TUTI

Technische Universitat Miinchen

TUM School of Engineering and Design

Electrochemical Impedance Spectroscopy and
Power Line Communications for Automotive

Battery Management Systems

Thomas F. Landinger, M. Eng.

Vollstéandiger Abdruck der von der TUM School of Engineering and Design der Technischen

Universitat Miinchen zur Erlangung des akademischen Grades eines
Doktors der Ingenieurwissenschaften (Dr.-Ing.)

genehmigten Dissertation.

Vorsitzender: Prof. Dr.-Ing. Hans-Georg Herzog
Priifer der Dissertation: 1. Prof. Dr.-Ing. Andreas Jossen
2. Prof. Dr. tech. Wolfgang Pribyl

Die Dissertation wurde am 20.10.2021 bei der Technischen Universitat Miinchen eingereicht und durch

die TUM School of Engineering and Design am 04.02.2022 angenommen.






Abstract

Electromobility is gaining increasing momentum around the world. On the way to environment-
friendly transportation, enhancing driving range and safety become critical tasks for modern
automotive battery management systems (BMSs). As current BMSs rely on a limited number of
measurement quantities, namely voltage, current, and temperature, prospective high performance and
safety requirements are tough to meet. Therefore, this thesis proposes online Electrochemical
Impedance Spectroscopy (EIS) as additional in-situ sensing technique for automotive traction
batteries. EIS is a widely used technique for electrochemical system characterization and offers
numerous possibilities for nondestructive battery state estimation, this way advancing smart BMS
and smart cells. To demonstrate the capabilities of EIS, fundamental dynamic properties of lithium-
ion (Li-ion) batteries are summarized and their characterization using EIS is outlined. For promoting
the adoption of online EIS in future BMSs, state-of-the-art BMS functionalities are summarized and

implementation options for online EIS are presented, considering possible interference scenarios.

High voltage (HV) traction batteries consist of hundreds of single Li-ion cells, whose monitoring
demands for extensive data transfer and communications bus wiring throughout the battery pack. To
counteract the increase of the wiring harness, this thesis proposes alternative communications concepts
for BMSs without dedicated wires and emphasizes the concept of HV power line communications
(PLC), which utilizes the existing HV power train infrastructure for communications. As HV PLC for
in-battery communications is an emerging research area, this thesis discusses possible implementation
options within automotive traction batteries, presents a proof of concept, investigates the coexistence
between HV PLC and online EIS, and introduces a physical-based modeling approach of the HV

battery power line network, which is used for simulations on the PL.C channel transfer characteristics.

Due to demanding requirements on data rate, robustness, and electromagnetic compatibility, the
frequency band of the PLC has to be allocated in the megahertz range. Therefore, PLC system design
and channel modeling requires knowledge about the high frequency (HF) characteristics of Li-ion
batteries, which are not sufficiently studied in existing literature due to frequency limitations of
conventional EIS equipment. For this reason, this thesis develops a Li-ion battery characterization
methodology for high frequencies up to 300 MHz, enabling HF impedance spectroscopy of various Li-
ion cell types at different cell states. Using a physical-based modeling approach, various
electrochemical and electrophysical battery processes relevant at high frequencies are determined such
as the ionic shunt effect, the skin effect and other resistive-inductive effects. Furthermore,
electromagnetic coupling mechanisms among cells within a battery pack are studied and their

influence on the PLC channel transfer characteristics is evaluated.

The obtained findings on the HF characteristics of Li-ion cells facilitate assessing the influence of cell
design and cell state on fast battery dynamics. The developed battery modeling approach can be
reused for the simulation of further highly dynamic battery applications such as power converters and
motor controllers. Moreover, the PLC proof of concept and the developed simulation environment can

serve as a basis for future PLC system designs.



Kurzfassung

Die Elektromobilitét gewinnt weltweit sichtlich an Dynamik. Ein umweltfreundliches Transportwesen
stellt hohe Anforderung an Reichweite und Sicherheit moderner Batteriemanagementsysteme (BMSs).
Da sich die Messgroflen aktueller BMSs auf Spannung, Strom und Temperatur beschrinken, werden
steigende Anforderungen an die Leistungsfahigkeit und Sicherheit zur Herausforderung. Die elektro-
chemische Impedanzspektroskopie (EIS) als weitverbreitete Messmethode zur Charakterisierung von
Lithium-Ionen-Batterien kann zur erweiterten in-situ Zustandsbestimmung in zukiinftigen BMSs
verwendet werden und den Weg zur intelligenten Batteriezelle (engl. Smart Cell) ebnen. Dazu werden
in dieser Arbeit fundamentale dynamische Eigenschaften von Lithium-Ionen-Batterien aufgezeigt und
deren Charakterisierung mittels EIS veranschaulicht. Um den Einsatz von EIS in zukiinftigen BMS-
Generationen zu fordern, werden gegenwértige BMS-Funktionalitdten zusammengefasst und ein

Uberblick der EIS-Implementierungsmaoglichkeiten und der zu erwartenden Storszenarien gegeben.

Hochvolt- (HV-) Antriebsbatterien bestehen aus hunderten Einzelzellen, deren Uberwachung grofe
Datenmengen und eine weitldufige Datenbusverdrahtung innerhalb des Batteriepacks erfordert. Um
dem Verdrahtungsaufwand entgegenzuwirken, werden in dieser Arbeit alternative Kommunikations-
konzepte mit dem Fokus auf Hochvolt-Powerline-Kommunikation (HV-PLC) diskutiert. HV-PLC-
Systeme verwenden zur Dateniibertragung den vorhandenen HV-Antriebsstrang, wodurch der
existierende verdrahtete Datenbus eingespart werden kann. Da die Thematik der HV-PLC fiir Intra-
Batteriekommunikation grofitenteils noch unerforscht ist, werden in dieser Arbeit mogliche
Implementierungen diskutiert und die Machbarkeit nachgewiesen (engl. Proof of Concept). Dariiber
hinaus wird die Koexistenz zwischen HV-PLC und EIS untersucht und ein physikalisch motivierter

Modellansatz der Hochvoltbatterie entwickelt, um die Kanalcharakteristik der PLC zu simulieren.

Aufgrund der hohen Anforderungen an die Datenrate, Robustheit und elektromagnetische
Vertraglichkeit muss das Frequenzband der PLC im Megahertz-Bereich allokiert werden. Daher
erfordern der PLC-Systementwurf und die Kanalmodellierung fundierte Kenntnisse des Hochfrequenz-
(HF-) Verhaltens von Lithium-Ionen-Zellen, welches aufgrund von Frequenzlimitierung bei EIS-
Geréten bisher nicht ausreichend erforscht ist. In dieser Arbeit wir daher eine Messmethodik zur
Charakterisierung von Lithium-Ionen-Zellen fiir hohe Frequenzen bis zu 300 MHz entwickelt, die eine
HF-Impedanzspektroskopie verschiedener Zelltypen bei verschiedenen Zellzustinden erméglicht. Uber
einen physikalisch motivierten Modellansatz werden HF-relevante elektrochemische und elektro-
physikalische Effekte wie der Ionic-Shunt-Effekt, der Skin-Effekt und weitere resistiv-induktive
Verlustprozesse erfasst. Zusétzlich werden elektromagnetische Verkopplungen zwischen benachbarten

Batteriezellen und deren Einfluss auf die PLC-Ubertragungscharakteristik untersucht.

Die gewonnenen Erkenntnisse zum HF-Verhalten von Lithium-Ionen-Batterien koénnen genutzt
werden, um den Einfluss von Zelldesign und -zustand auf das dynamische Zellverhalten zu beurteilen.
Der eingefithrte Modellansatz kann zur Simulation weiterer hochdynamischer Batterieanwendungen
wie beispielsweise Leistungswandler und Motorenregler verwendet werden. Dariiber hinaus kann der

prasentierte Machbarkeitsnachweis der PLC fiir zukiinftige Systementwiirfe wiederverwendet werden.
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1 Introduction

“The global electric vehicle fleet expanded significantly over the last decade, underpinned by
supportive policies and technology advances” — proclaimed by the International Energy Agency (IEA)
in 2020 [1], this statement concisely summarizes the ongoing journey towards environment-friendly
mobility. As visible in Figure 1, the worldwide electric car stock referring to battery electric and plug-
in hybrid electric vehicles (BEVs, PHEVSs) surpassed 7.2 million in 2019, which is a year-to-year
increase of 40% [1].

In 2018, the European Commission presented its strategic long-term vision for a prosperous, modern,
competitive and climate neutral economy by 2050 [2]. The strategy proposes pathways for a long-
term reduction of European Union (EU) greenhouse gas emissions to achieve the Paris Agreement
temperature objectives, ratified by 181 parties in 2015, to hold global temperature increase well below
2 °C [3]. As the transport sector is responsible for a quarter of greenhouse gas emissions in the EU,
the spread of low and zero emission vehicles is pushed by regulatory measures and adequate financial
instruments [2]. It has been demonstrated that financial government incentives significantly boost the

rate of diffusion of BEVs on the market [4], powering a climate-neutral economy for the long term.

——=0ther PHEV
== 0ther BEV
C=US PHEV
==US BEV

—=Europe PHEV

Electric car stock (millions)

== Europe BEV
== China PHEV

== China BEV

O O
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 ~O-World BEV

IEA 2020. All rights reserved.

Figure 1: Global electric car stock, 2010-2019 [1]. © 2020 TEA.

Despite strong sales growth in the past decade, automotive market share of electric vehicles (EVs)
still represents a small portion below 1% worldwide [1]. Limited driving range, long charging times,
battery safety, sustainability, and purchase price are among the main concerns of motorists [5]. In
order to further propagate electromobility globally, the automotive industry needs to address customer

concerns by technological advances in next-generation EVs.

One of the most relevant components of EVs is their energy storage system, which is commonly based
on electrochemical batteries [6]. The Lithium-ion (Li-ion) battery technology continues to spread
rapidly among multitudinous applications and is also the state-of-the-art technology in today’s EVs
due to its high gravimetric and volumetric energy and power density, long lifespan, high voltage, and

high efficiency [7, 8]. However, existing Li-ion traction batteries are reaching their performance limits,
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intensifying the aforementioned concerns. In 2018 therefore, the large-scale, long-term European
research initiative BATTERY 2030+ represented its vision of inventing the sustainable batteries of
the future, to enable Europe to reach the goals of a climate-neutral society [9]. The vision includes
the incorporation of new smart sensing technologies and self-healing functionalities into battery cells

to ultimately create the “smart cell” by 2030.

1.1 Towards Smart Cells in Automotive Batteries

Li-ion batteries must be kept within their safe operating area (SOA), which is restricted by
temperature, voltage, and current windows defined by the cell manufacturer [10]. Leaving the SOA,
for example, by overvoltage (overcharge) or undervoltage (undercharge), the performance rapidly
degrades and safety issues might occur such as thermal runaway, leading even to physical damages,
explosions, or fires [8, 10, 11]. To avoid these issues, a battery management system (BMS) is inevitable
to ensure a safe, efficient, and reliable operation of each individual cell [12]. Given the fact that the
BMS must fulfill many tasks such as battery state estimation [6], (dis-)charge controlling, cell
balancing [13], thermal management [14], and fault diagnosis [15], many research studies have been
conducted on BMS applications [10, 16]. Large-format traction batteries in EVs are built of hundreds
of single Li-ion cells grouped into smaller battery modules to ensure a long-lasting energy system with
high power capability [17, 18]. To speed up charging and limit the power dissipation within the
automotive power train, the system voltage is typically increased to 400 V or up to 800 V by
connecting cells in series [19]. Due to the high voltage and high current requirements together with
rising safety and reliability expectations, BMSs for EVs are complex systems containing sophisticated
sense and control subsystems [20]. In nowadays BMSs, most widely a modularized architecture is
used, where the number of monitoring channels of each subsystem is in accordance with the number

of cells in a module [21].

However, current BMSs rely on a limited number of measurement quantities, namely cell terminal
voltage, battery module voltage, battery pack main voltage and current, and local surface temperature
[8, 10, 22]. Typically, state of charge (SOC) estimation requires high accuracy of cell voltage
measurements in the range of 1 to 10 mV [10], which is especially challenging in a modularized or
centralized BMS topology due to long sensing leads, which are susceptible to ohmic voltage drops and
electromagnetic interference (EMI) [23]. Depending on the measurement precision, the remaining
uncertainty in SOC estimation has to be considered in the BMS monitoring by additional safety

margins, diminishing the SOA and limiting the available battery power [24].

Another key issue in state-of-the-art BMSs is the temperature monitoring on cell level. The number
of temperature sensors implemented in large-format batteries is often limited to less than twenty
sensors, leading to an average of only two temperature sensors per module [25, 26]. Beside
implementation challenges such as positioning, thermal contacting, and wiring, the temperature on
cell level can only be estimated by the usage of local surface temperature sensing combined with
thermal modeling [25, 27]. For stable thermal dynamics, this approach is feasible, however, estimation
errors strongly increase during transient disturbances [25]. Especially for highly dynamic applications
such as fast charging, accurate temperature detection is essential to estimate and reduce the risk for

battery failures, for example, caused by lithium plating [28]. However, due to heat transfer delay from
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the cell’s core to the surface (up to 10 °C temperature lag [29] or time delays of five minutes [30] for
cylindrical Li-ion cells), this is not feasible in real-time, thus demanding additional safety margins
that limit charging rates. Nevertheless, local hotspots need to be detected as quickly as possible
because they can lead to thermal runaway, which calls for embedded temperature sensors or

alternative fast temperature detection methods [31].

Summarizing, battery pack performance substantially depends on the accuracy of the BMS sensing
and the knowledge of the SOA of each individual Li-ion cell within the pack. With current BMS
implementations, a majority of the system capabilities are underutilized, degrading battery
performance and efficiency [8]. From this perspective, next-generation BMSs need to solve shortage
of measurement quantities and their validity to meet challenging global technical regulations, for
example, passenger warning five minutes prior to the presence of a hazardous situation inside the
passenger compartment such as fire, explosion, or smoke [32]. Beside the possible integration of sensors
into Li-ion cells, also novel sensing methods are considered for technological progress of BMSs [8, 18,
31], which is in accordance with the BATTERY 2030+ Roadmap of Europe to accomplish smart cells
by new sensing technologies [9]. On the way to smart single cells, many other benefits come along
such as high system modularity and flexibility, strong fault tolerance by self-reconfigurable battery

packs, and enhanced cycle life management, all together enabling a smart “plug-and-play” BMS [8].

1.2 Scope of this Thesis

Within the scope of this thesis, the implementation of online Electrochemical Impedance
Spectroscopy (EIS) combined with High Voltage Power Line Communications (HV PLC)
for automotive traction batteries is proposed as a promising strategy towards a smart and
flexible plug-and-play BMS, which eventually enhances overall performance, safety, and

the widespread adoption of EVs.

A very promising smart sensing technique is seen in Electrochemical Impedance Spectroscopy (EIS),
which is used for battery impedance evaluation over frequency [9]. Great achievements have been
made in characterizing and modeling the dynamic behavior of Li-ion battery cells using EIS in the
laboratory environment as well as in onboard diagnosis, where it is often referred to as “online EIS”
[18, 33-37]. EIS is a nondestructive measurement method, which can be used for in-situ battery state
estimation, making it a powerful and interesting tool for next-generation automotive BMSs. The
quantity of publications available utilizing EIS for SOC [38-41], state of health (SOH) [40, 42-44],
and temperature [38, 39, 45-47] estimation demonstrates its high potential to enable smart cells and
improve future BMSs in terms of safety and performance. However, EIS is still predominantly applied
at the benchtop wusing cost-intensive calibrated galvanostats, potentiostats, or impedance

analyzers [33].

The first goal of this thesis is therefore to point out possible itmplementation architectures,
excitation options, and expected measurement obstacles of online FIS within automotive HV

batteries.
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A challenging task is seen in the coordination of hundreds of smart cells and the acquisition of
measurement data due to the expected strong increase of sensors and real-time data. Although control
area network (CAN) bus systems are widely used in today’s BMSs [8, 10], its reuse in smart BMSs
would strongly increase wiring harness and connector cost without gaining system flexibility. For this
reason, efficient battery pack data compression methods are under investigation to reduce
communication overhead [8, 48] as well as novel data communications concepts to reduce sensor wiring
effort and system complexity [9, 18]. In this context, high voltage (HV) power line communications
(PLC) for in-battery communications has been proposed as promising technique for next-generation
automotive BMSs to cut wiring cost, reduce size and weight, and increase system flexibility [8, 49].
HV PLC utilizes the existing power connections inside the battery pack and the HV power lines for
data transmission by superimposing a modulated communication signal [50]. Using HV PLC for the
traction battery, multiple sensors and actuators can be accessed by the BMS without the need of a
wired communications bus. With respect to autonomous driving, HV PLC could also be used as
redundant communications link for fault indication to increase the safety level [50]. Moreover, PLC
can also enable the communication between EVs and the charging infrastructure allowing vehicle-to-
grid applications [51, 52]. Compared to wireless communications, the main advantages of PLC are its
cost effectiveness — the communications infrastructure is already there in terms of the power line

network [52] — and its higher security level offered by wired data transmission [31, 53].

