specifications

Three 18 650 cells were selected to investigate the strengths and
challenges regarding their scalability from cell to system. These include
a LIBNCA made by Samsung SDI, a LIBLFP made by Haidi Energy Group,
and a SIB, with layered oxide as cathode material, made by Shenzhen
Mushang Electronics. Table 1 summarizes the cell data, either taken
from the appropriate data sheets or measured at 25 °C.

The capacity, 𝐶meas, was determined based on a constant current
constant voltage phase (CCCV) charge with a CC rate of 0.2C, followed
by a constant voltage phase (CV) at the cell-specific upper voltage limit
𝑈charge until a cut-off current equivalent to 0.02C. Subsequently, the cell
was discharged to 50% SoC and left to relax for 30min. Following this,
the 𝑅DC resistance was assessed by calculating the ratio of the voltage
response, observed 10 s after applying a current pulse equivalent to
0.67C, to the magnitude of the pulse itself. Therefore, the checkup
included two charge and discharge phases, followed by resistance, 𝑅DC,
measurement at 50% SoC. Before the study, 𝑍AC was determined by
Galvanostatic Electrochemical Impedance Spectroscopy (GEIS) with a
current amplitude of 140mA at 50% SoC, using a VMP3 potentiostat
from Biologic Science Instruments SAS. The AC resistance, 𝑅AC, of the
cell was defined as the intercept of the Nyquist plot with the real axis,
i.e., where 𝑍AC,ZIm=0

.
The LIBNCA cells exhibit the lowest 𝑅AC resistance at 20.2 mΩ,

followed by SIB at 25.4 mΩ and LIBLFP at 27.9 mΩ. Additionally, a
distinct behavior among the different investigated cell technologies is
evident in the ratio of 𝑅DC to 𝑅AC. The LIBNCA cells display the lowest
ratio at 1.83, while SIB cells exhibit the highest ratio at 3.35. Several
cell pairs were measured, but only one cell pair was considered in this
work. The other cell pairs showed similar results.

The resulting mean and standard deviations of the cell parameters
𝐶meas and 𝑅AC for all investigated cell pairs are presented in Table 1.
This spread in the cell parameters intrinsically influences the current
distribution of the 2p-connected cells [3].
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Table 1
Specifications of the investigated cells. The measurements were carried out at 25 °C; resistance measurements were taken at 50% SoC.

Parameter Symbol LIB𝑁𝐶𝐴 LIB𝐿𝐹𝑃 SIB

Identifiera – INR18650-35E HDCF18650–1800 NA18650-1250
Manufacturera – Samsung SDI HAIDI Energy Group Shenzhen Mushang
Formata – 18 650 18 650 18 650
Nominal capacity in Aha 𝐶N 3.35 1.80 1.25
Measured capacity in Ahb 𝐶meas 3.434 ± 0.004 1.860 ± 0.000 1.289 ± 0.016
Nominal voltage in Va 𝑉N 3.6 3.2 3.0
Lower voltage limit in Va 𝑈discharge 2.65 2 1.5
Upper voltage limit in Va 𝑈charge 4.2 3.65 3.8
𝑍AC,ZIm=0

in mΩb 𝑅AC 20.2 ± 0.1 27.9 ± 0.2 25.4 ± 0.3
𝑅DC,10 s in mΩb 𝑅DC 37.12 ± 0.05 58.4 ± 1.0 84.99 ± 0.01
𝑅DC∕𝑅AC

b – 1.83 ± 0.02 2.13 ± 0.04 3.35 ± 0.04

a Data extracted from datasheet.
b Measured data.

2.2. Test-bench

Specific requirements must be fulfilled to examine the impact of
inhomogeneous contact resistance. Firstly, an accurate measurement
of the current distribution is essential, and influencing factors should
be known and determinable. In addition, coupling and decoupling
of parallel connections – to allow individual cells to be measured
separately during the study – should be carried out without affecting
the current distribution. Moreover, a setup that offers consistency and
reproducibility is required to experiment simultaneously on multiple
cell pairs. Fourthly, investigating the influence of different contact
resistances requires the presence of defined and adjustable resistances.

The Virtual Parallel Connection (VPC) [17] was used to fulfill these
requirements. The VPC allows the current distribution to be measured
without the influence of inhomogeneous wiring, contact resistances, or
an additional measurement environment. It is easily reproducible on
multiple measurement channels, and the coupling and decoupling of
parallel connections can be carried out without affecting the current
distribution. A short overview is given to understand the principle.

First, the cells are not physically connected in parallel. Instead,
they are connected to a battery cycler, with current flows to each
cell determined by the controller. The controller solves Kirchhoff’s
equations for cells in parallel and supplies the appropriate current to
the cells. This method allows cells to be connected and disconnected
from the circuit without affecting or altering the contacts.

For a 2p connection, channel 1 is voltage controlled; the system is
required to match the cell voltage of channel 1 to that of channel 2.

𝑈cell1 = 𝑈cell2 + 𝐼2 ⋅ 𝑅c,2 − 𝐼1 ⋅ 𝑅c,1. (1)

Channel 2 is current controlled; the system sets 𝐼2 as the difference of
the total current, 𝐼tot , and the current of channel 1, 𝐼1

𝐼2 = 𝐼tot − 𝐼1. (2)

This closed-loop system defines the VPC. During the measurement,
all cells are connected by the 4-wire measurement technique, which
eliminates the effects of uneven wiring, contact resistances, and addi-
tional sensors. Moreover, the VPC enables the inclusion of virtual and
thus clearly defined contact resistances, 𝑅c,1 and 𝑅c,2, using Kirchhoff’s
voltage law, see Eq. (1). A detailed overview and validation with a
conventional measurement setup are given in [17].

For all tests, a commercial battery cycler (BaSyTec, CTS) was used.
All tests were conducted in a climate chamber. The cells were evenly
distributed in the climate chamber to minimize temperature inhomo-
geneities and were heated by convection.