Therefore, within the scope of this thesis, the implementation of online EIS combined with HV PLC
for automotive traction batteries is proposed as promising strategy towards a smart and flexible plug-
and-play BMS, enhancing overall EV performance and safety. The proposed single-cell-based BMS
architecture is illustrated in Figure 2, where each Li-ion cell is equipped with a cell monitoring circuit
(CMC) and a communications interface to the central battery management unit (BMU). The

traditional sensing of voltage (V'), current (I), and temperature (¢) is upgraded by online EIS, and
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Figure 2: Proposed single-cell-based BMS architecture enabling smart cells by EIS, while saving
communications wiring effort by HV PLC. The HV battery supplies the electric power train and the
direct current (DC) link capacitor C,.. The BMU is connected to the 12 V on-board power supply
and the CAN of the EV. (Based on Ref. [54].)



1.2 Scope of this Thesis

the communication between CMCs and the BMU is realized by HV PLC. The BMU is responsible for
data coordination, fault detection, state estimation, and controlling tasks such as cell voltage
equalization and main switch control [22]. Tt is connected to the 12 V on-board power supply and
linked to the central CAN of the EV.

While PLC is already established in smart electricity grids [55] and smart building applications [52],
this is not the case for in-vehicle PLC. No dedicated technology for in-vehicle PLC has been developed
up to the present and research reports are sparse [56]. In particular, HV PLC for traction batteries is
still in an early pre-development stage and has been considered only by a few research groups in the
past [31, 57-60]. To date, evaluation boards of PLC for batteries were mostly developed on a
laboratory scale under specific low DC voltages using low data rates [31, 61-63]. However, the PLC
system intended for communication within a single-cell-based BMS should support high data rates in
the range of 2 Mbps [64, 65] to meet high update rates of measurement quantities. For example, the

voltage of each cell within the battery pack should be acquired every 10-100 ms [58, 66].

The second goal of this thesis is therefore to demonstrate the feasibility of PLC over Li-ion

batteries by means of a custom-made PLC modem with high data rates.

To bring the proof of concept towards a real PLC system for traction batteries, a thorough
understanding of the overall PL.C channel transfer characteristics is required. Modeling the HV power
line channel is essential to predict signal attenuation, select appropriate carrier frequencies, and
optimize PLC modem design. Although a few channel models featuring PLC for batteries have been
reported previously [57, 58, 60], to the present date, a PLC channel model validated by real PLC

signals on Li-ion batteries is missing in literature.

The third goal of this thesis is therefore to develop a generic PLC channel model for a Li-ion
battery pack validated by real PLC signals, which predicts channel transfer characteristics and

facilitates PLC modem design.

The most crucial component of the HV power line network is the battery pack itself comprising
hundreds of single cells. Since PLC target frequencies are in the megahertz range to obtain high data
rates [64], it is essential to identify the high frequency (HF) behavior of each battery cell, which is
mainly determined by its impedance [57]. For impedance characterization, EIS is mostly used in the
battery community due to its accuracy and nondestructive nature [67]. However, most published
studies focus on typical EIS frequencies below 10 kHz relevant for electrochemical process
identification [68]. Consequently, little work has been reported on the characteristics of Li-ion batteries

above the typical EIS frequency range, which is denoted as “HF” in this thesis.

The PLC system design involves not only determining the battery’s impedance for high frequencies
but also quantifying the influence of cell design and cell state on the impedance. That means, a reliable
and stable communication has to be ensured throughout a wide range of environmental conditions,
which include ambient temperature, SOC, and different cell types. All of the mentioned conditions
have been reported to significantly influence the cell’s impedance behavior [39, 69], however, only

taking EIS frequencies into consideration.



1 Introduction

The fourth goal of this thesis is therefore to characterize and model the high frequency
characteristics of Li-ion batteries and to quantify the impact of cell design and cell states

dependencies on the impedance.

Irrespective of its application, PLC always employs existing infrastructure optimized for power
transfer [50]. Therefore, PLC inherently faces compatibility issues with the coexisting signals present
on the power line network. In case of HV PLC for traction batteries, these are DC load currents,
impulsive noise generated by the power electronics [70], as well as signals coming from the cell
monitoring circuits. Considering the aforementioned monitoring tasks, especially the error-free
coexistence between PLC and online EIS measurements is key to the success of the proposed plug-
and-play BMS. Measurement data need be sent periodically to the BMU via PLC, while the

communication must not interfere with the cell monitoring and vice versa.

The fifth and last goal of this thesis is therefore to examine the compatibility of PLC and the

coezisting battery monitoring including online EIS.

1.3 Qutline of this Thesis

This thesis is structured according to the previously defined goals. A graphical outline is given by
Figure 3 including the paper contributions presented in this thesis. After the introduction, Chapter 2
covers fundamentals on Li-ion batteries, focusing on the impedance-based description of established
battery dynamics relevant for frequencies below 10 kHz. Moreover, typical battery impedance
characterization methods such as EIS are presented. In Chapter 3, state-of-the-art BMS architectures
and monitoring tasks are discussed as well as the concept of online EIS. Regarding BMS data transfer,
three different communications concepts — wired, wireless, and power line — are presented and
compared with an emphasis on PLC. Chapter 4 aims for characterizing and modeling the HF
properties of cylindrical Li-ion battery cells. As little work has been published on this topic, this
chapter is meant to advance scientific knowledge on very fast battery dynamics. In a first step, a
novel methodology for HF battery impedance measurements is developed since existing techniques
are restricted in either frequency or accuracy. As second step, a physical-based HF battery model is
proposed, discussing HF-relevant loss processes occurring in Li-ion batteries. The last step includes
determining cell design and cell state influences on the HF impedance behavior. Chapter 5 seeks for
advancing the state of the art of BMS communications by employing PLC for automotive traction
batteries on the way to a smart plug-and-play BMS. Therefore, it begins with a feasibility study
proving the concept of PLC for a small-scale battery pack. Subsequently, using the findings of
Chapter 4, a channel model of the battery power line network is developed and used for predicting
the PLC channel transfer characteristics in a master-to-slave communication. Bringing EIS and PLC
together, a final study investigates compatibility aspects and possible interference scenarios, giving
suggestions for an error-free coexistence within the BMS. Finally, Chapter 6 concludes the thesis with

a summary of the overall findings and an outlook.
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2 Fundamentals on Lithium-ion Battery Dynamics

This chapter gives insights into the fundamental dynamic properties of Li-ion batteries and how they
can be modeled by impedance elements. It forms the basis for the following chapters, especially for
Chapter 4 that focuses on the high frequency cell characteristics. Subsequently, commonly used

battery impedance characterization methods are discussed.

The terminal voltage of a Li-ion battery under load differs from its equilibrium voltage due to a
number of overpotentials caused by electrochemical and electrophysical effects occurring inside the
battery [71]. As the overpotentials induce additional impedance seen at the terminals, the underlying
effects are also called loss processes [69]. Figure 4 gives an overview of the electrochemical (orange
colored) and electrophysical (blue colored) loss processes of a Li-ion battery. Each loss process can be
classified according to a certain relaxation time, ranging from years over milliseconds to an instant in

case of the ohmic resistance of the battery.

Fast time constants below 1 ms can be assigned mainly to electrophysical effects, which are of an
inductive or resistive-inductive nature [69, 72]. According to Ohm’s law, the voltage across an ohmic
resistance follows the applied current without any time delay, that is, the time constant is zero. For
this reason, the ohmic resistance is drawn vertically on the left-hand side of Figure 4. Purely external
inductive effects caused by the current path geometry inside the battery [74] follow a current i(¢) with

an instantaneous voltage response v(t) = d;—(tt),

having also a time constant of zero. As the apparent
impedance Z of an inductance L depends on frequency (Z = j2r fL), the impedance contribution of

the external inductance dominates the HF behavior of the cell and disappears for frequencies below
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Figure 4: Electrochemical (orange) and electrophysical loss processes (blue, light blue) occurring in a

Li-ion battery classified by their relaxation time ranges. For comparison, the corresponding relaxation
frequency is given as second abscissa. (Based on Refs. [68, 74-76].)



2.1 Impedance-based Description of Battery Dynamics

1 kHz. The skin effect accounts for the uneven current distribution inside an electric conductor for
fast time-varying currents [75]. The wound-up geometry of the electrode layers can be described by
the ionic shunt effect, which is the only effect influenced by both electrochemical and electrophysical
losses [73].

Beside fast electrophysical effects, typically slower electrochemical effects such as electric double layer
capacitance, charge transfer resistance, and reactions at the solid-electrolyte interphase (SEI) can be
observed, which exhibit time constants mainly in the milliseconds range up to half a minute [68, 74—
76]. Mass transport effects show larger relaxation time constants starting at approximately 0.1 s and
reaching several hours [74, 75]. The equilibrium voltage is subject to even slower changes caused by
SOC variations through cyclic conditioning or self-discharge [74, 75]. Cell degradation and aging

become typically obvious after several hours to days and can be monitored throughout years.

As pointed out in the introduction, one aim of this thesis is to illuminate very fast battery dynamics
that are typically not covered by the battery research community. In the following section, therefore,
only established dynamic battery characteristics are presented that are identifiable by EIS in the
typical frequency range between 10 mHz and 10 kHz [68] as indicated in Figure 4. High frequency

characteristics above 10 kHz are discussed in detail in Chapter 4.

2.1 Impedance-based Description of Battery Dynamics

Originally introduced by Oliver Heaviside in 1892, the term “impedance” refers to the ratio of the
amplitude of a voltage to that of a current when their variations are simple-harmonic [77].
Accordingly, the impedance Z is determined as transfer function in the frequency domain by
V(i) _ T {o(t)} ()

I(jw) — F{i(t)}(jw)

where v(t) is the cell terminal voltage, i(t) the load current, # the Fourier transform operator, and

Z(jw) =

(2.1)

w the angular frequency, which equals 27 f. Since a load current generates electric polarization losses
within a Li-ion battery exhibiting specific relaxation time constants, the underlying loss processes are

often described by impedance elements as done in the following.

In general, the equilibrium voltage of a Li-ion cell is given by the potential difference between the two

Galvani potentials Ay, of both positive and negative electrodes placed in the same solution [78]:
Vo = Ao (1) = Apy(II) (2.2)

Using the Nernst equation, each Galvani potential can be expressed as potential difference between

the two conducting phases of electrode and electrolyte:

RT a’e
Ap, = A i | oz
%o $oo T P n ( a:(’;;d)’ (2.3)

with the electric standard potential A, the universal gas constant R, the absolute temperature 7',
the number of electrons n,; participating in the half-cell reaction, and the Faraday constant F [78, 79].
The activities a,o* and a.7%" with their stoichiometric coefficients v,, and v, describe the effective
concentrations of the active species ¢ (i.e., lithium) in the oxidized and reduced components,

respectively [78, 80]. Measuring the equilibrated Galvani potential of a single electrode in an
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electrolyte is considered impracticable as the electrolyte potential cannot be measured directly [79,
81] and a,, = a,.4 is reached only by approximation in open circuit condition [82]. Therefore, the
open-circuit voltage (OCV) measured across the cell terminals with minimum current flow is

commonly used as approximation for the cell equilibrium voltage [82].

As stated above, the terminal voltage of a battery under a load current i(¢) differs from its equilibrium
state. Considering the discharge case, the terminal voltage v(t) is generally lower than the open circuit

voltage due to potential drops n; caused by the aforementioned dynamic loss processes:
v(t) = Vo= m; = Vo —ilt) - Rg + 0o (t) + 0o (1) + (1) (2.4)
i

where R, is the ohmic resistance of the cell, 7,., the overpotential due to the SEI on the anode, 7,,
the activation polarization or charge transfer overpotential at anode and cathode, and 7. the
concentration polarization at anode and cathode [81]. For reasons of clarity, Eq. (2.4) summarizes
activation and concentration polarizations of both electrodes by one overpotential each, although they
may exhibit different time constants in case of anode and cathode [87]. By normalizing Eq. (2.4) to
the current, each of the overpotentials can be described by an impedance-based sub-circuit as depicted
in Figure 5. In this description, high frequency overpotentials due to inductive or resistive-inductive
effects are neglected as is often the case in literature because they are not relevant for electrochemical
process identification. However, they play a crucial role in highly dynamic battery applications such
as PLC for in-battery communications. For this reason, apart from the common battery dynamics

presented in the following, HF-relevant battery effects are discussed separately in Chapter 4.
ﬁeel(t) nrf(t) nf(t)
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Figure 5: Impedance-based description of electrochemical battery dynamics considering time
constants within microseconds to minutes typically covered by EIS measurements. (Based on
Refs. [83-85] as one of the most commonly used modeling approaches [83].)

2.1.1 Helmholtz and Diffuse Double Layer

The Galvani potentials between the two conducting phases of electrode and electrolyte are connected
with the formation of an electric double layer at the phase boundary [79]. From a chemical perspective,
the solution pressure describes the natural tendency to balance the concentration of a species i between

the active material and the surrounding electrolyte, that is, balancing their chemical potentials

i = pg +RT -In(a,) , (2.5)

10



2.1 Impedance-based Description of Battery Dynamics

with the chemical standard potential u) and the activity a; of the species [80]. For a Li-ion cell, this
causes interfacial surface tension leading to a diffusion of charged lithium ions (Li+) between electrode
and electrolyte. As an example, supposing that the anodic chemical potential of lithium (Li) exceeds
the chemical potential of Li in the electrolyte, the oxidized Li+ diffuse into the electrolyte forming a
layer of positive charge, whereas a negative charge remains at the anode surface [74]. As a consequence,
the exchanged charge builds up an electric field hindering further Li+ transition, such that a balanced
state between diffusion and migration will be reached. As such, a dynamic equilibrium between the

electrochemical potentials of anode (I) and electrolyte (II) is reached:
s (D) + i F - o (I) = i (IT) + nF - o (1) (2.6)

with the transferred charge quantity n,F and the electric potentials ¢, (I) and ¢, (1) of electrode and
electrolyte, respectively [79]. The electric potential difference Ay, between ¢, (I) and ¢, (II) is caused
by the electric field and can be calculated from Eq. (2.5) and Eq. (2.6), resulting in the Galvani
potential given by Eq. (2.3). The potential at the conducting phase boundary does not change
abruptly. Instead, the electric field keeps the diffused Li+ particles close to the phase boundary such
that an electric double layer (EDL) is formed, in which the potential progresses gradually [80].

The EDL was originally modeled by Helmholtz with a fixed single layer having a linear potential
progression [75], and was extended towards the bulk electrolyte solution by the Gouy-Chapman diffuse
double layer [86] as illustrated in Figure 6 for the anode. Accordingly, the Helmholtz layer accounts
for the static lithium ions right at the phase boundary and can be modeled as plate capacitor with
the distance d; of half of the diameter of the solvated Li+ [78]. Additionally, the diffuse double layer
accounts for the thermal motion of Li+ in the EDL and can also be represented as capacitor connected

in series [79]. Summarizing, the EDL can be modeled by a capacitor with the overall capacitance of

Gouy-Chapman diffuse
double layer
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Figure 6: Electric double layer model by Helmholtz and Gouy-Chapman with the electric potential
progression between anode (¢,,,,q.) and electrolyte (Vojeceromyie)- (Based on Refs. [74, 78].)
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2 Fundamentals on Lithium-ion Battery Dynamics

with the capacitances C,; and C,4 of the static Helmholtz layer and the diffuse double layer,
respectively [80]. In the impedance-based model of Figure 5, the capacitances of both anodic
and cathodic EDLs are summarized in the simplest and most-common way by a single capacitor Cy;
[78, 87]. To include the frequency dependence (also called frequency dispersion) of the EDL
capacitance caused by surface roughness and atomic scale inhomogeneities, the capacitor is sometimes
replaced by a constant phase element (CPE), which will be further treated in Section 2.2.2 [85, 88].