Contacting the cells
Contacting of the cells without any alternation of resistance and

temperature is essential. Wassiliadis et al. [25] showed that different
cell temperatures resulted from different cell contacts. Therefore, in our
work, each cell was connected by resistance spot welding to minimize

Fig. 1. Simplified ECM of a 2p battery connection. The voltage sources 𝑈0,1 and
𝑈0,2, and the internal resistances 𝑅i,1 and 𝑅i,2 represent the cells. 𝑇1 and 𝑇2 represent
possible temperature inhomogeneities between the two cells. Additionally, the contact
resistances, 𝑅c,1 and 𝑅c,2, stand for any additional potential drop due to contacting,
wiring and measurement equipment.

the effects of this parameter on cell temperature. According to Brand
et al. [26] the contact resistance of this connection method is less
than 0.2 mΩ. The contacts for the 4-wire measurement technique were
welded individually at both poles.

2.3. Measurement matrix

Fig. 1 shows a simple ECM of a 2p battery connection, which
represents the system under investigation. The variables 𝑅c,1 and 𝑅c,2
stand for any additional potential drop due to contacting, wiring, and
measurement equipment, 𝑅i,1 and 𝑅i,2 represent the internal resistance,
𝑇1 and 𝑇2 indicate the ambient temperature of the cells.

To investigate the strengths and challenges of the three cell tech-
nologies under investigation, the influence of inhomogeneous contact
resistance, cell temperature, and the C-rate was evaluated. In the first
study, inhomogeneous additional contact resistances were applied. 𝑅c,1
remained fixed at 0 mΩ, while 𝑅c,2 was varied. 25 mΩ was chosen as
the upper limit as it corresponds roughly to the 𝑅AC of the cells under
study. In this range, 𝑅c,2 was incremented in five steps, namely 0, 1,
5, 10, and 25 mΩ. All five resistance variations were tested at a C-
rate of 0.5C. At 0 mΩ, further C-rates of 0.25C and 1.0C were utilized.
Both cells were cycled at a temperature of 25 °C. Table 2 summarizes
all parameter tuples concerning the resistance and C-rate variation.

Contact resistances of different contacting methods, e.g., welding,
press, soldering, and conductive adhesive, exhibit resistances in the
order of 0.1 to 0.3 mΩ per contact for a 18 650 cell [27]. In this context,
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Table 2
Test matrix to investigate the influence of inhomogeneous contact resistance on 2p
battery cells. The resistance 𝑅c,1 remained fixed at 0 mΩ. All measurements are carried
out at 25 °C. All measured parameter combinations are denoted by ‘‘x’’.
𝑅c,2 C-rate

0.25 0.5 1

0 mΩ x x x
1 mΩ x
5 mΩ x
10 mΩ x
25 mΩ x

Table 3
Test matrix to investigate the influence of inhomogeneous cell temperatures for various
charge and discharge rates on 2p battery cells. Both, 𝑅c,1 and 𝑅c,2 were held at
0 mΩ.
𝑇1 𝑇2 𝑇2 − 𝑇1
25 °C 15 °C −10 °C
25 °C 20 °C −5 °C
25 °C 25 °C 0 °C
25 °C 26 °C 1 °C
25 °C 27 °C 2 °C
25 °C 30 °C 5 °C
25 °C 35 °C 10 °C

the additional contact resistances examined in our study significantly
exceed those of typical cell contacts [26].

Nevertheless, for the sensitivity study, contact resistances from 0 Ω
to the AC resistance, 𝑅AC, were selected. A doubling of the internal
resistance is often defined as an end-of-life criterion [28].

The second study evaluated the influence of temperature gradients
on the current distribution. In a similar manner to the inhomoge-
neous resistance study, the temperature 𝑇1 was kept at 25 °C while
the temperature 𝑇2 was varied between 15 °C and 35 °C. 𝑇2 was varied
in seven steps. Two steps below 𝑇1, namely 15 and 20 °C, and five
steps 𝑇2 ≥ 𝑇1, namely 25, 26, 27, 30 and 35 °C were chosen. Two
climate chambers established distinct temperature conditions for each
of the 2p connected cells. The climate chambers showed a measurement
uncertainty below 0.1K. The test matrix to investigate the influence of
inhomogeneous cell temperatures can be found in Table 3.

2.4. Inhomogeneity determination

Several parameters can be defined to quantify the current inhomo-
geneity of parallel connected cells. Particularly, current maxima can
exceed the maximum allowed cell currents, giving rise to significant
aging and safety implications [29]. The maximum current of cell 𝑥 is
obtained from the measured current distributions using Eq. (3). Here, in
order to allow the comparison between different cell technologies and
different C-rates, the current distribution of each cell is normalized to
the average cell current 𝐼mean. In this study, the maximum current of a
particular cell is related to the average current,

𝑖max,𝑥 = max
(

𝐼𝑥
𝐼mean

)

− 1. (3)

with

𝐼mean =
𝐼tot
2

. (4)

The SoC difference between parallel connected cells indicates an
inhomogeneous state of charge in the battery pack. To quantify these
differences, the terms SoCsystem and the individual SoC𝑥 of the cells will
be used. The SoC is defined as follows: Each study cycle corresponds to
a CCCV charge and CCCV discharge to the respective voltage limits. The
cut-off current of the CV is equivalent to C/10. After these processes
were complete, it was assumed that the system was fully charged,
SoCsystem = 100%, or discharged, SoCsystem = 0%. The SoC𝑥 of the

individual cells is obtained based on the accumulated CCCV capacity
of cell 𝑥 as given in

SoC𝑥(𝑡) =
∫ 𝑡
𝑡0
𝐼𝑥(𝜏) d𝜏

∫ 𝑡1
𝑡0

𝐼𝑥(𝜏) d𝜏
. (5)

With 𝑡0 as start time and SoC = 0% and 𝑡1 as end time and SoC = 100%,
of the corresponding CCCV charge. Similarly, the SoCsystem is computed
as

SoCsystem(𝑡) =
∫ 𝑡
𝑡0
(𝐼1(𝜏) + 𝐼2(𝜏)) d𝜏

∫ 𝑡1
𝑡0
(𝐼1(𝜏) + 𝐼2(𝜏)) d𝜏

. (6)

The SoC difference between the cells, can be used to characterize
the inhomogeneity between the individual cells,

ΔSoC = SoC1 − SoC2. (7)

The maximum difference, max(ΔSoC), is taken as an assessment param-
eter for the characterization of inhomogeneity. It is calculated as the
value where the absolute difference between SoC1 and SoC2 is maximal.