2.1.2 Charge Transfer

The previous section discussed EDL effects, which are connected with the dynamic electrochemical
equilibrium voltage. The surface overpotential 7)., at the phase boundary of electrode and electrolyte
is caused by the limited charge transfer reaction rate in case of an externally applied electric current,
that is, when the equilibrium state is left [78]. In terms of electric potentials, an externally applied
voltage across two electrodes will drive the electrochemical redox reaction such that forward and
backward reactions take place simultaneously but with different reaction rates. The overall reaction
rate of anode and cathode, respectively, is characterized by the faradaic current density j,,, which is
given by the Butler-Volmer equation [80]:

. . oanCt> ( (1-— a)nFnCt)]
_ _ Gz amdie 2.8
.]77, jO |:eXp ( RT exp RT 9 ( )

where j, is the exchange current density, which depends on temperature, electrolyte composition, and
electrode surface of the corresponding electrode. Large values of j, mean that a large current density
can be obtained with a small surface overpotential. The apparent transfer coefficients or symmetry
factor « relates how an applied potential favors one direction of reaction over the other. The reaction
rate goes to zero at 1, = 0 for any composition or reaction surface [80]. Figure 7 illustrates the Butler-

Volmer relationship according to Eq. (2.8) for symmetric reaction rates (a = 0.5).

For small 7, <6 mV, Eq. (2.8) can be linearized and the charge transfer resistance R, can be

calculated as partial derivative [85]:

Ojn
877015

-1
RT
R, = ] (2.9)
Net=0

- nFj,

Since double layer effects and the charge transfer reaction occur in parallel, the model elements Cy;
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Figure 7: Graphical representation of the Faradaic current density according to the Butler-Volmer
equation (2.8) with o = 0.5. (Based on Ref. [82].)

12



2.1 Impedance-based Description of Battery Dynamics

and R, of Figure 5 are also placed in parallel. This means that at the phase boundary, the battery
current is divided into a portion flowing into the charge transfer reaction and a part flowing into the
EDL [75]. From a dynamic perspective, an applied current pulse will first charge C;; and subsequently
flow solely across R,,. For higher frequencies, the RC-circuit behaves as a lowpass filter for the charge

transfer reaction and the reaction will be shunted by Cj; [75]. This is further discussed in Chapter 4.

2.1.3 Ohmic Resistance

All key processes occurring in a galvanic cell such as Li-ion cells involve the conduction of charged
particles between anode and cathode [71]. The ohmic resistance of a Li-ion battery accounts for the

limited electric or ionic conductivity of the following components forming the current path:
(1) The electrolyte as the main contributor due to its limited ionic conductivity [89].

(2) The ionic conductivity of the separator soaked with electrolyte [90]. Additives in the electrolyte

help to reduce the ohmic resistance by improving the wettability of the separator [91].
(3) The ionic and electric conductivity of the active materials of anode and cathode [71, 75].

(4) The electric conductivity of metallic components such as current collectors, tabs, and bonding

wires [69]. Current collector foils and tabs are usually welded to minimize contact resistances [74].

(5) Contact resistances between active materials and current collectors as well as within active
layers [68, 71, 75].

(6) Additional safety components such as current interrupt devices (CIDs) or positive temperature
coefficient (PTC) thermistors, which are often implemented in commercially available Li-ion cells

and inherently cause additional cell resistance [74, 92].

Commonly, the ohmic resistance of a cell can be modeled by a single resistor as depicted in Figure 5

by the circuit element R,.

2.1.4 Solid-Electrolyte Interphase

The solid-electrolyte interphase (in some literature also called solid-electrolyte interface) is a
passivating film layer that establishes primarily, but not exclusively, in the first charging cycle on the
anodic graphite surface [93, 94], which is the most common anode material [93, 95]. The SEI formation
can be explained by the graphite anode potential exceeding the thermodynamic stability window of
the electrolyte during operation, leading to side reactions of the anode with the electrolyte solvents
and salt [93, 96]. As a consequence, the reductive decomposition products of the electrolyte build up
a passivating surface layer accompanied by irreversible loss of lithium inventory [94], which is typically
in the range of 10% of the capacity [97]. The resulting SEI is illustrated in Figure 8 and has the
purpose to prevent (1) the electrolyte compounds from further reduction on the lithiated anode
surface, (2) the anode material from corrosion [94, 96], and (3) the co-intercalation of solvents with
Li+ into the graphite structure avoiding graphite exfoliation [98]. Due to this essential protective
character, the SEI is considered the foundation for properly working Li-ion batteries, and governs cell

performance, safety, and lifetime [96, 99]. Its unique structure is permeable for lithium ions in first
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2 Fundamentals on Lithium-ion Battery Dynamics

approximation and rather impermeable for electrons and other electrolyte components [94]. However,
the controlling of the formation, composition, and stability of the SEI is still under investigation in

the Li-ion battery research community [93].

Although the SEI is permeable to lithium ions, its ionic conductivity is much lower compared to the
bulk electrode [71]. Consequently, an additional overpotential due to the SEI can be observed under
cell operation. The so-called SEI surface impedance can be modeled by an RC-circuit according to
of the SEI layer,

where the latter is defined by the dielectric constant, thickness and area of the layer [85].

Figure 5, which is composed of the ionic resistance R, and the capacitance C,,,;

It should be mentioned that also on the cathode side, a cathode-electrolyte interphase (CEI) is formed
similar to the SEI on the anode [94, 100], but which has generally less impact on the cell performance
[93].

Figure 8: Schematic SEI working principle. Mainly in the first charging cycle, solvated lithium ions
decompose during intercalation into the graphite structure, thereby forming the SEI, which acts as a
barrier for further solvent molecules. (Based on Ref. [96].)

2.1.5 Mass Transport

Mass transport of lithium ions during operation can be done by (1) convection and stirring,
(2) migration in an electric field, and (3) diffusion in a concentration gradient [79, 81]. Convection,
which describes fluid flow, is small for Li-ion batteries due to small pore sizes of the electrodes and
can therefore be neglected [74, 101]. Electric fields are small in the free electrolyte and ion migration
is often prevented by solvate molecules covering the lithium ions [75]. Therefore, diffusion is the most
important of the three processes and typically dominates the mass transport in batteries [75, 81]. Ion
diffusion happens in the free electrolyte, within the porous electrode (both liquid phase) and inside
the active material (solid phase or solid state [68]) [75, 102], and can be mathematically described by
Fick’s first law of diffusion [79, 103]:

Ji=—D;-Ve; , (2.10)

with 3, being the diffusion flux density pointing in the direction of decreasing concentration, D, the

diffusion coefficient, and Ve¢; the concentration gradient. Under transient conditions, the
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2.1 Impedance-based Description of Battery Dynamics

concentration distribution not only depends on the coordinates but also on time [79]. The rate of

change in concentration over time is defined by Fick’s second law of diffusion [81, 103]:

%C; =V (D, Ve,) . (2.11)

Equation (2.11) is valid for both the liquid and the solid phase, while ¢, represents the lithium-ion

concentration in the electrolyte and the lithium concentration in the solid active material [101].

The diffusion in Li-ion batteries can be characterized by the so-called Warburg impedance named
after its founder E. Warburg [104], which relates the diffusion overpotential caused by a concentration
gradient to the diffusion flux [105]. Two different Warburg impedances relevant for Li-ion batteries
can be calculated by solving Fick’s second law of diffusion given by Eq. (2.11) for different boundary
conditions [85, 105]:

(1) The finite length Warburg (FLW) impedance characterizes the frequency dispersion for one-
dimensional diffusion through a finite length layer with an ideal reservoir with fixed ion

concentration ¢; at one interface [105, 106]. The FLW is given by

R -
Zyw,, = j_ioq_tanh(w/joﬂ) , (2.12)

where 7 = {?/D, is the diffusion time constant calculated from the limited diffusion length [, and the

diffusion coefficient D;, and Rp, the diffusion resistance for limZy, ~ [85, 87, 106]. For Li-ion
w—0 FL

batteries, the FLW element can be used to describe the diffusion impedance from a thin electrode

into the free electrolyte representing an ideal Li+ reservoir [75, 85].

(2) The finite space Warburg (FSW) impedance characterizes the frequency dispersion for one-
dimensional diffusion through a finite length layer with zero flux at one interface, which is

equivalent with a non-permeable or reflective wall [85, 87, 105]. The FSW is given by
T
Z =————coth(,/j
WFS CDO\/juJ—TCO ( juﬂ—) 9 (213)

where Cpy is the diffusion capacitance, which is linked to the diffusion resistance R via the diffusion
time constant 7 = Rp,,Cp, [85, 87], and }}E%ZWFS =17/(8jwCpy) = Rpy/3 [105]. For Li-ion batteries,
the FSW element can be used to describe the solid state diffusion of lithium ions towards the center

of large electrode particles having a limited diffusion path [85].

In previously published works such as [107, 108], the finite space Warburg impedance is used to
summarize diffusion characteristics of Li-ion batteries in one element highlighting that kinetics are
limited by solid state diffusion [109]. However, there are also studies reported in literature such as
[74, 110, 111], which use the finite length Warburg impedance for describing overall diffusion

dominated by ion diffusion in the free electrolyte and the electrode pores.
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2 Fundamentals on Lithium-ion Battery Dynamics

2.2 Battery Impedance Characterization Methods

Determining the battery impedance is essential to identify dynamic battery processes as presented in
Section 2.1 and to map them to an impedance-based battery model such as given by Figure 5.
Although there exist many different battery impedance and resistance measurement techniques, they
fall into two main categories: (1) Large signal impedance measurements by current pulses in the time
domain and (2) small signal impedance measurements by Electrochemical Impedance Spectroscopy in

the frequency domain [39, 112].

2.2.1 Time Domain: DC Current Pulse Method

DC current pulses are often applied for a straightforward estimation of the battery resistance [113-
117]. Tt involves the excitation of the battery by a sharp large DC current pulse while monitoring the
resulting transient cell voltage response. This allows for the calculation of an instantaneous, so-called

“DC resistance” after the time interval At defined by

AV

= 2.14
DC,At Al ’ ( )

where AV is the cell voltage difference and AI the current difference, both measured after the time
At elapsed since switching on the current pulse [113, 114]. A generic current pulse and the
corresponding voltage response of the cell are given by Figure 9a, neglecting inductive cell effects,
which will be discussed in Chapter 4. During the rising and falling edge of the pulse, the cell voltage
follows the current in an instant showing an ohmic behavior. As indicated in Figure 9a, the cell’s
ohmic resistance R can be directly determined right after the rising edge using Eq. (2.14). After the
current pulse has settled, the electrochemical overpotentials due to SEI, charge transfer and diffusion
build up and also contribute to Rpc oy The most important pulse parameters are the step height
AT, which can reach high C-rates [114], and the time interval At, which is set to 10 s in many studies
[117, 118] to address the corresponding time constants of the aforementioned overpotentials (see
Figure 4). Other pulse parameters such as pulse direction, pulse shape, and rise and fall time have
been reported to be negligible when determining Rpc A, for short times At < 1's [113], but may play

a role for longer time intervals due to electrode potential differences [114].

Current pulse methods are typically used for battery series resistance estimation, offering a fast,
direct, and model-free measurement approach [115, 116]. Furthermore, also a model-based approach
can be used to identify cell model parameters by matching the model to the cell’s transient voltage
response [114]. However, estimation results may be inaccurate for fast-switching currents pulses due
to noisy measurements [116] and the overlapping of different dynamic cell contributions in the pulse
response, making their separation unfeasible [114, 119]. For a more distinct separation of fast battery

dynamics such as SEI and charge transfer, EIS can be applied as presented in the following.
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Figure 9: (a) Current pulse method and extraction of selected resistance values. (b) Electrochemical
Impedance Spectroscopy with time domain signals (upper part) and resulting impedance locus drawn
as Nyquist plot. The battery dynamics as described in Section 2.1 as well as the model elements of
Figure 5 can be mapped to specific parts as depicted in the Nyquist plot. (Based on Refs. [112, 118].)

2.2.2 Frequency Domain: Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy is a non-invasive test method for impedance analysis at
multiple frequencies. In recent years, EIS has become one of the most important characterization
methods for electrochemical systems such as batteries or fuel cells [120]. The technique involves the
periodic small signal excitation of the battery and measuring its response for determining the complex-
valued battery impedance versus frequency given by

V(i) _ F{o(0)}(iw)
I(jw) — F{i(t)}(jw)

where PR and J are the real and imaginary part operators, respectively. Sinusoidal current and voltage

Z(jw) = |Z(jw)|e’* ) = R{Z (jw)} + j - IH{Z(jw)} = (2.15)

signals are often used for periodic excitation, though other waveforms such as rectangular, multi-sine,
or random noise signals are possible [112]. Impedance spectra can also be acquired by time domain
measurements using step signals and transform the measurement results into the frequency domain

[120]. These and other excitation options will be presented in Section 3.2.1.

For sinusoidal signals as illustrated in Figure 9b, the complex-valued impedance defined by Eq. (2.15)
can be further expressed by the amplitude relationship between voltage ¥ and current ; and their

phase shift Ay for a certain angular frequency wy:
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2 Fundamentals on Lithium-ion Battery Dynamics

Z(jwy) = |Z(juwg)|ei00re = Zedwoleneil (2.16)
(3

The excitation can be either voltage (potentiostatic mode, PEIS) or current (galvanostatic mode,
GEIS), though the galvanostatic mode is preferred for batteries to prevent SOC drift during
measurements [112]. The resulting impedance locus is typically drawn in a Nyquist plot, where the
negative imaginary part of the impedance is plotted versus the real part as depicted in the lower part
of Figure 9b. This allows for assigning various dynamic battery processes to certain parts of the
impedance curve as marked in Figure 9b. Moreover, the impedance-based model elements of Figure 5
can be traced in the impedance curve and values for the circuit parameters can be obtained by the
usage of curve fitting algorithms such as complex nonlinear least squares [111]. A set of basic electrical
circuit elements and their impedance curves in the Nyquist plot are shown in Figure 10. A simple

ohmic resistor can be read out on the real axis of the Nyquist plot, whereas pure capacitive or
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Figure 10: Impedance locus of commonly used model elements such as resistor (a), capacitor (b),
inductor (c), parallel RC and ZARC element (d), finite length Warburg element (e), and finite space
Warburg element (f) and extraction of certain model parameters. (Based on Refs. [85, 121].)

inductive elements appear as straight lines on the imaginary axis as visible in Figure 10a—c. In Figure
10d, the generic impedance curve of a parallel RC-circuit is depicted, which spans a semicircle in the
upper half-plane of the Nyquist plot and reaches an impedance of zero for very high frequencies. In
electrochemistry, impedance semicircles are often shifted as marked by the dashed green curve in
Figure 10d. The shift is caused by frequency dispersion, meaning that the relaxation time constant is

not single-valued but distributed around a mean value [87], which was proven by Ref. [105]. This can
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2.2 Battery Impedance Characterization Methods

be attributed mainly to the spatial extension of the liquid/ solid phase boundary for porous electrodes

and rough surfaces [85].

Modeling a shifted semicircle is generally approached by a CPE and a resistor (R) in parallel, referred
to as ZARC-element, which has the expression [85]

1
ZZARC =R || ZCPE =R || A ) (2-17)

o(Jw)™
with A, being a capacitance parameter and the exponent n € [—1;1]. Thereby, the CPE can be seen
as a generalized impedance element since different values for n resemble resistive (n = 0), capacitive
(n = 1), and inductive (n = —1) nature as well as Warburg characteristics (n = 3). In Figure 10e and
Figure 10f, the impedance locus of the two Warburg elements (FLW, FSW) presented in Section 2.1.5
are depicted, which follow a constant slope of 45 degrees and, for low frequencies, approach resistive

or capacitive behavior in case of the finite length or finite space Warburg element, respectively.

Using the presented basic electrical circuit elements, physically meaningful battery models can be
designed and parametrized by EIS measurements. Beside the presented model of Figure 5, two other
models are frequently used, which are depicted in Figure 11. The model shown in Figure 11a is based
on the well-known Randles equivalent circuit [122], which involves a Warburg element contributing
to the particle surface impedance mainly due to solid state diffusion [85]. The other frequently used
model given in Figure 11b is closely related to the model of Figure 5 and replaces the capacitors by

CPEs, accounting for the aforementioned frequency dispersion for rough and porous electrodes [85].

Rsei R,;t ZW Rsei Rct

H W
W
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Figure 11: Frequently used impedance-based models for EIS analysis beside the model given in
Figure 5. (Based on Ref. [83].)

As mentioned in Section 2.2.1, EIS is preferred for a detailed characterization of fast cell dynamics
such as SEI and charge transfer because high slew rate current pulses and limited sampling rates lead
to noisy measurement results [118, 120]. In contrast, slower cell dynamics like diffusion demand very
long-lasting EIS measurements, which are susceptible to distortions and noise. Therefore, it is reported
that measurement data quality for low frequencies (f < 10 Hz) is typically better when obtained from
pulse methods rather than from EIS because long relaxation times are tracked more accurately [118,
120]. Pulse methods are also advantageous because signal generation is relatively simple and can be
either active by using dedicated hardware or simply passive by reusing existing signals such as EV
drive currents [116]. On the other hand, EIS measurements at single frequencies are very robust
against disturbances, which will be shown in Section 3.2.3. By now, EIS is mostly used in the

laboratory environment but gains increasing interest in the field of BMS for battery state estimation.
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Automotive BMSs are inevitable to keep each Li-ion cell of an HV traction battery within its safe
operating area [123]. This chapter proposes online EIS and PLC for the smart management of battery
systems and lists opportunities and challenges regarding its implementation in an EV. First, an
overview of typical BMS topologies is given in Section 3.1. Subsequently, Section 3.2 discusses
important implementation aspects of online EIS for traction batteries such as architecture, excitation
options, and possible interference scenarios. Finally, existing and novel communications concepts for

BMSs are introduced in Section 3.3 including a summary of state-of-the-art PLC technologies.

3.1 BMS Functionality and Topologies

Although there is no consensus about the definition of the term “BMS”, the wide view is that BMS
is any electrical or mechanical system that manages battery cells, modules, or packs to optimize
performance and ensure safety and reliability [123]. The functionality includes (1) data acquisition,
(2) safety protection, (3) battery state prediction, (4) charge/ discharge and equalization management,

(5) communications, and (6) thermal management [18, 20].

The monitoring of individual cell voltages, temperatures, and battery pack current is a typical feature
of an automotive BMS in order to forecast the battery’s SOC and SOH [18, 124]. EV traction batteries
consist of hundreds of single Li-ion cells, which require many measurement channels. Depending on
the degree of modularity, the BMS can be realized by different topologies summarized in Figure 12.
A centralized BMS (Figure 12a) is based on a single, monolithic system that provides measurement
channels for each cell of the pack. It is beneficial in terms of compactness as it can be replaced as a
whole in case of failures, and provides the lowest cost for very large volumes above ten thousand parts
[66, 123]. However, the central BMU also has to support the high voltage of the battery pack, which
leads to increased creepage and clearance distances [66]. State-of-the-art automotive BMSs often apply
a modularized or semi-distributed topology as shown in Figure 12b, where a fixed number of cells
forming a module is controlled by a slave BMS unit (also called module controller) containing multiple
CMCs [8, 10, 123]. Acquired measurement data are sent to the central master BMU for further
processing, though the master BMU could also be integrated in one of the module controllers [123].
The modularized BMS is more extendable than the centralized BMS and allows for more flexible
scaling of individual modules with different size and form factors. Also wiring effort and high voltage

requirements are eased, although this comes along with higher cost [123].

The sensing circuits of both centralized and modularized BMS architectures are typically not located
directly next to the intended Li-ion cell [123]. This implies long measurement leads between individual
battery cells and sensing circuits, which can easily pick up electromagnetic disturbances [23]. In the
worst case, measurement data are only slightly distorted so that the BMU does not detect the false
measurement but performs wrong state estimations [26]. The fully-distributed topology (Figure 12c)
mitigates wiring effort and EMI through dedicated CMCs, which are integrated in the modules or

directly placed on the cells [66, 123]. Instead of multiple measurement and control leads susceptible
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3.2 Online Electrochemical Impedance Spectroscopy

to ohmic voltage drops and external interferences, only a communications link is needed between the
CMCs and the central BMU. This enables low-noise voltage and temperature measurements on cell
level with high resolution, offering the highest degree of information among the three BMS topologies.
However, the fully-distributed BMS also significantly increases the overall hardware amount,

maintenance effort, and cost.

Current battery management systems still face multiple challenges. SOC estimation is traditionally
realized by Coulomb counting [125] or OCV modeling [126]. As Coulomb counting suffers from error
accumulation [6] and OCV tracking in real-time is not feasible during EV operation, advanced SOC
tracking uses a combination of both approaches including an impedance-based battery model to
estimate the OCV during operation [12]. However, limited measurement quality and quantity,
especially in modularized or centralized BMSs, lead to uncertainty of the battery model parameters
[20]. Also real-time SOH estimation is an open topic in BMS research since current SOH estimation
methods such as durability- and battery-model-based methods depend on the estimation quality of
the model parameters [10, 12]. Beyond, SOC and SOH estimations are often performed on pack level
(macro-scale) rather than on cell level (micro-scale), leaving a significant estimation uncertainty on
cell level [8]. As mentioned in the introduction, also cell temperature tracking and hotspot detection
in real-time is quite challenging due to the limited number of temperature sensors placed on the
modules. For these reasons, BMS research increasingly seeks for novel detection methods of additional
cell parameters. Among them, the internal resistance of the battery, or more generalized, its

impedance is considered a promising cell parameter.
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Figure 12: Different BMS architectures outlined on an exemplary small battery stack. Centralized
(a), modularized/ semi-distributed (b), and fully-distributed (c) topology. (Based on Refs. [66, 123].)

3.2 Online Electrochemical Impedance Spectroscopy

The battery’s impedance over frequency is a promising quantity for cell state estimation since it has
been shown to be dependent on SOC [38-41], SOH [40, 42-44], and temperature [38, 39, 45-47].
Sensorless temperature detection could be done with EIS measurements around the intercept
frequency of the impedance curve where the imaginary part approaches zero [47], or at higher
frequencies [27, 45]. Knowledge of the impedance is also advantageous for battery model

parametrization [20]. Model parameters could be updated online and used for real-time state
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estimation [127, 128]. The SOH of the battery, for example, can be predicted by the change in ohmic
resistance, charge transfer resistance, and Warburg impedance [129]. Furthermore, SOC prediction
can be done directly by correlating impedance measurements with the SOC [42] or using a model-

based approach parametrized by EIS measurements [41, 43].

In state-of-the-art BMSs, however, usually only the overall DC resistance of the battery is estimated
by current pulse methods for the sake of power prediction or fault diagnosis [10, 127]. As described in
Section 2.2.1, this method lacks a good separation of battery dynamic effects according to their
relaxation times and is also influenced by the nonlinear charge transfer function characterized by the
Butler-Volmer equation (2.8). In contrast, EIS performs impedance measurements at multiple
frequencies around a defined working point, which can be adjusted by the superimposed DC load
current [112, 127]. This way, EIS can accurately identify and separate dynamic battery effects, which
makes it suitable for online battery model parameterization and state estimation [84, 112, 114].
However, the integration of online EIS as additional functionality into automotive BMSs faces several
challenges, among them the biggest is to achieve reliable measurements while keeping implementation

cost at a minimum [112]. In the following, different realization options and challenges are discussed.

3.2.1 Excitation Options for Online Electrochemical Impedance Spectroscopy

Valid EIS measurements need to fulfill the criteria of linearity, causality, and stationarity [84, 130],
which is especially challenging in the highly dynamic and noisy automotive environment [27].
Electrochemical systems are inherently nonlinear due to the nonlinear current-voltage relationship of
the charge transfer reaction (Eq. (2.8)) and diffusion processes, and may generate higher harmonics
during excitation with a single frequency. However, sufficiently small perturbation ensures the system
to remain in a pseudolinear region, keeping higher harmonic content in the system response low [84].
On the other hand, a tradeoff has to be found between linearity and a sufficiently high signal-to-noise
ratio (SNR), where the latter demands for high excitation amplitudes [85]. For Li-ion batteries, the
voltage response should not exceed 10 mV during a single-frequency excitation to ensure

pseudolinearity [85].

Laboratory EIS measurements are commonly performed using the single-sine or also called frequency-
sweep method, in which single frequency points are evaluated sequentially [84, 131, 132]. This offers
good noise rejection, however, also leads to time-consuming measurements [37]. Especially at low
frequencies in the millihertz range, this can cause non-steady-state behavior during measurements
such as noticeable changes in cell voltage and SOC, which may violate the stationarity criterion [37,
131]. The aspect of stationarity is particularly crucial for EVs when considering large load currents
present on the power lines. In this case, also the causality criterion may be violated because a change
in the cell voltage may not be linked to the EIS excitation itself, but arises from an external source

[118] such as a Joule heating due to high load currents and ohmic losses [133].

For the stated reasons, the majority of online EIS realizations apply broadband signals, where multiple
frequencies are measured simultaneously to reduce the measurement time [84]. Denoted as time-
domain-based EIS [134], the technique applies either stochastic, transient, or multi-frequency periodic
signals for cell perturbation, containing rich harmonic content [135]. Stochastic signals have been used

in the form of pseudo-random bit sequences (PRBSs) [135, 136] and random noise signals [37, 137].
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As PBRSs are intended for linear system identification [138], ternary signals have been introduced to
characterize nonlinear systems such as Li-ion cells, eliminating errors coming from even-order
nonlinear distortions [139, 140]. Also transient signals such as current or voltage steps and pulses have
been proposed for determining the impedance spectrum [120, 131, 141]. Since large current steps or
pulses may change the operating point of the electrochemical system, multi-sine excitation has been
proposed, combining the advantages of single-sine (accuracy, defined operating point) and broadband
excitation (time efficiency) [37, 132, 134, 142, 143].

All time-domain-based EIS techniques involve the transformation of the measured voltage and current
signals into the frequency domain [131]. Fourier transform or Fast Fourier transform (FFT) [134, 144,
145] and Laplace transform [141, 145] are frequently used mathematical methods for data processing.
However, these methods inherently follow the frequency-time uncertainty principle, which means that
frequency and time resolution of non-stationary signals are inverse proportional [131, 132]. To
overcome this tradeoff, alternative techniques such as the Wavelet transform have been proposed,

enabling both high time and frequency resolution [131, 146].

3.2.2 Implementation Options for Online Electrochemical Impedance

Spectroscopy

In general, there are two implementation approaches for online EIS: (1) Active and (2) passive [84,
127]. In the first approach, either (la) existing infrastructure or (1b) dedicated hardware is used to
generate the excitation signal for EIS. The former (1a) mainly implies the reuse of existing switched-
mode power supplies [112], involving battery chargers [34, 143], power converters [147, 148], motor
controllers [37], or battery balancing units [33, 149] to generate periodic or stochastic excitation
signals. The latter approach (1b) considers dedicated hardware for online EIS, where mostly random
noise signals [137] or PRBSs [135, 136, 140] are applied because their hardware-based generation is
relatively simple compared to continuous waveforms [150]. To avoid SOC drift during EIS, the
galvanostatic approach is mostly used allowing for accurate charge balancing such as in Refs. [27, 34,
37, 127, 132]. On the other hand, passive EIS (2) exploits existing load currents present on the EV
power lines for impedance measurements [128, 151-153]. Accordingly, passive EIS works without
additional active signal generation and uses driving current profiles as signal source, which can be
categorized as stochastic signals [153]. In comparison, active EIS is more cost-intensive than passive
EIS due to hardware overhead, but excitation amplitudes and measurement frequencies can be set
explicitly as desired. In contrast, passive EIS depends on the load current dynamics, which are mainly
determined by the EV’s powertrain and might contain only specific frequency components with

unpredictable amplitudes [127, 154].

For both active and passive EIS, the voltage response measurement should be as close as possible to
the cell to mitigate distortions [23] and ohmic voltage drops [155]. As state-of-the-art BMSs already
involve the measurement of each individual cell voltage [11], existing CMCs could be reused for voltage

response measurements in both cases [34].

The excitation of active EIS could be either centralized, where the signal is generated once on pack

level [34] or distributed on cell level [8]. On the one hand, the centralized approach benefits from less
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hardware effort, in particular when reusing existing power electronics, but requires overhead for data
synchronization between the centralized current and distributed voltage measurements since non-
synchronized measurements lead to relatively large impedance errors [128]. On the other hand, the
distributed approach demands for significant hardware effort but offers high accuracy while
synchronization is simple when using a monolithic solution for both current and voltage
measurements. Such a monolithic EIS solution is provided by Infineon Technologies AG in the form
of a prototype integrated circuit (IC), which evaluates the cell impedance in a frequency range from
10 Hz to 5 kHz using galvanostatic EIS with sinusoidal or rectangular periodic excitation. Intended
for online EIS application, the IC is directly supplied by a single Li-ion cell and generates the
excitation signal by the periodic on-off switching of a load resistor R; as illustrated in Figure 13a.
Analog-to-digital converters (ADCs) are used for direct voltage acquisition and indirect current acqui-
sition using a shunt resistor Rg. By digital signal processing (DSP), the complex-valued impedance

over frequency is calculated and can be sent to a central BMU by a serial bus communications system.

Due to the passive load excitation technique, the cell is always in the discharge region during the EIS
measurement. Compared to sinusoidal excitation, periodic rectangular excitation has the advantage
of less heat dissipation in the IC because the switching transistor does not need to operate in the
linear region [33]. Also the controlling is simplified as no feedback control loop is needed for the on-off
switching. Moreover, the fundamental amplitude of the periodic square wave with 50% duty cycle is
4/m (2.1 dB) higher than the fundamental amplitude of the periodic sine wave, while the average
discharge current (or DC spectral component) is the same in both cases as visualized in Figure 13b.
The derivation of this relationship can be found in the Appendix. As a consequence, the usage of a
periodic rectangular EIS excitation could increase the SNR in an online application by 2.1 dB. Lower
duty cycles below 50% would further amplify the ratio of fundamental to average current amplitude
as shown in Figure 13b, but the increased peak current would demand a higher maximum current

rating of the excitation circuit, this way increasing the component size.
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Figure 13: Galvanostatic EIS using the prototype IC by Infineon Technologies AG. (a) Excitation
principle using on-off switching of a passive load connected to the battery with its terminal
voltage V,;. (b) Different excitation signals and their spectral components.
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3.2.3 Interference Scenarios during Online Electrochemical Impedance

Spectroscopy

As the ohmic resistance of Li-ion batteries is quite low in the range of tens of milliohms for cylindrical
18650 cells [73] and even lower for high-capacity prismatic cells [156], EIS voltage signals are typically
small and online EIS becomes especially challenging in the noisy environment of electric vehicles.
Interference of EIS measurements can be the result of (1) external disturbances or (2) internal
disturbances. Typical interference scenarios are illustrated in Figure 14a. Power electronic systems
are considered the main source of electromagnetic interference in EVs due to the high speed switching
of power semiconductor devices such as insulated-gate bipolar transistors (IGBTs) [157]. As the power
electronic systems are directly supplied by the battery, they are largely responsible for external
disturbances of online EIS, marked by the red arrows in Figure 14a. However, noise experiments
conducted with the Infineon prototype EIS IC on a cylindrical 18650 Li-ion cell revealed that reliable
EIS results can be obtained even for slightly negative SNR values as shown in Figure 14b [158] by
exploiting narrowband filter structures and FFT processing gain [159]. Other external disturbances
such as PLC indicated by the orange arrow in Figure 14a can also have an impact on EIS

measurements, which will be discussed in detail in Section 5.2.

Internal disturbances have their origin inside the battery pack and can be caused by leakage currents
or crosstalk. As indicated by the blue arrows in Figure 14a, undesired branching of the EIS excitation
current cannot be avoided in a distributed topology because the power line network outside of the
battery pack offers an alternative current path for the local EIS excitation across the DC-link
capacitor. To quantify the significance of the leakage current, EIS measurements were performed on
a Li-ion cell placed in a battery module made of twelve prismatic cells with connected and unconnected
DC-link capacitor [158]. The results depicted in Figure 14c suggest a rather small averaged
measurement deviation of 3.3% for frequencies below the intercept frequency, however, due to the
frequency-dependent impedance of the DC-link capacitor, the leakage current increases with frequency
and the measurement deviation reaches 15.4% for 10 kHz. Since the measured voltage response of the
cell is lower due to the reduced effective excitation current, which, however, cannot be noticed by the
EIS device, the measured impedance tends to be lower than the true impedance as visible in Figure
14c. The leakage current effect could be avoided using a centralized EIS excitation, but it is expected
that leakage currents can be neglected for complete traction batteries because increased ohmic

resistance and wiring inductance make the current path across the DC-link capacitor undesirable.