The sensitivity factor introduces a further step to characterize inho-
mogeneity. As demonstrated in our previous work [17], local minima
and maxima of the current distribution are allocated linearly according
to the contact resistance. In this work, we extend this linear relationship
for C-rate and temperature. The sensitivity factor is computed as the
slope 𝑏 of the linear fit of the characteristic parameter 𝑦 over the
variation 𝑥 of C-rate, contact resistance or temperature,

𝑦 = 𝑏 ⋅ 𝑥. (8)

The sensitivity factors quantify how much the inhomogeneity pa-
rameters 𝑖max,𝑥, and the maximum SoC difference, are affected by
variations in contact resistance and unequal cell temperature. High
sensitivity factor values suggest that the current distribution of cells
in 2p configuration is likely to diverge significantly.

To quantify the influence of aging during the study of the cells,
capacity and pulse resistance were measured regularly throughout the
experimental period. During the experiment, all cells have undergone
fewer than 100 Equivalent Full Cycless (EFCs) at C/2 and 25 °C. The
LIBNCA exhibits the highest overall capacity fade of approximately 5%
in comparison to a fade of 2% for the LIBLFP and an increase of 0.5%
for the SIB. The more pronounced aging of the LIBNCA can be attributed
to the silicon content within the LIBNCA’s anode, resulting in a capacity
decrease during the initial cycles of the cell’s life [30]. However, since
the different studies were conducted sequentially, the capacity decrease
within each study remained below 2% for all cell types. For further
analysis and discussion, it will be assumed that aging did not influence
the measurement results significantly and can be neglected.

3. Results and discussion

In this section, the results of the studies are presented and discussed.
Two SoC ranges were considered: a boundary range and a middle
SoC range. In real applications, cells typically operate in the middle
SoC range [31]. Additionally, fast charging strategies focus on SoC
ranges between 10 and 80% [32]. Consequently, the results presented
in this chapter are confined to the 10 to 80% SoCsystem range in charge
direction. The analysis covering the full SoC spectrum can be found in
Appendix C. The discharge phase is also plotted in Appendix D.

3.1. Influence of inhomogeneous contact resistance

Fig. 2 shows the impact of an increased contact resistance, 𝑅c,2.
The normalized current distribution and the SoC difference between
the cells, SoC1-SoC2, is shown for each of the three cell technologies.
Additionally, the voltage profiles, 𝑈p, of the investigated cells, as
measured during the 0.5C CC charging process are plotted. To highlight
variations within the examined SoC range, the 𝑦-axis of Subfigure (b)

Journal of Energy Storage 98 (2024) 112931 

4 

5 Comparing Lithium-Ion and Sodium-Ion Technologies in Parallel Configuration by Sensitivity
Factors

81



P. Jocher et al.

Fig. 2. Current distribution between 2p cells during CC charging at 0.5C and inhomogeneous contact resistance. The resistance, 𝑅c,2, was varied from 0 to 25 mΩ and LIBNCA,
LIBLFP and SIB cells are analyzed. The 𝑥-axis is the same over all subfigures and represents the SoCsystem. The gray areas represent low SoCsystem < 10% and high SoCsystem > 80%.
Subfigures (a), (b) and (c) show the resulting current distribution with the same 𝑦-axis for both cells, x ∈ [1, 2]. The corresponding data with the full 𝑦-axis is plotted in Fig. C.2.
Subfigures (d), (e) and (f) show the resulting SoC difference between the 2p-connected battery cells. The resulting voltage 𝑈p at 𝑅c,2 = 0 mΩ is plotted in the Subfigures (g), (h)
and (i).

is slightly cropped. In all cases, an increased inhomogeneity between
the two parallel cells can be seen with a rising difference in the contact
resistance.

Of the investigated cell technologies, the LIBLFP possesses the most
prominent current inhomogeneity. The current of path 1 is consistently
higher than the current of path 2 for all contact resistances. At the
highest investigated additional contact resistance of 25 mΩ, this leads
to a peak SoC difference of 15%. Large current peaks occur for the
cell without the additional contact resistance, see 𝐼1 in Fig. 2, reaching
about 1.18 times the 𝐼mean current in the investigated SoCsystem range.
Over the full range of SoCsystem, a maximum current of 1.8 times
the 𝐼mean current for the cell with the contact resistance is observed.
This can be seen in Fig. C.2 can be particularly challenging in real
applications, where such large currents may cause irreversible damage
to the cells.

In comparison to LIBLFP, the LIBNCA and SIB cells show a more ho-
mogeneous current distribution. Additionally, the current load of path
1 is not continuously higher than that of path 2. Multiple intersections
of the current curves occur in the SoCsystem range between 10 to 80%.
This results in a smaller maximum SoC difference for the LIBNCA and
SIB cells, which remains below 4% and 2%, respectively, even for a
contact resistance in the order of 𝑅AC = 25 mΩ. An explanation for
this can be provided by considering 𝑈𝑝 in Subfigures (g) (h) and (i) in
Fig. 2, which show a steeper curve throughout the charging process for
LIBNCA and SIB cells. According to the findings of Hust [33], deviations
in resistance between parallel cells predominantly influence the current
distribution in flat OCV segments. Consequently, the most substantial
deviations are observed for the LIBLFP cell, which, particularly within

the examined SoCsystem range, demonstrates a notably flat OCV, see
Fig. 2(h). The most significant current deviations coincide with the
segments of the OCV where almost no change in the voltage is present.
If the entire CC phase is considered, the SoC differences of LIBLFP and
SIB both even out to almost zero in the end. In the case of LIBNCA,
however, SoC differences do not even out before reaching the CV phase.