Other internal disturbances arise from simultaneous EIS measurements of more than one Li-ion cell
in close vicinity, which is known as radiated EMI or cell-to-cell crosstalk interference (green arrows
in Figure 14a) [160]. Crosstalk experiments were conducted by performing EIS measurements
simultaneously on three adjacent Li-ion cells within a battery module made of twelve prismatic cells
as shown in the inset of Figure 14d [158]. The results of Figure 14d exemplify how strongly the EIS
measurement of the middle cell is distorted, when online EIS is performed on the adjacent cells at the
same time. It has been suggested that the crosstalk is caused by inductive coupling among neighboring
cells [160], which is supported by the facts that the measurement error due to the crosstalk increases

with frequency as visible in Figure 14d [158] and that is does not differ between electrically connected
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Figure 14: Interference scenarios during online EIS on single Li-ion cells within a distributed BMS
architecture [158]. (a) Overview of online EIS disturbances within the electric power train. (b) Impact
of additive white Gaussian noise (AWGN), marked by the red arrows in (a).
measurement deviation due to leakage current across the DC-link capacitor, marked by the blue

(¢) Impedance

arrows in (a). (d) Impedance measurement error due to cell-to-cell EMI (crosstalk) in terms of
percentage root mean square error (RMSE), marked by the green errors in (a); for the reference
measurement, only the middle EIS circuit was active, whereas for the broadcast measurement, all
three EIS circuits were active as shown in the inset.

and unconnected cells [160]. Tt has also been shown that the crosstalk linearly increases with the
excitation current and reduces for larger distances between the cells [160]. To avoid crosstalk,
simultaneous EIS measurements should be therefore performed only at distant cells or at different
frequencies. Alternatively, sequential EIS measurements could be an option, though this demands for
more time compared to simultaneous measurements. As crosstalk is a linear [160] and deterministic
[70] phenomenon, another option is to compensate for the crosstalk by including an EMI model in the

EIS measurement algorithm [160].
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3.3 In-Battery Communications Concepts

BMS communications implies internal communication among CMCs and the central BMU as well as
external communication of the BMU with peripheral control units [66, 123]. In this section, existing
and novel concepts for internal BMS communications, also referred to as in-battery communications
[161], are presented. BMS communications needs to fulfill demanding system requirements.
Measurement data of hundreds of single Li-ion cells need to be periodically sent to the BMU with
high accuracy for precise state estimation [162], while update rates of up to 100 samples per second
require real-time communications [66]. The often low-voltage communications system needs to be
galvanically isolated from the high voltage of the power lines for safety purposes [124, 162] and has
to be robust against EMI coming from the EV’s power electronic systems [66, 163]. Eventually, the
power consumption of the communications system should be as low as possible [163] and weight, size,

and cost should be minimized [164].

3.3.1 Wired Communications

Existing automotive BMSs mostly employ a serial communications link for data transmission [66],
whereby the CAN developed by Bosch in the 1980s [165] is widely used as serial bus system isolated
from the rest of the CAN of the EV [124, 163, 166]. As illustrated in Figure 15a, the CAN bus operates
in a master/ slave configuration, where the BMU represents the master and the module controllers
or CMCs — depending on the BMS topology (see Section 3.1) — represent the slave BMS units [161].
The galvanic isolation between high and low voltage is mostly realized by capacitors or transformers
[124]. The high acceptance of the CAN bus arises from its robustness against EMI due to twisted pair
wiring and differential signaling [124, 163], high speed communications up to 1 Mbps enabling near-
real time performance [66], and cost efficiency because only one isolation interface is required per BMS
slave unit [163]. However, the CAN bus requires long wiring throughout the battery pack, which raises
reliability concerns because any damage could lead to an interruption of the entire bus system. Instead

of implementing costly redundant systems, the daisy-chain topology pictured in Figure 15b has been
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Master 3 gi Master | | 3 |
BMU |5 || BMU | |
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[ [ [
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15 15 = Is 5 IS
\“Jr \“Jr \“Jr \“Jr \“Jr \“Jr
HV-— | ‘ | ‘ | ‘ HV-+ HV-— | ‘ | ‘ | ‘ HV+

Figure 15: Wired-communications topologies of automotive BMSs. (a) Common serial bus system
using isolated CAN in master/ slave configuration. (b) Alternative communications approach using
the daisy-chain topology in master/ slave configuration. (Based on Refs. [163, 167, 168].)
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proposed as a more reliable solution compared to conventional serial bus systems [163, 167]. Acting
as a point-to-point bus between two slave BMS units, the communication signal travels only short
distances and is repeated by every slave unit. The daisy-chain topology involves connecting the master
on top (MoT) or on bottom (MoB) of the slave node stack as denoted in Figure 15b. To further
increase the reliability, also a ring topology can be realized by connecting the master to both ends of
the slave node stack [163]. The daisy-chain topology is considered more expensive than the
conventional serial bus system since two costly isolated communications interfaces are required per
slave unit [124, 163]. Still, due to the high reliability, several BMS monitoring ICs are commercially
available that support daisy-chain communications such as the TLE9012AQU by Infineon
Technologies AG [169], the MAX11068 by Maxim Integrated, Corp. [170], the bq76PL536A-Q1 by
Texas Instruments, Corp. [171], and the LTC6803-3 by Analog Devices, Inc. [172].

Any wired communications system still requires a significant amount of wiring harness, which lets
size and weight of the battery pack increase and may also cause reliability issues due to vibrations
and fatigue [173]. Moreover, installation of the wiring harness complicates the battery pack assembly
process and its maintenance, leading to additional cost [161]. To overcome these disadvantages,
alternative communications media are currently under investigation in research and development. In
the following, two novel communications concepts for BMS, namely wireless and power line
communications, are presented. Although optical communications might be another solution for BMS
communications thanks to its advantages of inherent galvanic isolation and EMI robustness [174], it

is not included in this section due to the lack of reported research at this time.

3.3.2 Wireless Communications

Wireless in-battery communications solves the disadvantages of wiring harness, connectors, and
galvanic isolation effort associated with wired communications, and offers the optional integration of
sensors inside the battery cells [8, 175]. Particularly in the context of smart cells and the Internet of
Things (IoT), wireless battery management systems (WBMS) gain increasing attention [176, 177].
Most of the reported WBMS approaches use the industrial, scientific and medical (ISM) 2.4 GHz
band [178, 179], which is compliant with the Institute of Electrical and Electronics Engineers
(IEEE) 802.15.4 standard [180]. Based on this standard, the ZigBee communication protocol was
proposed for a wireless point-to-point communication for WBMS [181, 182]. Beyond, specific
technologies for the ISM 2.4 GHz band have been employed such as wireless fidelity (Wi-Fi) [183] and
Bluetooth Low Energy (BLE) [173]. In contrast, also sub-GHz ISM bands have been used for uplink-
only communication from cell sensors to battery control units to minimize energy consumption, or in
combination with a passive downlink using radio-frequency identification (RFID) technology at
13.56 MHz or with an active downlink using the 433 MHz ISM band [175, 184]. The average power
consumption for an IEEE 802.15.4-complient transceiver during data transmission was found to range

from 26.8 to 54.0 mW, depending on the signal power level [179].

For wireless channel characterization, a battery emulator made of a metallic box was presented in
Ref. [185], which emulates the free space within a battery pack for electromagnetic wave propagation.
Different antenna types (wired helix, planar, ceramic/chip etc.) and frequency bands between

100 MHz and 3 GHz were analyzed in terms of channel transfer characteristics. As the metallic box
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environment acts as a resonant cavity, a large amount of transmission modes was observed, leading
to many resonant frequencies in the channel transfer function [185]. Further channel characterizations
reported in Ref. [186] yielded increasing channel attenuation for larger distances between antennas as
well as for a larger number of antennas. Finally, frequencies between 2.2 GHz and 2.6 GHz were found
to be advantageous for a high number of antennas due to lower transmission power and reduced

antenna size and cost [161, 186].

Some semiconductor companies already pronounced concepts or demos for wireless BMS, namely
Analog Devices, Inc. [187], Maxim Integrated, Corp. [188], or even offer commercially available
products such as the CC2662R-Q1 by Texas Instruments, Corp. [189]. However, there is still a need
for optimization regarding wireless in-battery communications. On the one hand, it is still a
challenging task to trade off a sufficient signal power level to avoid EMI caused by the EV’s noisy
environment [190] against minimum battery energy consumption. On the other hand, the
electromagnetic compatibility (EMC) of wireless communications has to be assured to be compliant
with automotive EMC regulations [178]. Communications coverage of all cells within the battery pack
and reliability are still open topics [8]. Since there are no standards defining physical dimensions of
automotive battery packs, their geometries and sizes differ largely, from which it is expected to
significantly alter the wireless channel transfer characteristics [161]. However, the invariant channel
topology of an assembled battery pack with fixed antenna locations might ease the channel estimation

during operation.
3.3.3 Power Line Communications

PLC is considered another promising communications approach for automotive BMS as it combines
several advantages of wired and wireless communications. Similarly to wireless communications, PLC
comes along with the advantages of reduced wiring effort and weight [50, 59], less mechanical failure
potential, eased maintenance, and the possibility of cell sensor integration without extra wiring [31].
In addition to these benefits, PLC still employs a wired communication utilizing the existing power
line infrastructure, which makes it more cost-efficient [52] and more secure [31, 53] compared to

wireless communications.

At present, PLC is widely employed in smart electricity grids [55] and smart home applications [52]
with different standards available. Its spans from low-speed communications such as ripple control in
electricity grids [50] to high speed communications such as power quality monitoring in buildings [52].

PLC technologies can be classified according to Refs. [50, 191] as follows.

(1) Ultra-Narrowband (UNB): Technologies that operate in the Ultra-Low Frequency (0.3-3 kHz)
band or in the upper part of the Super-Low Frequency (30-300 Hz) band. UNB-PLC systems
work at low data rates in the range of less than 100 bps but can convey information over tens

to hundreds of kilometers.

(2) Narrowband (NB): Technologies that operate in the Very-Low Frequency, Low-Frequency,
and Medium-Frequency bands (3-500 kHz). NB-PLC systems work at either low data rates
of few kbps using single carrier technologies or at higher data rates up to 500 kbps using

multicarrier technologies.
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(3) Broadband (BB): Technologies that operate in the High-Frequency (2-30 MHz) and Very-
High Frequency (30-300 MHz) bands. BB-PLC systems work at high data rates ranging from
several Mbps to several hundreds of Mbps.

Standardization of PLC took a long journey [192], but there are regulations available such as
standardization of NB-PLC for smart grid applications according to the Comité Européen de
Normalisation Electrotechnique (CENELEC) standard EN 50065-1 [193]. Further initiatives, namely
PoweRline Intelligent Metering Evolution (PRIME) [194] and G3-PLC [195] have proposed
specifications for NB-PLC, which today provide the most commonly used international and open
technology standards for advanced metering and grid control [191]. Considering BB-PLC, two
worldwide standards, namely ITU-T G.hn [196] and IEEE 1901 [197], have been defined targeting in-
home Local Area Networks (LANs) and internet access [192, 198]. Also in case of BB-PLC, several
industry alliances were formed in the last decade proposing their own technology specifications, among
them the Open PLC European Research Alliance (OPERA), the HomePlug Powerline Alliance, the
Universal Powerline Association (UPA), the High Definition Power Line Communication (HD-PLC)
Alliance, and The HomeGrid Forum [52, 191]. Due to the large number of specifications, IEEE 1901
has been defined to provide coexistence and interoperability between different PLC standards [197].

For further details about the latest standardization developments, the reader is referred to Ref. [191].

In contrast to PLC for smart grid and smart buildings, PLC for in-vehicle communications is
considered only by a few research groups and no dedicated technology has been developed yet [56].
Reported literature about in-vehicle PLC can be divided into (1) traditional 12 V low voltage (LV)
PLC for communication between EV peripherals such as dashboard and lights [56], and (2) PLC for
in-battery communications denoted as “HV PLC” in this work, which was originally proposed in
Ref. [49]. In fact, most of the reported works deal with traditional LV PLC such as Refs. [53, 56, 199,
200], also known as DC bus technology. However, LV PLC differs largely from HV PLC for in-battery
communications as can be seen from Figure 16. In contrast to LV PLC, the topology of HV PLC is
structured as a daisy-chain, where all PLC nodes are connected in series. Consequently, specific design
aspects such as a missing common ground (GND) reference and low PLC access impedances require
a new design concept for HV PLC that will be presented in Chapter 5. Because the access impedance
of HV PLC is predominantly defined by the Li-ion cell impedance at high frequencies in the megahertz

range, identifying HF characteristics of Li-ion cells is inevitable and will be addressed in Chapter 4.

PLC PLC PLC
- - Modem 1 Modem 2 Modem 3
1L 1 1
- = - - 1T I I I
> PLC PLC PLC
S Modem 1 Modem 2 Modem 3 ol ol o
o e | | |
- 1 1 1 - —_ ‘ ‘ ‘ N
Common GND reference ‘ Ref. 1 ‘ Ref. 2 ‘ Ref. 3
-- >
HV

(a) (b)

Figure 16: Different topologies for in-vehicle PLC. (a) Traditional DC bus technology used for LV
PLC exhibiting one global ground reference. (b) Concept of daisy-chain HV PLC intended for in-
battery communications exhibiting as many local ground references as PLC modems.
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As more and more dynamic battery applications start emerging such as fast charging [201], wireless
power transfer [202], and power line communications [57], the high frequency behavior of Li-ion
batteries receives growing interest. Important tasks include the prediction of battery performance
degradation due to fast-switching power electronics [203] or verification of the electromagnetic
compatibility of high voltage traction batteries [204]. Also PLC system design requires profound
knowledge about the HF characteristics of Li-ion cells because PLC frequencies are allocated in the
megahertz range to fulfill high requirements on data rate, robustness, and electromagnetic
compatibility as will be pointed out in Chapter 5. Thereby, the HF cell impedance is the most
important measure to examine the PLC system performance [57]. However, battery impedance
characterization is typically motivated by electrochemical process identification, and FEIS
measurements therefore focus on the low frequency region below 10 kHz [68]. Due to this fact as well
as EIS equipment limitations at high frequencies, there is only little work available investigating the
HF properties of Li-ion batteries. For this reason, the often visible characteristic bend of the
impedance curve in the Nyquist plot as shown in Figure 17 at frequencies above the intercept
frequency is not fully understood. The observable increase in resistance has been interpreted in
different ways in literature, for example, by the skin effect [74, 75], by the interaction between
inductive and resistive losses in the jelly roll [69, 205], or simply by measurement errors due to
parasitic inductances [112]. In the latter case, the bending is often ignored and ideal inductive behavior

is assumed [206] as marked by the dashed red line in Figure 17.

The goals of this chapter are therefore to clarify the electrochemical or electrophysical effect
responsible for the impedance curve bending, and also to model the overall HF behavior of Li-ion

batteries up to 300 MHz, covering all frequencies of interest of the above-mentioned applications.

_Ti\{Z} EIS frequencies (covered by Chapter 2)

‘ > %{2)
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i (covered by Chapter 4)

._>\~>1O kHz

L
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Figure 17: Typical impedance locus of a Li-ion cell determined by EIS measurements, focusing on
electrochemical process identification. Frequencies larger than 10 kHz are often not covered and the
visible characteristic resistance increase at higher frequencies is either ignored or attributed to various
electrophysical effects. The further impedance locus will therefore be investigated in this chapter.
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Section 4.1 introduces a novel methodology for battery impedance measurements, which overcomes
frequency and accuracy restrictions of existing measurement techniques. In Section 4.2, the
measurement methodology is applied to a cylindrical Li-ion cell for HF impedance characterization.
HF-relevant electrochemical and electrophysical loss processes as summarized in Figure 4 are explicitly
investigated and modeled as equivalent electrical circuit (EEC). Dependencies of the HF impedance
behavior on cell design and cell state are investigated in Section 4.3 on eight different cylindrical Li-

ion cells.

4.1 High Frequency Impedance Characterization Methodology

In this sections, a measurement methodology is developed for battery impedance characterization for
high frequencies. Several circumstances make the battery impedance characterization of Li-ion
batteries for high frequencies challenging. First, the low impedance of Li-ion batteries causes
significant reflections of electromagnetic waves, which can lead to impedance measurement errors at
high frequencies without proper calibration [207]. Secondly, because wavelengths shorten towards the
dimensions of the battery, the physical length of the cell cannot be neglected anymore and the
connection between the cell and the measurement equipment needs to be designed explicitly to remove
systematic errors caused by connection impedances as well as inductive and capacitive coupling effects
[207]. Both aspects are typically not covered by conventional EIS measurement equipment and are
therefore addressed by the following two sections. Section 4.1.1 presents the development of the
impedance measurement method, while Section 4.1.2 extends the method to a more generalized

methodology for different battery types and more flexible calibration and compensation procedures.