A more detailed insight into this relationship is provided in Fig. 3,
where the corresponding Differential Voltage Analysis (DVA) of 𝑈𝑝
and the SoC difference between the cells for the case 𝑅c,2 = 25 mΩ
are plotted against the cell voltage. Similar to Fig. 2, the gray areas
represent the SoCsystem ranges below 10% and above 80%. It is evident
that for all three investigated cell technologies, the global minima of the
DVA, and hence, regions with the least change in OCV, correspond to
the fastest divergence of the SoC between the two cells. LIBLFP exhibits
the smallest differential potential, leading to the most inhomogeneous
SoC. For LIBNCA and SIB, larger differential potentials are prominent,
with segments where the effect of the contact resistance on current
distribution is dominated by OCV, resulting in a convergence of the
cell SoC𝑥. The 𝑅DC is an additional factor in how the imposed con-
tact resistance affects current distribution and consequently the SoC
difference. The impact becomes apparent when comparing the trends of
LIBNCA and SIB in Fig. 3. Due to LIBNCA displaying differential potential
values generally greater or equal to those of SIB, its SoC is expected to
be less affected by contact resistance. Nevertheless, the maximum SoC
difference is approximately twice as large as in the case of SIB. As listed
in Table 1, LIBNCA exhibits the lowest 𝑅DC∕𝑅AC at approximately 1.83,
followed by LIBLFP and SIB with ratios of approximately 2.13 and 3.35,
respectively. Hence, the 𝑅DC defines the influence of contact resistances
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Fig. 3. Differential Voltage Analysis (DVA) (a–c) during CC charge with 0.5C. Subfigures (d), (e) and (f) correspond to the SoC cell to cell difference regarding the additional
contact resistance 𝑅c,2 = 25 mΩ. A large SoC difference between the cells corresponds to a small slope of the OCV. The gray areas represent low SoCsystem < 10% and high SoCsystem
> 80%.

on the current distribution. Additionally, due to the 2.7 times higher
capacity of the LIBNCA cell, a higher absolute current occurs, and thus,
as a first approximation, a higher overvoltage than the SIB cell results.
As a result, larger SoC differences can be achieved between the cells.
Consequently, for LIBNCA, the cell with the lowest 𝑅DC, the presence
of contact resistance leads to a more significant imbalance in the total
resistance between paths compared to SIB.

The effect of increasingly inhomogeneous contact resistance on
the maximum path currents of both parallel connected cells and the
maximum SoC difference can be more closely examined by analyzing it
within Fig. 4. The maximum normalized currents, as defined in Eq. (3),
are plotted over the additional resistance 𝑅c,2∕𝑅AC. An approximately
linear correlation of the current maxima is observed across all studied
cell technologies. Notably, LIBLFP demonstrates the most pronounced
maximum current and the most significant dependence on the balance
between contact resistances. Apart from this, qualitative distinctions
can be observed in the patterns of the individual cells in Subfigures (a),
(b), and (c) in Fig. 4. While for LIBNCA and SIB the maximum currents
in both cells increase along with the imbalances in contact resistance,
in the case of LIBLFP, the maximum current through cell 2 decreases
as its contact resistance increases. Moreover, the current maxima of
cell 2 consistently remain below 1, offering a direct explanation for the
markedly higher SoC inhomogeneity observed in the case of LIBLFP.

When comparing LIBNCA and SIB cells, we observe that both cell
types increase the maximum current level by adding resistance. How-
ever, as the resistance 𝑅c,2 increases, the LIBNCA cell without additional
contact resistance shows a more rapid increase in maximum current.
Every cell pair displays a noticeable difference in their maximum cur-
rents, even when 𝑅c,2 = 0 mΩ, likely due to internal variations between
individual SIB cells. This difference in maximum currents persists as
𝑅c,2 increases.

In every instance, the inhomogeneous current distribution induces
unequal charging patterns in the two parallel connected cells, causing
an uneven SoC development during the charging process, as depicted in
Fig. 2(d), (e), and (f). The resulting maximum SoC differences between
the cells due to the rising contact resistance of cell 2 within the range
of 10% to 80% SoCsystem are presented in Fig. 4(d), (e) and (f). A
linear relationship between maximum SoC imbalance and increasingly
inhomogeneous contact resistance is observed in all cells under study.
Similarly to the pronounced increase in current maxima, there is a no-
tably stronger divergence in SoC between the cells for LIBLFP compared
to all other technologies. The maximum SoC difference between the
cells reaches approximately 15% for an additional contact resistance of

𝑅c,2 = 25 mΩ. Conversely, the other technologies exhibit significantly
lower SoC drifts, with LIBNCA reaching 4% and SIB reaching 2% despite
the same contact resistance imbalance. The results over the full SoC
range are plotted in Appendix C and the corrsponding discharge phase
in Fig. D.7.

3.2. Influence of inhomogeneous cell temperature

A variation in the cell’s temperature leads to alterations in its elec-
trical parameters, particularly affecting the 𝑅DC resistance [34]. The
decrease of resistance with increasing temperatures can be described
using the Arrhenius relation [34–37]. Therefore, for all investigated
cell technologies, the influence of temperature on the 𝑅DC resistance
was measured. Fig. A.1 illustrates the resulting DC resistance between
15 and 35 °C. Each cell technology displays distinct temperature sen-
sitivities. Of the three technologies studied, the greatest sensitivity of
𝑅DC to temperature changes was displayed by SIB due to an activation
energy barrier almost 3 times greater than the other cells. This was
determined by fitting an Arrhenius-like equation to the resistance over
the temperature curve, see Fig. A.1.

Fig. 5 illustrates how variations in cell temperature, ranging from a
temperature difference of −10K to 10K between cell 2 and cell 1, im-
pact the current distribution throughout a charging process conducted
at a constant current rate of 0.5C. In all measurements, the temperature
of cell 1 was maintained at 25 °C. Subfigures (a), (b), and (c) depict the
normalized current distribution of cell 2, while Subfigures (d), (e), and
(f) represent the SoC differences of cell 1 relative to cell 2. To better
highlight the variations within the examined SoC range, the 𝑦-axis of
Subfigures (b) and (c) are slightly cropped. To differentiate between
behaviors at cold and hot temperature inhomogeneities, only the cur-
rent distributions for path 2 are presented. Due to the 2p configuration,
cell 1 exhibits symmetrical behavior to cell 2. Additionally, the plot
with the full 𝑦-axis is provided in Fig. C.3. The corresponding discharge
phase is plotted in Fig. D.8.

Among all investigated cell technologies, increasing differences be-
tween the cell temperatures of the parallel connected cells result in
a progressively asymmetrical evolution of the currents, which corre-
spondingly affects the SoC of the individual cells. The LIBNCA displays
the smallest changes in current distribution as temperature imbalance
increases, resulting in a maximum SoC difference of 2% between the
two parallel connected cells. In contrast, the LIBLFP and SIB cells
demonstrate a more pronounced sensitivity to inhomogeneous cell tem-
peratures. This can be directly attributed to the stronger temperature
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Fig. 4. Maxima of the evaluated inhomogeneity parameters in the presence of inhomogeneous contact resistance between 10 to 80% SoCsystem. Subfigures (a), (b) and (c) represent
the maximum current and (d), (e) and (f) maximum SoC differences between both cells, x ∈ 1, 2. All data show a linear behavior regarding the additional contact resistance 𝑅c,2.
Please be aware that the 𝑦-axis of Subfigure (d), (e) and (f) is different. The full SoC range is plotted in Fig. C.4.

Fig. 5. Current distribution between 2p cells during CC charging at 0.5C and inhomogeneous cell temperature. Cell 1 was kept at 𝑇1 = 25 °C, the temperature of cell 2 (𝑇2) was
varied in the range 25 °C ±10K, and LIBNCA, LIBLFP and SIB cells are analyzed. The 𝑥-axis is the same over all subfigures and represents the SoCsystem. The gray areas represent
the edge areas of the SoCs, from 0 to 10% SoCsystem as well as from 80 to 100% SoCsystem. Subfigures (a), (b) and (c) show the resulting current 𝐼2 on the same 𝑦-axis scale for
all investigated cells. The corresponding full 𝑦-axis range is plotted in Fig. C.3. Subfigures (d), (e) and (f) show the resulting SoC spread between the 2p-connected cell pairs.

dependency of the 𝑅DC resistance in the case of the SIB cells, as shown
in Fig. A.1. Although 𝑅DC of the LIBLFP cells is markedly less dependent
on temperature than SIB, it is still significantly affected by the plateaus
in OCV discussed above. The results show that temperature variations
increase inhomogeneity in LIBLFP less than path resistance variations,
while the opposite is true for SIB.

The SIB cells demonstrate the most fluctuating current distribution
and the highest current peaks, whereas the LIBLFP cells display the most
one-sided current distribution within the investigated SoC range due
to their flat OCV. As a result, the LIBLFP cells show the largest SoC
difference, reaching up to 10% in the examined SoCsystem range from
10 to 80%. Further quantitative insights can be obtained from Fig. 6,

where the evolution of the maximum current and the maximum SoC
difference between the two parallel cells is plotted against the imposed
cell temperature difference 𝑇2 − 𝑇1.

The Arrhenius relationship is directly reflected in the trends of
the two parameters across all the examined cell technologies. First,
lowering the temperature of cell 2 has a more significant impact on
the maximum current of both cells than raising it. This is due to the
exponential increase in resistance with decreasing temperature, leading
to a more pronounced resistance imbalance between the two cells when
𝑇2 is reduced. Second, the most significant alterations in the maximum
current are observed in the case of the SIB cells. This phenomenon
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Fig. 6. Maxima of the evaluated inhomogeneity parameters in the presence of inhomogeneous cell temperature between 10 to 80% SoCsystem. Subfigures (a), (b) and (c) represent
the maximum current and (d), (e) and (f) the maximum SoC differences between both cells, x ∈ 1, 2. Please be aware that the 𝑦-axis of Subfigures (d), (e) and (f) is different. The
full SoC range is plotted in Fig. C.5.

can be attributed to the greater temperature dependency of their 𝑅DC
resistance values.

The most significant SoC difference occurs for the LIBLFP cells, as
was the case in the study of inhomogeneous contact resistance. The
cause lies in the one-sided current curve, where the warmer cell almost
continuously takes on the higher load. In the case of 𝑇2−𝑇1 = 10K, the
consistently higher current in the warmer cell results in the strongest
SoC difference between the cells.

In Fig. 6 it is possible to observe that the SIB does not exhibit
an intersection point of the current maxima at T1 − T2 = 0, while
this occurs in the LIBLFP and LIBNCA cells. This can be traced back
to the current reversal following the crossing points of the current
distributions represented in Fig. 5. Here, the SIB cell exhibits a current
reversal occurring after the crossing point at around 40 to 45% SoC.
In contrast, LIBLFP and LIBNCA show a less pronounced current reversal
with a more one-sided current distribution, in which one cell tenden-
tially maintains a lower current throughout the entire charge between
10 and 80% SoC. Therefore, with increasing temperature difference,
the maximum current of one LIBLFP or LIBNCA cell increases, while the
maximum current of the other cell remains relatively moderate. On
the other hand, for SIB both current maxima grow with rising absolute
temperature difference.

3.3. Influence of C-rate

To investigate the impact of the current amplitude, tests at 0.25C,
0.5C, and 1C have been carried out. In contrast to the investigations in
which contact resistance and cell temperature were varied, varying the
C-rate did not provoke a consistent trend across all three cell technolo-
gies. Nevertheless, the parameters studied in this work are less sensitive
to the C-rate than to contact resistance or cell temperature difference.
This is the case for all three cell technologies. An insensitivity to the C-
rate has been observed for the LIBLFP, as this parameter does not appear
to affect the maximum current, 𝑖max,𝑥, in the cells. The LIBNCA displays
a trend in which the current maxima increases marginally in step with
the C-rate. In contrast, as the C-rate increases, the SIB current maxima
decreases. The corresponding current distribution is plotted in Fig. E.9.