4.1.1 A Novel Method for High Frequency Battery Impedance Measurements

This section introduces the paper A Nowvel Method for High Frequency Battery Impedance

Measurements and is based on the paper without further reference.

The goal of this paper was to develop a measurement method for low impedances, which can deal
with signal reflections, offers adequate calibration and de-embedding procedures, and is not restricted
in high frequency. The resulting method employs a vector network analyzer (VNA) as primary
measurement device, which measures the scattering parameters (S-parameters) of a two-port device
for high frequencies. Different VNA techniques are available for impedance measurements, namely
the reflect, the series-through, and the shunt-through method, all of which are optimized for different
impedance value ranges [208]. Accordingly, the shunt-through method was used in the presented paper
as it is optimized for low impedances [155]. For the impedance measurements, an ICR18650-26J Li-
ion cell by Samsung SDI Co., Ltd. (Yongin, South Korea) [209] was used. The connection between
cell and the coaxial-connector-based VNA measurement equipment was realized by a custom-built
printed circuit board (PCB) as depicted in Figure 18, whereon the battery was mounted by soldering
using a specific solder with low liquidus temperature to prevent the cell from harmful heating. Both
VNA ports are connected to the same battery terminal as required by the shunt-through method. The
current loop is closed by the bottom GND layer of the PCB. The measurement reference plane of the

VNA was shifted by calibration and compensation procedures to plane B as indicated in Figure 18.
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Figure 18: Principle structure of the battery PCB fixture used for the HF impedance measurements.
The battery cell is mounted on the fixture by soldering. Depending on the reference plane used for
the VNA measurement, all electrical components on the plane’s left side are measured.

Impedance measurements conducted at reference plane B include all electrical components that are
on the left side of the plane, including PCB trace impedances and electromagnetic coupling effects.
Since the battery is only a part of this impedance, it was mathematically extracted from the
measurement by de-embedding procedures. A reference measurement of a solid copper (Cu) cylinder
combined with a three-dimensional (3-D) electromagnetic (EM) model were used for de-embedding of
the cell impedance and for validation of the measurement method. The measured battery impedance
of the ICR18650-26J is very low-ohmic for low frequencies (40 mQ2 for 1 kHz), yet increases largely
for high frequencies (40 Q for 300 MHz) mostly due to the inductance of the cell.

Authors contribution Development of the measurement method and execution of the experiments
were performed by Thomas F. Landinger. Data processing and simulations were also conducted by
Thomas F. Landinger. The printed circuit board was conceptualized by Guenter Schwarzberger and
Thomas F. Landinger and was designed by Guenter Schwarzberger. Andreas Jossen supervised this
work. The original draft was written by Thomas F. Landinger and was reviewed and edited by all

authors.
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Abstract—Electrochemical Impedance Spectroscopy (EIS)
is widely used to measure the impedance of lithium-ion (Li-ion)
battery cells. The EIS focuses on frequencies from millihertz to
kilohertz, since the electrochemical processes do not have
shorter time constants. To investigate high frequency
phenomena as the electromagnetic compatibility (EMC) of an
automotive traction battery, impedance measurements also in
the higher megahertz range are necessary. State-of-the-art EIS
measurement devices for batteries do not meet the
requirements of this application, as they can cause
electromagnetic wave reflections and do not provide sufficient
calibration techniques. In this paper, we present a method to
determine the battery impedance for a wide frequency range
from 1 kHz to 300 MHz. Using a vector network analyzer, two-
port scattering parameters (S-parameters) of a 18650 Li-ion
cylindrical cell are measured with the shunt-through method.
The resulting cell impedance is 40 mQ at 1 kHz and increases
to 40 Q at 300 MHz mainly due to the external inductance of
the cell.

Keywords—automotive traction battery, electrochemical
impedance spectroscopy, 18650 cell, high frequency impedance,
shunt-through method, partial inductance.

1. INTRODUCTION

Lithium-ion (Li-ion) battery cells are the state-of-the-art
technology for electric vehicle (EV) traction battery systems.
They offer the highest energy density among all
commercially available battery types. The characterization of
the dynamic behavior of a Li-ion cell is essential for
designing the traction battery system. One frequently used
technique for the characterization is the Electrochemical
Impedance Spectroscopy (EIS). Using EIS, the cell is excited
by single or multi tones and its response is measured. The
magnitude and phase ratio of the force and sense signals give
the complex impedance of the cell versus frequency [1].
Traditionally, EIS is performed up to several tens of kHz,
since the chemical processes do not occur faster [2].
However, various research topics require battery impedance
characterization also for high frequencies (HF) as far as
several hundreds of MHz. For instance, knowledge about the
battery’s HF properties is necessary to determine the
electromagnetic compatibility (EMC) of the high voltage
traction battery [3] as well as predicting the influence of the
power inverter’s current ripples on the battery performance
degradation [4]. Another benefit is to evaluate the battery’s
capability for power line communications (PLC), wherein
the battery serves as a transmission channel and data are sent
over the high voltage power line [5, 6].

For measuring the HF impedance of a battery cell, the
traditional EIS is no longer sufficient since there is a huge
impedance mismatch between source, load and characteristic
line impedances. In the galvanostatic mode, for example, the
EIS force and sense ports are high ohmic, whereas the
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Technical University of Munich (TUM)
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battery cell is low ohmic. This leads to multiple reflections,
which may distort the measurement. Additionally,
conventional cables are used that are mechanically not fixed.
This leads to scattered reflections as the characteristic line
impedance varies along the cables. In addition, inductive
coupling between force and sense leads is a problem when
using conventional cables. Not every EIS measurement
device offers calibration techniques. However, as
wavelengths become short and in the dimensions of the wire
lengths, the calibration is crucial for correct measurements.

To overcome these problems, an HF alternative to the
EIS is necessary. In literature, there are commonly three
different approaches reported. The most straightforward way
is to measure voltage and current in the time domain, as done
in the EIS, but with HF-capable devices [7]. However, for
wideband impedance measurements this solution may be
time-consuming. As a second solution, researchers use
dedicated impedance analyzers for HF battery impedance
measurements [5, 7— 11]. They provide a high accuracy but
often have a limited frequency range. To overcome this
limitation, the third way is to connect a vector network
analyzer (VNA) to the battery, measure the scattering
parameters (S-parameters), and convert them into impedance
values. The authors in [6] and [12] both did a I-port
reflection measurement that has typically a lower accuracy
than a 2-port measurement. In [3], the authors performed a
2-port measurement with the series-through method.
However, as Li-ion batteries have very low impedances in
the milliohm range, VNA suppliers do not recommend this
setup. Instead, in this work we measure the battery
impedance of an 18650 cell using an Agilent ES061B VNA
together with the shunt-through method as suggested in [13].
This method has not been applied to Li-ion batteries before.

As important as the measurement method is the
connection of the cell to the measurement device. The
battery’s physical length makes the definition of a
measurement reference plane difficult. In [12], a cylindrical
fixture was designed to provide a return path to the battery
current and so allowing the definition of a reference plane at
one pole of the cell. The disadvantage of this approach is a
complex de-embedding procedure. Consequently, in this
paper we develop a novel cell fixture that eases the de-
embedding work significantly. In addition, the novel method
accounts for the external inductance of the cell, which was
not done in previous high frequency cell impedance studies.

This paper is organized as follows: section II introduces
the shunt-through method and shows how the method is
implemented in the measurement setup. In section III, the
cell fixture is presented. Section IV points out how we
removed the fixture’s impact on the measurement. In
section V, the results for an 18650 cell are presented and
validated. The paper concludes with section VI.



II. MEASUREMENT SETUP

A. Measurement Method

The VNA shunt-through method is the HF equivalent to
the dc four-terminal sensing also known as Kelvin sensing,
which makes it the best choice for low impedance
measurements [14]. Fig. 1 shows the measurement setup.
Both VNA ports are connected via a dc block to the positive
battery pole and form a Kelvin probe. Port 1 serves as a
current source and port 2 is used to measure the voltage
across the battery. Due to the small impedance of the cell,
most of the current will be reflected back to port 1 leading to
a reflection coefficient S;; close to one. Hence, a slight
change in the cell impedance does not lead to a reliably
detectable change in S;;.

Port 1

DC Blocks Port 2
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Fig. 1. Measurement setup using the VNA shunt-through method.

If we instead measure the voltages Vr and Vi and
calculate the transmission coefficient S»; with

S =Vrl Vg, (1

we get valuable information about the small voltage across
the battery. The sensitivity of S>; is much higher than that of
811 since S2; is close to zero and a slight change in the cell
impedance will lead to a relatively large change in S2;. With

Zeen =% Zy - S21/(1—S821) 2)

we get the impedance Z..; of the cell for the characteristic
impedance Zj, which is 50 Q in this work.

B. Dynamic Range

Typically, VNAs provide a wider frequency range than
impedance analyzers, with comparable accuracy [13]. The
latter is only true if the dynamic range of the VNA is
sufficient for the measurement. If we assume a minimum
impedance of 40 mQ of the investigated 18650 cell, S2; can
be derived from (2) and the maximum insertion loss (/L) of
the cell is

IL =20-loguo (/S21]) = —55.93 dB 3)

In order to protect the VNA against dc stress, inner dc
blocks are inserted between the battery and the VNA ports.
The dc blocks contain a series capacitor each, which are
specified by a maximum insertion loss of 1 dB above 1 kHz.
Altogether, the excitation signal coming from port 1
undergoes an attenuation of almost 58 dB. The dynamic
range subtracted from the maximum output power of the
port, defines the smallest signal power level that the VNA

can detect out of the noise floor. In our case, the VNA
reaches a dynamic range of 100 dB above 1 kHz [15]. With
the maximum output power of 10 dBm, this results in a
minimum detectable signal power level of — 90 dBm. For the
cell measurement, the power level of the excitation signal is
set to — 17 dBm, which is a tradeoff between maximizing the
signal to noise ratio and ensuring the battery state to remain
in the linear condition. Using the maximum insertion loss of
(3), the resulting minimum power level at port 2 is =75 dBm,
which is well detectable by the VNA.

III. CELL FIXTURE DEVELOPEMENT

Since the battery cannot be connected directly to the
coaxial-connector based test system, a printed circuit board
(PCB) fixture was designed and is shown in Fig. 2. Two
microstrip lines with the characteristic impedance of 50 Q
connect the SMA jacks X1 and X2 with the positive pole of
the battery. The lines are placed in an angle of 90 degrees to
each other to reduce coupling effects between the force (X1)
and the sense (X2) path. The battery itself is located in the
cutout of the PCB. The negative pole of the cell contacts the
ground (GND) plane of the PCB providing a return path for
the battery current. Fig. 3 shows the current distribution on
the PCB, which was simulated with a three-dimensional (3D)
model using CST Microwave Studio. A solid copper cylinder
with the same dimensions as the battery serves as a cell
dummy in the simulation. The current flows through the
cylinder, back at the edges of the cutout and beneath the
microstrip line back to the SMA connectors. To obtain the
cell impedance data, the influence of the PCB fixture needs
to be compensated.
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Fig. 2. Printed circuit board cell fixture with microstrip traces and SMA
connectors. X1 is connected to port 1 and X2 is connected to port 2 of
the VNA.

/

Fig. 3. Normalized current distribution on the PCB for 100 MHz during
X1 excitation.



IV. CALIBRATION AND ERROR CORRECTION

To remove the fixture’s impact on the measured
impedance data, we used calibration and port extension
procedures, which are provided by the VNA, and a novel de-
embedding procedure that was developed in this work.

A. Calibration and Port Extension

A short, open, load and thru (SOLT) calibration was
performed to remove all systematic errors in the coaxial
section of the test system. To shift the measurement
reference plane to the positive pole of the cell, the automatic
port extension (APE) was performed, which is a response
calibration that corrects for both delay and loss of the
microstrip lines. For the response calibration, we used an
open standard.

B. De-Embedding Procedure

During the measurement, the excitation current flows
through the battery to the negative pole and back on the
ground plane of the PCB to the SMA connector. The
physical dimensions of the battery cell cause a non-
negligible delay and loss of the signal on its way back on the
ground plane. For instance, a sinusoidal signal with a
frequency of 200 MHz has a wavelength of 72 c¢cm for a
typical microstrip line with a relative permittivity & of 4.3.
The length of the 18650 cell, which is 6.5 cm, leads to a
phase shift of more than 32 degrees. In other words, the
resistance and the inductance of the signal’s return path on
the ground plane affect the measurement significantly and
therefore cannot be neglected. If the physical length of the
battery stays below the critical length, which is 1/10 of the
wavelength as a rule of thumb, the return path on the ground
plane can be modeled as a simple RL lumped element
circuit, which is illustrated in Fig. 4. Since there are two
ways for the current to return — to either the right or the left
of the cell — the ground self-partial inductance Lg.¢ and the
ground resistance Ry are considered twice. The elements
Cr. and Ly model the microstrip transmission line, which
the automatic port extension procedure already accounts for.
The SMA ports are labeled with X1 and X2, respectively.
For the sake of simplicity, the cell is modeled as a simple RL
series circuit, which is sufficient for the subsequent
considerations. Since only frequencies beyond 1 kHz are
investigated, including the

X1
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Fig. 4. Schematic of the PCB fixture.

capacitive behavior of the cell in the de-embedding
procedure is redundant. The cell and the ground return path
together form a current loop, which results in an effective
loop inductance L.y As reported in [16], the return lead of a
current loop partly compensates for the external magnetic
field of the signal lead. Thus, the measured effective loop
inductance Ley of the cell in the PCB is smaller than the self-
partial inductance L.y of the cell. This phenomenon is due to
inductive coupling and is described by the concept of mutual
inductance [17]. Of course, a self-partial inductance cannot
be measured directly, because the test current always needs a
return path. To de-embed L. from the loop inductance, the
mutual inductance Mcc between Lg.q and Ley has to be
considered. Using Kirchhoff’s laws and Faraday's law of
induction, the voltages V; and V> indicated in Fig. 4 can be
expressed as

V1 =] ja)Lwy 12 - ja)MCG 12 'ja)MCG, (4)

Vo=112 - joLgna— I - joMc. (5)

With Ohm’s law, (4) and (5) can be reformulated and by
including the resistances the measured effective impedance is

Zw =Reenn + ]a) (Lcey - MCG) + Rgnd/z +jw (Lg,,d/z — MCG). (6)

In order to extract the elements R..; and L., a second
impedance measurement of a known reference is necessary.
In addition, the reference must have the same external
inductance as the cell. As stated in [12], the cell’s external
inductance can be modeled by a conducting cylinder with
almost the same diameter as the battery. In this work, a solid
copper cylinder was manufactured as reference impedance,
which has the same dimensions as the 18650 cell. The
measured effective impedance of the copper cylinder in the
PCB fixture can be written in the same way as (6) by

qufz =Re, + _]a) (Lcu — Mcg) + Rgnd/2 +ja) (Lgnd/z — Mcc;) (7)

where R¢, is the resistance and L¢, the self-partial inductance
of the copper cylinder. If we now calculate the difference
between (6) and (7), the resistance and self-partial inductance
of the ground plane as well as the mutual inductance cancel
out, because they have the same values in both
measurements. The mutual-partial inductances Mcg in (7)
remain unchanged due to the same external magnetic field of
the cylinder. Solving (6) — (7) for the cell impedance:

Zeell = Reett + JoLeot1 = Zogt — Zogp + Rew + joLcu. (8)

The copper cylinder’s complex impedance can be derived
analytically. Due to the skin effect, both the resistance and
the inductance of the copper cylinder are frequency
dependent. The resistance can be divided into a constant dc
part and a variable ac part, which increases with the
frequency. Due to the thickness of the cylinder, the dc part is
only a few micro-ohms and can be neglected. The cylinder’s
self-inductance comprises an internal and an external
inductance. For low frequencies, the sum of both parts form
the cylinder’s self-inductance. For higher frequencies, the
magnetic field within the cylinder is negligible and only the
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Fig. 7. Measured and 3D-simulated impedance of the copper cylinder
mounted on the PCB fixture.

external magnetic field defines the self-inductance. Using
formulas from [10] and [18], the cylinder’s self-inductance
was calculated. The external and the complete self-
inductance of the copper cylinder are illustrated in Fig. 5 and
the resulting impedance spectrum is shown in Fig. 6.