Additionally, examining the three cell technologies demonstrates
disparities in the durations of the CC phases. Both LIBLFP and SIB
exhibit insensitivity across all investigated C-rates, consistently obtain-
ing a SoCsystem at or above 95%. In contrast, the LIBNCA SoCsystem is

noticeably affected by changes in the C-rate. Due to overvoltages, it
is CC chargeable to SoCsystem = 95% at C-rates of 0.25C. However,
an increase in the C-rate to 1C leads to a significant decrease in the
achievable SoCsystem with only 75% achievable during the CC phase. The
same behavior is also visible in 1p configuration.

3.4. Sensitivity factor

As illustrated in Figs. 4 and 6, within the SoCsystem range of 10
to 80% the maximum path currents and the SoC difference display a
linear development in the presence of a progressively inhomogeneous
contact resistance and positive cell temperatures, 𝑇2 ≥ 𝑇1. To enable a
sensitivity analysis of both studies, the slopes of the maximum path cur-
rents, the peak SoC difference among the cells, and the SoC difference
at SoCsystem = 80% are evaluated. This enables the sensitivity of these
parameters to the test conditions to be quantified. Table B.4 shows the
Pearson coefficient as a measure for linear correlation between two
data sets. Fig. 7(a) represents the sensitivity factor of 𝑅c,2 computed
from the parameters given in Fig. 4 in %∕𝑅AC. Fig. 7(b) represents the
sensitivity factor over the increase in temperature, 𝑇2 ≥ 𝑇1, based on
Fig. 6 in ‰∕K. The sensitivity regarding the slope parameter evaluated
over the full SoC spectra is plotted in Fig. C.6.

The analysis of the slopes facilitates a quantitative comparison
of the cell technologies under investigation, while also providing a
measurable demonstration of their respective strengths and challenges.
Based on the steep OCV and the high 𝑅DC to 𝑅AC ratio, the SIB shows
the lowest sensitivity to the inhomogeneous contact resistance. In con-
trast, the prominent Arrhenius relationship gives the same technology
a strong sensitivity to temperature differences significantly affecting
current distribution between the cells. Due to the flat OCV of the
LIBLFP cell, inhomogeneities in both contact resistance and cell tem-
perature lead to the larger and more frequent deviations in the current
distribution and the SoC than are seen for the other cells.

4. Conclusion

This paper analyzes the challenges and strengths of three different
cell technologies (LIBNCA, LIBLFP and SIB) when scaling from a single
cell to a system of two cells in parallel.

To investigate inhomogeneous contact resistance, an additional re-
sistance on path 2 of up to 𝑅c,2 = 25 mΩ, which corresponds roughly
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Fig. 7. Sensitivity factor during investigation of inhomogeneous contact resistance and cell temperature between 10 and 80% SoCsystem. Quantitative comparison between the
investigated sensitivity factors, 𝑖max,𝑥 and Δ𝑆𝑜𝐶, between the cells for (a) resistance and (b) temperature. The positive temperature differences, 𝑇2 ≥ 𝑇1, are considered.

to the AC resistance 𝑅AC, was added. We find, that to achieve a current
distribution as homogeneous as possible, the OCV should have a high
slope and the cell should have a contact resistance relatively small com-
pared to 𝑅DC. For the examined LIBLFP cells, SoC differences between
the cells of up to 15% and current differences of up to 1.8 times the
mean current were identified when considering entire SoCsystem range.
This can be particularly challenging in real applications, where such
large currents may cause irreversible harm to the cells. In the SoC range
between 10 and 80% SoC the LIBLFP cells show the highest current
inhomogeneity with deviations from the mean of up to 18%, whereas
LIBNCA and SIB display maximum deviations from the mean of around
10%. For all contact resistance inhomogeneities, at 80% SoCsystem the
SIB cells demonstrated an SoC difference of less than 2%, the lowest of
all technologies studied.

In contrast, inhomogeneous cell temperatures provoke the largest
inhomogeneity in the current in SIB cells between 10 to 80% SoCsystem.
When subjected to inhomogeneous path temperatures in the range of
(25 ± 10) °C disparities from the mean of up to 17% were displayed
by the SIB cell technology. In this case, the Arrhenius dependency of
the cell resistance was shown to explain the influence of temperature
differences. It was additionally observed, that under inhomogeneous
temperature conditions, a flat OCV, as found in LIBLFP cells, results in
an inhomogeneous current distribution.

The maximum currents of both paths and the resulting SoC dif-
ference between the cells were investigated and to quantify the in-
homogeneity, sensitivity factors were introduced. As all investigated
parameters showed a linear relationship, the slope was used to quantify
the resulting sensitivity factor. Fig. 8 summarizes the results and shows
a comparison between 10 to 80% SoCsystem of both, (a) inhomogeneous
contact resistance and (b) cell temperature. The data corresponds to an
inhomogeneous contact resistance in the order of 𝑅c,2 = 20% ⋅𝑅AC and
a temperature difference, 𝑇2 − 𝑇1, of 5K. The numbers represent the
inhomogeneity in %. Zero represents an equal behavior between the
two cells, while a negative value indicates that one cell experiences a
current lower than the mean current, 𝐼mean. Consequently, a large area
corresponds to a small sensitivity and signifies that the battery is more
capable of operating under inhomogeneous conditions. Both LIBNCA
and SIB show a similar qualitative sensitivity towards resistance inho-
mogeneities, while quantitatively the SIB cell exhibits slightly better
sensitivity. LIBLFP exhibits the greatest sensitivity to the factors studied,
which is represented by the smallest area in both diagrams. Fig. 8(b)
shows clearly, that LIBNCA is the least sensitive of the technologies to
unequal cell temperatures. SIB lies between the two other examined
cell technologies due to its highly temperature-sensitive resistance.