The capacitive coupling between the cell and the ground
return path is not yet included in the de-embedding
procedure. By adding coupling capacitances in parallel to the
RL ground circuits in Fig. 4, it can be shown that (8) also
accounts for capacitive coupling, since the capacitances
eventually cancel out in the subtraction of the two impedance
measurement data.

V. RESULTS AND VALIDATION

The impedance measurement was carried out on a new
Samsung 18650 Li-ion cell with a state of charge (SOC) of
50 % in the frequency range from 1 kHz to 300 MHz. First,
we measured the impedance of the copper cylinder mounted
on the PCB fixture, which is shown together with the 3D
simulation result in Fig. 7. To illustrate the comparison
correctly in Fig. 7, the APE of the VNA was switched off
since the simulation does not provide this feature. This can
be noticed from the curve bending at the highest frequency
decade in Fig. 7. For the evaluation, the APE was switched
on again. There is a large deviation between measurement
and simulation in the lower frequency range, which is due to
the simplified 3D model of the cylinder, which is only a one-
dimensional high frequency surface impedance model [19].
For higher frequencies the simulation result matches the
measurement result and thus validates it. Secondly, we
measured the impedance of the cell mounted on the PCB
fixture, which is illustrated in terms of magnitude and phase
in Fig. 8 and 9. As final step, the synthesis according to (8)
was done and can also be seen in Fig. 8 and 9. The
magnitude of the de-embedded cell impedance starts with
40 mQ at low frequencies and increases up to 40 Q at
300 MHz, which is mainly because of the cell’s reactance as
signified in the Fig. 10. The increase of the de-embedded
impedance is higher than that of the cell-in-fixture
impedance. This is due to the external inductance of the cell,
which is compensated when the cell is mounted on the PCB
fixture. For validation, the cell impedance at 1 kHz was also
measured by a Zahner Zennium EIS measurement device and
exhibited 40 mQ, too.

VI. CONCLUSIONS

In this paper, we presented a novel method to determine
the high frequency impedance of a Li-ion battery cell from
1 kHz to 300 MHz. Vector network analysis was applied to
measure the cell impedance with the shunt-through method.
A microstrip based PCB fixture enabled a reliable connection
between the cell and the coaxial-connector based
measurement equipment. To remove the fixture’s impact on
the measurement, a second reference impedance was
measured. For this aim, a solid copper cylinder was
fabricated. The resulting cell impedance is higher than in
previously published data, since the external inductance of
the cell is included in the measurement. The external
inductance accounts for most of the inductance at high
frequencies. The next steps are to fit different battery models
to the impedance measurement results and investigate the
influence of different cell connectors.
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4.1 High Frequency Impedance Characterization Methodology

4.1.2 Li-lon Cell Impedance Measurement Using Open/Short/Load

Compensation for De-Embedding

This section extends the impedance measurement method of the previous section to a more generalized
methodology and is based on the paper Li-Ton Cell Impedance Measurement Using Open/Short/Load

Compensation for De-Embedding without further reference.

The extended measurement methodology is based on the VNA shunt-through method as applied in
Section 4.1.1. However, the custom-built PCB of Figure 18 was replaced by a more generalized PCB
that includes a battery cell holder for connecting the cell to the coaxial-connector based VNA. The
usage of a cell holder makes the methodology more flexible and effortless since no soldering is required
and the cell under investigation can be changed easily. A more general Open/ Short/ Load (OSL)
compensation procedure was used for systematic error correction and de-embedding. Calibration
standards (“Open”, “Short”, 50 Q “Load”) were designed as surface-mounted devices (SMDs) as well
as cylindrical standards having the physical dimensions of an 18650 Li-ion cell (diameter of 18 mm,
length of 65 mm). The latter calibration standards offer the advantage that a second measurement of
a reference impedance (such as the Cu cylinder used in Section 4.1.1) is not necessary anymore and
the VNA impedance measurement directly yields the de-embedded cell impedance after the OSL

compensation.

Using both sets of aforementioned calibration standards, the OSL compensation approach was
successfully validated by comparing impedance measurements of a Samsung ICR18650-26J Li-ion cell
with a 3-D EM model, which was made of the PCB, the cell holder contacts, and the measured battery

impedance imported as lumped-port element.

In order to demonstrate the robustness and flexibility of the OSL compensation procedure, different
load impedances were connected in parallel to the battery cell. The impedance measurement results
and therefore also the compensation procedure appeared to be load-independent. In other words, the
HF impedance of the battery was shown to be load-independent within the considered frequency
(10 kHz to 1 GHz) and load current range (below 10 mA). For example, a parallel load of
3 kQ || 100 pF mimicking an IC powered by the battery was demonstrated not to influence the HF

characteristics of the cell.

Authors contribution Conceptualization was done by Herbert Hackl and Thomas F. Landinger.
Development of the measurement method and simulations were performed by Herbert Hackl.
Reference data obtained by the original measurement method of Section 4.1.1 were provided by
Thomas F. Landinger. Execution of the experiments, data processing, and visual presentation were
performed by Martin Ibel. Scientific council was provided by David J. Pommerenke. Supervision and
funding acquisition were in the responsibility of Bernhard Auinger. The original draft was written by

Herbert Hackl and was reviewed and edited by all authors.
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Abstract—Knowledge of battery cell impedance is crucial for
the design of many modern applications, as well as for predicting
their electromagnetic compliance. For detailed 3D simulation of
battery packs, single cells are commonly replaced with simplified
bodies enhanced by internal impedance data obtained from
measurement on real cells. Thereby it is necessary to exclude
all influence of the measurement setup, i.e. to de-embed the cell
impedance from exterior properties. In this work, two approaches
are presented to extract the impedance of an 18650 Lithium-ion
(Li-ion) cell from within a battery holder on a printed circuit
board (PCB), using Open/Short/Load compensation (OSLC) and
a copper cylinder as reference. By adding components in series
and parallel to the cell, it is verified that the extraction result is
not impacted by PCB circuitry, and also that the cell’s impedance
is load-independent. Eventually, the test setup including Li-ion
cell is replicated as electromagnetic (EM) simulation project. Two
measurement-based methods to model the cell are compared,
suitable for both 3D or circuit simulation. The frequency range
under consideration is from 9 kHz to 1 GHz, whereas the
presented approach proves reliable up to 200 MHz.

Index Terms—Dbattery, high frequency impedance, 18650 cylin-
drical cell, Lithium-ion, Open/Short/LL.oad compensation (OSLC),
3D simulation, S-parameter

I. INTRODUCTION

Modeling of printed circuit boards (PCBs) and on-board
circuitry is an always necessary task in daily electronics en-
gineering and simulation of electronic magnetic compatibility
(EMC). Many applications include batteries mounted to the
PCB, nowadays often Li-ion types. When the battery is part
of the circuit, it is inevitable to model its behavior in order
to enable simulation of the complete system. Thus, battery
modeling is a vivid field of research. In this work, the focus
is on deriving a model of the cell’s impedance based on S-
parameter measurement.

Generally, there are two approaches to model battery cells
for simulation: Often, the cell is regarded as a component
within an electric network. Information of the cell’s impedance
and transient response is e.g. required to predict current ripples
produced by power electronic devices switching a battery-
powered line [1]. Here, the cell can be reduced to an equivalent
circuit model. On the other hand, when modeling battery packs
composed of many individual cells, the geometry becomes

3" Thomas F. Landinger
Infineon Technologies AG

thomas.landinger @infineon.com

4™ David J. Pommerenke®!
3Graz University of Technology
Institute of Electronics
Graz, Austria
david.pommerenke @tugraz.at

Munich, Germany

additionally relevant, as (parasitic) coupling between cells will
affect the overall impedance of the pack. An approach for
suchlike problems is 3D simulation of the complete battery
pack as discussed in [2]: For computational speed-up single
cells are replaced with simplified bodies, e.g. conductive cylin-
ders, which represent the cell’s ’external’ impedance, i.e. the
capability to couple to its environment by mutual inductance
or capacitive means. The 3D model is linked to an description
of the real cell’s ’internal’ impedance, e.g. described with an
equivalent circuit or lumped impedance port.

Methods to obtain the impedance of cylindric battery cells
based on measurement and de-embedding were presented
before. For instance, [3] designed a brass tube fixture, which
impact on the measurement results is respected with an ana-
lytically derived equivalent circuit. The method was validated
by the use of different sized tubes which all lead to the
same cell impedance. [4] used a special PCB fixture were the
cell needs to be soldered into. It featured well matched 50 2
transmission lines which allowed to move the VNA calibration
plane towards the battery by the VNA’s built-in port extension
function. The mutual inductance between cell and PCB was
compensated by reference measurement with a copper cylinder
dummy. The process is mathematically sound, but it was
not validated whether the de-embedding yields the ’true’ cell
impedance. The method was applied in [5] to analyze eight
different commercially available types of 18650 Li-ion cells.
It shows that the internal geometrical structure has consider-
able impact on the high-frequency impedance (while state-of-
charge has not). Thus, doing application-oriented simulation,
a new cell model needs to be extracted whenever the battery
type changes. Necessary workflow should to be effortless and
used fixtures often reusable. No soldering should be required.

This work presents an alternative to above mentioned ap-
proaches, which does not require special fixture designs. The
method first presented in [4] is extended by a more generalized
way of de-embedding applying Open/Short/Load compensa-
tion (OSLC), which allows to obtain the cell impedance even
when the battery holder is mounted anywhere on the PCB.
The device used for demonstration is a single Lithium-ion cell
of type Samsung ICR18650-26J in a battery holder mounted



Fig. 1. Photo of the PCB used in this work. It enables 2-port shunt-through
S-parameter measurement, as well as connection of SMD loads in parallel
and/or series to the battery holder. The PCB’s bottom layer is a solid GND
plane. Underneath most of the battery holder is another GND plane on the
top layer, used to connect *Short’ and 'Load’ between battery plus pole (left)
and GND during OSL compensation with soldered standards, see Fig. 2.
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R1 | w

o I’ ?
series load

U4l (short)

Fig. 2. Detail of the test PCB: Parallel and series SMD loads can be connected
to the battery (here: 3k2||100 pF in parallel to the cell). The photo shows
the soldered connection of a 50 €2 standard for "Load’ compensation. Similar
’Short” standard was realized with a solder bridge.

to a simple PCB, see Fig. 1. Two different procedures are
demonstrated in Sections II-A and II-B, one using common
SMD (surface mount device) ’Short” and 502 ’Load’ (also
called "Match’) standards, the other with specifically designed
18650 cylinder-sized calibration standards.

Furthermore, the PCB allows to add series or parallel loads.
By applying the same procedure while mounting different
loads, it is verified, that proposed method reliably removes
the PCB’s impedance from the wanted cell impedance. At the
same time it is shown, that the battery cell impedance is load-
independent (within considered frequency and load current
range).

The purpose of de-embedding the battery is to use the cell-
specific impedance data for simulation. Thus, the de-embedded
data is validated in Section III by 3D simulation of the test
PCB including battery and comparison of the simulated overall
setup impedance to the original measurement result.

II. CELL IMPEDANCE DE-EMBEDDING BY
OPEN/SHORT/LOAD COMPENSATION

An application-typical installation is employed, i.e. the cell
is placed inside a PCB-mounted battery holder. For broad-
band measurement with a vector network analyzer (VNA)
an interface PCB was designed as shown and described by
Fig. 1. Soldered to the board is a battery holder for one
18650 cylindrical cell. (Similar PCB-mounted holders were
used for PLC demonstration in [6].) The concept is visualized

/,,,———® battery holder poles @,,\

Zeel | Lext

Rpcp Lpcs |
v

CPCB —l—

—]

—

Port reference plane
after VNA calibration

Z cucylinder captured by copper
cylinder measurement

Port reference plane
after OSL compensation

Fig. 3. OSL compensation is used to move the measurement’s reference plane
from the SMA connectors, i.e. the VNA calibration plane, towards the battery
holder. Therewith, PCB parasitics as well as battery loads are excluded from
the measurement result.

by Fig. 3: Accessible for VNA measurement are only the
SMA connectors. After normal 2-port calibration of the VNA
with connected coaxial cables, the SMA interface is the
measurement port’s reference plane (red). Open/Short/Load
compensation (OSLC) [7] additionally to the VNA calibration
allows to move the measurement’s reference plane from the
red to green marking. This is where the battery cell’s plus
pole is located. Ideally, OSLC removes all circuit components
in between red and green reference planes, including the
test fixture residuals, i.e. the PCB itself. We will test the
limits of the procedure by adding series or parallel loads and
comparison of the de-embedded cell impedance for loaded and
unloaded scenarios later in this work.

The 2-port shunt-through method is employed (meaning
both measurement ports are connected to the battery plus
pole), because it is best suited for broadband measurement of
very low impedances [8]. The device’s impedance is calculated
from the measured Sy, parameter by

1 S.
ZshuThe = = - 4o 2

2 11— Sy
For Open/Short/Load compensation the measurement is
conducted without any device under test (DUT, i.e. the battery
cell) but with calibration standards instead, being close to
0 ’Short’, close to 502 ’Load’ or nothing connected at
all ’Open’. Afterwards, the DUT is connected and measured,
yielding ZpuTmeas- The impact of the PCB and additional loads
is compensated according (2) [7], with the impedances being
derived from (1) for respective measurement method. Zsuy oad
is the ideal value of whatever was used as ’Load’ standard
before, here 50 (2.

where Zo =509Q. (1)

ZDU] OSLC ZStdL d ( pen Oad)( DUTmeas ZShort)
> - oa
(ZLOad ZShort) (ZOpen —

Z DUTmeas )

Depending on the size and position of the standards used for
OSLC, more or less components of the setup are compensated
as test fixture residuals. When OSL standards are connected
directly between the battery holder’s plus pole and GND, as
in Fig. 2, then the reference plane is moved to the location
illustrated by the green plane in Fig. 3. Application of (2)
now yields the impedance measured in between plus pole



and GND. Alternatively, OSL standards could be connected
in between the battery holder’s plus and minus poles. Then,
application of (2) would extract the impedance between these
poles. In the next subsections both approaches are investigated.

A. OSLC with Soldered Standards and Copper Cylinder

Reference

1) Workflow: Due to the specific layout of the used PCB,
it is possible to connect the footprint of the holder’s plus
pole directly with the top layer GND plane by soldered
’Short” and "Load’ standards. As calibration standards a high
precision 50 €2 SMD resistor (Load), a solder bridge (Short)
or the untouched PCB (Open) are used, see Fig. 2. Such
compensation will move the reference for measurement to the
green plane of Fig. 3. As illustrated, Zpytos.c measured at
this location includes not only the cell’s internal impedance
Zeell, but also the return path from the cell’s minus pole via
the GND plane Rgnp, Lgnp, mutual inductance My between
cell housing L.y and Lgnp, as well as capacitive coupling Cey,
between cell and PCB.

Based on [4] and [9] it is assumed that a copper cylinder
of 18650 size will resemble similar mutual inductive and
capacitive coupling towards the PCB as the battery cell. Latter
can thus be modeled as a series circuit of Zcey and Zcucylinder
(3). (The model of [9] is a slightly smaller cylinder within a
casing which is eventually found to be negligible.)

Zcell-in-fixture,0SLC = Zeell + ZCuCylinder,0SLC 3

The workflow for cell impedance extraction is:

1) measure OSL standards Zsport,Zopen and Zyoaq directly
soldered to the PCB

2) place the copper cylinder in the battery holder and com-
pensate the measurement result applying (2) to obtain
ZCuCylinder,0SLC

3) place the Li-ion cell in the battery holder and com-
pensate the measurement result applying (2) to obtain
Zeell-in-fixture,0sLC- Use (3) to extract the internal cell
impedance Z.

The quality of the OSLC is assessed by plotting the mea-
sured values of Zsnort, Zopens Z1.oad and the uncompensated
cell-in-fixture Zpymeas in Fig. 4. The 'Open’ and ’Short’
traces span a region of confidence (ROC). As long as the
’Load’ trace is well above ’Short’ and below ’Open’, the
compensation is regarded to yield a trustworthy result. The
impact of additional loop inductance introduced by inserting
the cell into the battery holder is well visible in this plot by the
resonance frequency shift compared to the ’Short’ trace, which
exhibits the uncompensated PCB trace inductance Lpcp only.
Also, the second order resonance at 500 MHz (with DUT) or
600 MHz (open PCB trace) is clearly visible. With this simple
OSL compensation it is not possible to mitigate second-order
effects.