Finally, the sensitivity factors of different state-of-the-art technolo-
gies are analyzed. The cell technologies under investigation exhibit
significant performance disparities in response to increased tempera-
ture and resistance imbalances while being charged in parallel con-
figurations. The SIB shows the smallest sensitivity to inhomogeneous
contact resistance. In contrast, due to its flat OCV the LIBLFP cell
shows a large sensitivity to both inhomogeneous contact resistance and
cell temperature. Compared with the aforementioned cell technologies,
LIBNCA shows a lower overall sensitivity to both path resistance and
temperature imbalances. These may be used as a guideline for bat-
tery applications. Especially for LIBLFP undergoing complete charging
phases, large current inhomogeneities must be mitigated when design-
ing charging strategies. The one-sided current distribution leads to
the largest SoC difference seen in this study. For SIB cell technology
temperature inhomogeneities should be considered as they have the
most significant influence on maximum currents in the 10 to 80%
SoCsystem range and strongest 𝑅DC to temperature behavior.

In summary, significant impacts on current distribution can occur
in all the cell technologies studied in this work. These may be caused
by the intrinsic development of their OCVs, or due to imbalances in cell
resistance or temperature.

The results of this work provoke new research questions. One of the
most prominent is the influence of inhomogeneous contact resistance
and cell temperature when scaling from 2p to 𝑛p. Also of interest is the
development of aging and the influence of disparities in the SoH on the
current distribution between parallel connected cells.
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Fig. 8. Comparison between the sensitivity factors, 𝑖max,𝑥, max(|ΔSoC|) and |ΔSoC| at SoCsystem = 80%. Subfigure (a) represents an inhomogeneous contact resistance in the order
of 𝑅c,2 = 20% ⋅ 𝑅AC and (b) a temperature difference, 𝑇2 − 𝑇1, of 5K with 𝑇1 = 25 °C. The numbers represent the inhomogeneity of each sensitivity factor in %. Consequently, a
large area corresponds to a small sensitivity. The SoC range between 10 to 80% is considered and is based on Fig. 7.

Table B.4
Pearson correlation coefficients of the investigated parameters. The row 𝑅 refers to the investigation of contact resistance and the relationships shown for cell 2 in Fig. 4. Row 𝑇
refers cell two and the relationships shown in Fig. 6, for which 𝑇2 ≥ 𝑇1. The SoCsystem range between 10 to 80% is considered. The Pearson correlation coefficient quantifies the
strength and direction of the linear relationship between the parameters and the investigated inhomogeneity increase, ranging from 1 (perfect positive correlation) to −1 (perfect
negative correlation), with 0 indicating no linear correlation.

Parameter 𝑖max,1 𝑖max,2 max(ΔSoC) ΔSoC @ 80% SoC

Matrix NCA LFP SIB NCA LFP SIB NCA LFP SIB NCA LFP SIB

𝑅 0.9995 0.9993 0.9999 0.9994 −0.9879 0.9990 0.9992 0.9999 0.9999 1.0000 0.9999 0.9992
𝑇 0.9908 −0.3819 0.9681 0.9987 0.9986 0.9872 −0.9985 −0.9968 −0.9617 −0.9925 −0.9968 −0.9920
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Appendix A. Cell parameter

See Fig. A.1.

Appendix B. Linear correlation coefficient of the investigated pa-
rameters

See Table B.4.

Appendix C. Analysis of full SoC range — charge direction

See Figs. C.2–C.6.

Fig. A.1. Measured 𝑅DC evaluated after 10 s over the temperature for all investigated
cells. An Arrhenius fit of the form 𝑅DC(𝑇 ) = 𝑅0 exp (

𝐸a

𝑘B𝑇
) can be employed to

model the relationship between resistance and temperature [38]. Here, 𝑅0 is a pre-
exponential factor, 𝐸a denotes the activation energy barrier and 𝑘B the Boltzmann
constant. The resulting energy barrier of the LIBNCA and LIBLFP are (0.1362 ± 0.0144) eV
and (0.1405 ± 0.0144) eV respectively, whereas the SIB’s barrier is approximately
(0.40 ± 0.02) eV.

Appendix D. Analysis of full SoC range — discharge direction

See Figs. D.7 and D.8.

Appendix E. Analysis of C-rate

See Fig. E.9.
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Fig. C.2. Current distribution between 2p parallel connected cells during CC charging at 0.5C during investigation of inhomogeneous contact resistance over the full SoCsystem
range. LIBNCA, LIBLFP and SIB cells are analyzed. The resistance, 𝑅c,2, was varied from 0 to 25 mΩ.

Fig. C.3. Current distribution between 2p parallel connected cells during CC charging at 0.5C during investigation of inhomogeneous cell temperature over the full SoCsystem range.
LIBNCA, LIBLFP and SIB cells are analyzed. Temperature 𝑇2 was varied by a maximum of ±10K in relation to the temperature 𝑇1 = 25 °C.

Fig. C.4. Maxima of the evaluated inhomogeneity parameters measured while investigating inhomogeneous contact resistances over the full SoCsystem range. The current, 𝑖max and
the SoC𝑥 difference between the cells are analyzed, x ∈ 1, 2. Please be aware that the 𝑦-axis of Subfigure (d), (e) and (f) is different.
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Fig. C.5. Maxima of the evaluated inhomogeneity parameters measured while investigating inhomogeneous cell temperature over the full SoCsystem range. The current, 𝑖max,𝑥 and
the SoC𝑥 difference between the cells are analyzed, x ∈ [1, 2]. Please be aware that the 𝑦-axis of Subfigure (d), (e) and (f) is different.

Fig. C.6. Sensitivity factors calculated for the investigations of inhomogeneous contact resistance and cell temperature over the full SoCsystem range. The positive temperature
differences, 𝑇2 ≥ 𝑇1, are considered.

Fig. D.7. Analysis of the 2p discharge current distribution at 0.5C during investigation of inhomogeneous contact resistance over the full SoCsystem range. LIBNCA, LIBLFP and SIB
cells are analyzed. The 𝑥-axis and 𝑦-axis are the same overall subfigures. The resistance, 𝑅c,2, was varied from 0 to 25 mΩ. The discharge direction is from the right to the left.
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Fig. D.8. Current distribution between 2p discharge at 0.5C during investigation of inhomogeneous cell temperature over the full SoCsystem range. LIBNCA, LIBLFP and SIB cells are
analyzed. The 𝑥-axis and 𝑦-axis are the same overall subfigures. Temperature 𝑇2 was varied ±10K in relation to the temperature 𝑇1 was 25 °C. The discharge direction is from the
right to the left.

Fig. E.9. Current distribution between 2p charge at different C-rates over the full SoCsystem range. LIBNCA, LIBLFP and SIB cells are analyzed. The 𝑥-axis and 𝑦-axis are the same
overall subfigures.
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6 Conclusion

This work examines the factors influencing the current distribution of parallel-connected battery cells.
The knowledge of the electrical contact can serve as the basis for any battery system. The first study
analyzed factors influencing the measurement of electrical contact resistances and compared different
joining methods. The second study presented a novel measurement method with defined boundary
conditions. Following that, the influence of inhomogeneous contact resistance and path temperature
is investigated for different cell technologies. In total five questions were addressed in this thesis.

Q1 How can electric contact resistance be measured accurately?

Usually, the 4-wire measurement, using power and sense lines, is used to quantify the electrical contact
resistance. In this work, influencing factors on measuring electrical resistances were identified. It was
demonstrated that the current injection considerably influences voltage measurement and its accuracy.
This is particularly important when high accuracy is required for the determination of electrical pa-
rameters. The gap between the power and the sense pins should be at least half of the longest side
length of the specimen’s contact area to determine the electrical parameters and minimize fluctuations
from position inaccuracies.

Q2 Is there an optimal design for cell connections to minimize electrical contact resistance?

The current distribution in area-based connections could be quantified as a second finding of the first
study. An analysis showed the relationship between the resistances of the specimens and the contact.
With a very good electrical contact, which corresponds to a low contact resistance, the current flows
through the contact area at the two edges of the surface aligned orthogonally to the current direction.
In this case, the contact resistance is primarily affected by the length of the edges but not by the
cross-sectional area. Consequently, the positioning of these two weld seams should be as orthogonal to
the direction of the current and as far away from each other as possible.

Q3 Which resistances result from ECA in comparison to well-established joining techniques?

Based on Q1 and Q2, well-established joining techniques such as welding, press connections and sol-
dering are compared with ECA. The adhesive was found to have a low contact resistance and a high
mechanical strength in the same order as the well-established joining techniques. In an economic
assessment, the costs for ECA are significantly higher than for laser beam welding.

Q4 How can the current distribution be measured efficiently in the presence of inhomogeneous contact
resistances and path temperature?

A novel test-bench was developed to investigate the current distribution in the presence of inhomoge-
neous contact resistances and path temperature. Within the novel method, a battery cycler was used
to couple cells to each other using Kirchhoff’s voltage and current law. By connecting each cell using
the 4-wire measurement technique, the influence of interconnections and measurement equipment can
be neglected. In contrast, the connection via equations enables the introduction of clearly defined path
resistances. Furthermore, the cells can be cycled in different climate chambers, allowing to analyse of
inhomogeneous temperatures.
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Q5 How does an inhomogeneous contact resistance or path temperature influence the system perfor-
mance in a parallel configuration?

Three different state-of-the-art cell technologies were examined to analyze inhomogeneous contact
resistance or path temperature in a parallel configuration. Different characteristics of the current
distribution, such as the maximum path current or SoC difference, were measured to analyze the
inhomogeneities. In order to analyze the inhomogeneity, sensitivity factors were introduced, which were
based on the linearity of the characteristics observed over the inhomogeneity. In summary, the OCV,
the RDC resistance, and the temperature stability define the sensitivity of the current distribution.
A steep OCV curve and a low-temperature sensitivity ensure a homogeneous current distribution,
as the LIBNCA presents. In contrast, the LIBLFP exhibits a flat OCV, making it more sensitive to
inhomogeneities. The SIB shows a steep OCV but a high-temperature sensitivity, resulting in a high
sensitivity against temperature inhomogeneities but less against resistance inhomogeneities.

Outlook

Based on the results of this work, subsequent studies should examine how the inhomogeneities develop
over the aging process. The aim is to identify factors influencing convergent and divergent aging.

In addition, virtual coupling offers great potential for follow-up studies. Besides the temperature
difference, external pressure could be analyzed, as the cells can be located in different places. In
addition, with the European Green Deal, cells must be interchangeable for specific applications. It
could, therefore, be investigated how cells with different state-of-health (SoH) behave in the parallel
network initially and during cycling. Moreover, this work focused only on the 2p configuration. Scaling
into np configuration is straightforward with the VPC and fills a gap in the literature. As mentioned
in Chapter 2.4.2, a further development of the VPC according to dynamics current profiles should be
considered. Implementing the methodology directly in the microcontroller could be advantageous in
keeping a smoother transient response.

In addition, the cells were convectively tempered in this work. Further work could focus on the cooling
strategy and the thermal connection to the cells. With side cooling across parallel-connected cells, for
example, only a part of the possible surface is tempered. This results in temperature inhomogeneities
within the cell. An analysis at EP level could provide insight.

Besides that, future studies might explore different current profiles. While this thesis only considered
CC profiles, the behavior of partial cycling, especially across areas where the different voltage shows
significant changes, could be of interest. Additionally, examining the behavior in high-performance
settings, such as the fast charging of cells connected in parallel, could provide valuable insights. Further
battery systems based on lithium-sulfur, ASSB (All-solid-state-battery), or variants of sodium-ion
technology could be examined for their sensitivity to temperature and resistance inhomogeneities.
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the theoretical and the linear voltage curve normalized to the longest side length of the
specimen’s contact area (A). Figure is based on the publication presented in Chapter 3
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2.8 Schematic of the VPC within a n-channel battery cycler. Channel x corresponds to the
master and is current-controlled. All other n − 1 channels are voltage-controlled. The
figure is based on the publication presented in Chapter 4 [15]. . . . . . . . . . . . . . . . 26
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