12 ()

10* 10° 10° 10’ 10 10’

Frequency (Hz)

Fig. 4. Region of confidence (RoC) (transparent) for OSLC with standards
soldered on PCB as shown in Fig. 2. DUT is the uncompensated ZpyTmeas
of the Li-ion cell inside the fixture. RoC upper frequency limit is 200 MHz.

2) Extraction Results With Different Loading Conditions:
In [3] it is reported that impedance measurements from
100kHz to 200 MHz on a 18650 Li-ion cell under unloaded
condition, i.e. DC open circuit, or while drawing a DC current
of appr. 70 mA are indistinguishable. Therefore, it is assumed
that loading conditions have no impact on the broadband
cell impedance. However, existing works cover only DC
loading and limited frequency range. Thus, with the following
experiment of adding series and parallel loads on the PCB two
question are addressed:

o verify whether described OSLC approach really enables
to remove all influence of the PCB, and

o verify that the Li-ion cell’s impedance is load-
independent also for frequency-variant loading and within
9kHz to 1 GHz.

The complete workflow was repeated three times with follow-
ing loading conditions. The extraction results are summarized
by Fig. 5.

1) unloaded, i.e. no additional components on the PCB

2) 85nH series load added into the PCB trace. This in-
creases the fixtures impedance at high frequency far
beyond the wanted DUT value.

3) parallel load of 3k||100pF added between battery
plus pole and ground plane. This will continuously
draw a DC current of about 1mA from the battery
and becomes very low-ohmic at around 100 MHz. This
loading condition should mimic an IC being powered
from the cell.

The fact that de-embedding always yields the same internal
cell impedance Z. regardless of the PCB circuitry vali-
dates proposed approach. Also, the cell impedance is load-
independent over the complete frequency range, as expected.

It is visible from Fig. 5 that parallel loads with pronounced
resonance behavior, like a capacitor, will in the region of its
self-resonance disturb the compensation. However, the used
100 pF was judged by the authors to be the maximum relevant
value to mimic an IC input connected to the battery cell.
Lower capacitor values will result in resonance well above
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Fig. 5. Extracted cell impedances using OSLC with standards soldered to the
PCB and (3). Loads are connected in series or parallel to the cell, compare
Fig. 2. The well matching results verify, that proposed approach is capable of
de-embedding the cell’s impedance irrespective of the PCB circuitry. Shaded
area is outside the RoC of Fig. 4.

the considered frequency range. Though, with the presented
OSLC approach it might not be possible to mitigate the impact
of large buffer capacitors (like > 1nF') parallel to the battery.
The approach also doesn’t work with series loads much higher
than the cell impedance, e.g. 100 €2.

B. OSLC Along Battery Holder with Cylinder Standards

1) Workflow: The extraction of Z. based on OSLC with
soldered calibration standards as described above requires an
additional reference measurement with a copper cylinder to
obtain and exclude the ’external’ cell impedance. As an alter-
native, this section presents compensation by use of self-built
18650-sized calibration standards, which mimic the battery
cell. The idea is to have all external influences, i.e. the value
of Zcucylinder» already captured by the OSL measurements. The
workflow is as follows:

1) Measurement of OSL standards, where ’Short’ is a
copper cylinder, ’Open’ is the empty battery holder, and
Load’ is a two-part copper cylinder with internal 50 2
SMD resistor as shown by Fig. 6.

2) Measurement of the Li-ion cell in the battery holder and
compensation by (2) directly yields Z.

Again the ROC is plotted in Fig. 7. (Open’ and DUT’
traces are identical to Fig. 4.) The fact that ’Short’ and
'DUT’ traces are now similar above 20 MHz proves that the
“external’ impedance of the copper cylinder used as ’Short’
standard is similar to that of the battery cell DUT inside
same fixture. The additional ’internal’ cell impedance Zg is
visible by the higher impedance at low frequencies and by
the 200 MHz resonance being less pronounced than with the
"Short’ cylinder. As before, it is obvious from this figure too,
that OSLC is ineffective for frequencies higher than 500 MHz.

2) Extraction Results With Different Loading Conditions:
Again, the PCB was equipped with loads and OSLC with
cylinder standards was repeated to verify if the procedure does

Fig. 6. 18650 copper cylinder with internal 502 resistor used as 'Load’
standard. The cylinder has a 3D-printed plastic mantle to mimic the battery
cells outer isolation.
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Fig. 7. Region of confidence (RoC) (transparent) for OSLC with 18650-
sized copper cylinder standards. DUT is the Li-ion battery cell. RoC upper
frequency limit is 145 MHz.

reliably extract only the cell impedance. The unspectacular
inductive series load was omitted this time but replaced with
an additional 3kQ||10nF parallel load. Results are shown
in Fig. 8. As before, the de-embedding result proves load-
independent but is partially deteriorated when the load’s
impedance is in the same order of magnitude as the cell’s.
Above 100 MHz however, results are not as well matching
as in case of OSLC with soldered standards. This is because
the copper cylinder ’Short’ standard shows almost identical
impedance as the cell in this frequency range (compare Fig. 7)
irrespective of the loading, hence it is numerically impossible
to differentiate load from cell.

ITII. VALIDATION BY USAGE IN SIMULATION

Fig. 9 gives a direct comparison of cell impedances obtained
with both OSLC approaches for the unloaded case. The de-
embedding result is mostly independent of the OSLC method
used. What was not validated yet is, whether this de-embedded
data is really useful for simulation of a battery cell. It is scope
of this section.

The demonstration is done using exactly the same test
PCB used for measurement before. The PCB layout data was
imported to ANSYS HFSS [10] by means of the ODB++
design files and extended with a simple 3D model of the
battery holder’s metallic parts only, i.e. the springs, and SMA
connectors, see Fig. 10. 2-port S-parameters are simulated
at the SMA connectors denoted by the turquoise arrows. As
before during measurements, the PCB impedance is calculated
from the S-parameters by (1).
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Fig. 8. Extracted cell impedances using OSLC with 18650 cylinder standards.
Different loads were connected in parallel to the cell. At high frequencies
load compensation does not work as well as with soldered OSL standards
(compare Fig. 5). However the matching results still verify, that proposed
approach is capable of de-embedding the cell’s impedance irrespective of the
PCB circuitry. Shaded area is outside the RoC of Fig. 7. The 3kQ||10 nF
load soldered to the PCB is self-resonant at 14 MHz, 3kQ||100pF at
210 MHz, which causes distortion of the de-embedding result close to
respective frequencies.
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Fig. 9. Measured cell-in-fixture and copper-cylinder-in-fixture impedance,
both compensated by direct OSLC with soldered standards, Z¢) as result from
(3), and Z; as result from fixture compensation with cylinder standards. The
shaded area marks the minimum limit of confidence given by the latter.

Fig. 10(a) shows the simulation setup without battery model.
The turquoise rectangular port between battery plus pole and
top layer GND plane is exactly where OSL compensation
was done in Section II-A. The compensated measurement
result Zeelrin-fixture 0sLc €an be directly assigned as lumped port
impedance in the simulation model. Then, the 3D simulation of
the PCB includes all setup related parameters, i.e. everything
that was de-embedded by OSLC during measurement, while
the on-board lumped port with impedance Zgjiin-fixture.0SLC
adds real world data of the battery cell and its interaction
with the fixture to the model. Because Zcejin-fixture,0SLC Was
de-embedded from the rest of the setup during measurement,
it is possible to change the PCB layout in simulation without
invalidating the measured cell-in-fixture impedance - at least

(d)

Fig. 10. Simulation models to validate the de-embedded cell impedances.
Top: The cell is not modeled but replaced with a lumped port between the
battery holder’s poles. The port is assigned the impedance data from OSL
compensated cell-in-fixture measurement Zeji-in-fixwre,0sLCc Of Section II-A).
Bottom: The cell is modeled as copper cylinder with series lumped port,
holding the extracted impedance Z of Section II-A or II-B.
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Fig. 11. Measured and simulated PCB overall impedance with the unloaded
Li-ion cell in the battery holder, obtained by 2-port shunt-through method
applying (1). Red and blue traces use the simulation model of Fig. 10(b) and
the cell internal impedance data obtained with the approaches of Sections II-A
or II-B (given by the yellow and violet traces of Fig. 9). The simulation
yielding the yellow trace used the model of Fig. 10(a) and the complete cell-
in-fixture impedance Zceji.in-fixture,0sLc (blue trace of Fig. 9).

as long as the direct vicinity of the cell is unaltered. Also,
it is possible to extract a 3-port S-parameter description from
the 3D model and use that for circuit simulation, with the 1-
port cell data assigned to respective port on schematic level.
Because the cell impedance is load-independent, simulations
with various circuitry will not invalidate the measured cell-in-
fixture impedance.

Validation of the approach was done both described ways,
i.e. by assigning the data Zej.in-fixture.osLc directly in the 3D
model of the unaltered PCB Fig. 10(a) or by first exporting



3-port S-parameters to a circuit simulator and connecting
the cell-in-fixture impedance there. Both simulations yield
the same results, namely the yellow trace of Fig. 11, which
overlaps almost exactly with the measured result.
Alternatively, Fig. 10(b) shows a simulation setup where
the cell body is respected as solid copper cylinder. This is
aligned with above de-embedding using a copper cylinder for
reference measurement. If, e.g. an aluminum cylinder was used
during de-embedding, we would use same material for the
simulation model. Now, the ’internal’ Z. is added as tiny
lumped port in between spring connector and cylinder face.
The resulting series connection represents (3) and is therewith
a perfect reproduction of foregoing measurement procedure.
As described in the introduction, the advantage of including
a 3D representation of the cell body in simulation is, that
this way also changes of the cell’s direct vicinity, e.g. another
cell placed close-by, correctly influences the cell-in-fixture
impedance. The values of Z. from both described OSLC
workflows where assigned to the cell port visible in Fig. 10(b),
yielding the blue and red traces of Fig. 11, respectively. The re-
sults are equivalent up to 400 MHz where the OSLC approach
with soldered standards of Section II-A performs slightly
better, as was already expected from the discussion of Fig. 4
and Fig. 7. The fact that only the yellow trace matches the
measurement precisely at both low and high frequencies might
mean that the contact resistance between copper cylinder and
holder springs is underestimated in the simulation model (low
frequency error) and that the ’external’ cell impedance is not
accurately depicted in simulation, possible due to the missing
battery holder model in Fig. 10(b) (high frequency error).

IV. CONCLUSION

Two workflows were presented to de-embed the impedance
of a 18650 Li-ion cell from within a battery holder mounted
to a PCB. The method is based on measurements only, i.e.
no simulation of PCB characteristics is required. Instead,
properties of the fixture are regarded by Open/Short/Load
compensation, using SMD calibration standards soldered to the
PCB, or 18650-sized cylinder standards placed in the battery
holder. Proposed procedure can reliably mitigate the impact
of PCB circuitry for frequencies up to 145 MHz or 200 MHz,
depending on the used standards. This was demonstrated by
considering RoC plots and different loading conditions. OSLC
with standards soldered to the PCB works for slightly higher
frequencies than the self-built 18650 standards, because the
"Short” compensation with a copper cylinder standard is too
similar to the wanted cell impedance for high frequencies.

The drawback is, that soldered standards require PCB
modification which is time consuming and might even be
impracticable. Additionally, it is necessary to compensate the
coupling of battery towards PCB by reference measurement
with a copper cylinder of same size. More convenient is to
use calibration cylinders of the cell’s size. Such need to be
produced first, of course, but enable completely solder-free
fixture compensation. Therewith they offer highest flexibility
for quick cell de-embedding at any PCB with battery holder.

The correctness of extracted cell impedances was showcased
by application in simulation. When the de-embedded cell
impedance data was used for 3D simulation of the unloaded
scenario, both approaches yielded similar results consistent
with measurement up to almost 400 MHz. We conclude that,
although simulation above 200 MHz is outside the confident
range, it still may have informative character. The absolute
maximum frequency will depend on the specific application.
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4.2 Physical-based High Frequency Model of Cylindrical Li-lon

Batteries

This section introduces the article A Physical-Based High-Frequency Model of Cylindrical Lithium-

Ion Batteries for Time Domain Simulation and is based on the paper without further reference.

The impedance measurement method developed in Section 4.1.1 was applied to a Samsung ICR18650-
26J Li-ion cell to enable the HF impedance spectroscopy of cylindrical Li-ion cells up to 300 MHz.
Several HF-relevant electrochemical and electrophysical effects were identified by a combined
approach of impedance-based modeling and geometrical considerations based on computed-
tomography (CT) scans of the considered cell. It is shown that the cell impedance at high frequencies
is governed by resistive and inductive loss processes, which originate mainly from the geometrical
structure of the cell and additionally from the skin effect for very high frequencies above 10 MHz. It
is found that the initial impedance curve bending in the Nyquist plot above the intercept frequency
is caused by the ionic shunt effect, which describes the quasiparallel interconnection between ionic
currents in the electrolyte and electrical currents along the current collector windings. The overall cell
inductance derived from the cell impedance by L =73{Z.;}/(27f) is frequency-dependent as
illustrated in Figure 19. As indicated, the jelly roll inductance dominates the inductive cell behavior
at the lower frequency decades, whereas at the higher frequency decades, the overall cell inductance
is governed by the cylindrical cell geometry and resembles the inductance of a hollow Cu cylinder
with the same dimensions as of the 18650 cell. The presented impedance-based battery model for high

frequencies will be further modified and used for PLC channel modeling in Chapter 5.
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Figure 19: High frequency impedance characteristics of the investigated Samsung ICR18650-26J Li-
ion cell. The overall cell inductance derived from L = 3{Z_; }/(27f) can be approximated by a hollow
Cu cylinder with the dimensions of the 18650 cell.
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A Physical-Based High Frequency Model of
Cylindrical Lithtum-Ion Batteries for Time
Domain Simulation

Thomas F. Landinger, Guenter Schwarzberger, and Andreas Jossen

Abstract—Lithium-ion (Li-ion) batteries in electric vehicles are
exposed to high slew rate currents originating from the power
electronics. Modern gallium nitride (GaN) and silicon carbide
(SiC) based power converters generate high switching frequencies,
which propagate toward the battery. To predict the battery’s
impact on conducted emissions, we need to determine the battery’s
behavior over a high frequency (HF) bandwidth. Traditional
battery characterization techniques such as Electrochemical
Impedance Spectroscopy (EIS) focus on frequencies below 10 kHz.
This paper proposes a novel method to characterize the battery
beyond typical EIS frequencies. Using the proposed approach, we
investigate and model the dynamic behavior of cylindrical Li-ion
batteries from 1 kHz to 300 MHz. HF characterization of the cell
is enabled by a novel measurement technique applying vector
network analysis (VNA) and measuring the S-parameters of the
cell. We design a specific fixture to connect the cell to the VNA and
remove fixture errors by de-embedding procedures. The cell’s HF
impedance originates from several loss processes such as the skin
effect, the ionic shunt effect and simple ohmic-inductive effects.
First in literature, all these effects are measured and summarized
in an equivalent electrical circuit model, which predicts the cell’s
impact on HF current pulses.

Index Terms—battery impedance, EIS, electrochemical
impedance spectroscopy, VNA, shunt-through measurement
method, high frequency impedance

[. INTRODUCTION

lectrochemical Impedance Spectroscopy (EIS) is widely

used to characterize and model the dynamic behavior of
lithium-ion (Li-ion) battery cells [1]. The typical frequency
range of the EIS lies between 10 mHz and 10 kHz [2] and hence
focuses mainly on the electrochemical processes, which do not
exhibit faster time constants [3]. To evaluate higher frequency
issues such as how a battery affects conducted emissions
coming from the inverter in an electric vehicle [4] or how high
speed power line communications signals can be sent over a
battery [5], a high bandwidth model of the cell becomes
necessary.

The EIS measurement equipment is optimized for low
frequencies and faces several measurement obstacles when the
frequency increases further. Inductive and capacitive coupling
effects between connecting leads disturb the measurement, and

This paper is for the Special Section and is an expanded version from the 2019
IEEE International Symposium on EMC and SIPI in New Orleans.

additionally, multiple reflections cause errors to due standing
electromagnetic waves [6]. This makes high frequency (HF)
impedance measurements and their interpretations difficult, as
it is not easy to distinguish between measurement errors and the
battery impedance itself [2]. When it comes to the measurement
of high frequency properties of Li-ion battery cells, an HF-
capable measurement setup is necessary. Many methods have
been proposed to measure the HF impedance of electronic
devices and circuits, the most common of which are current and
voltage measurements, or balancing and resonating networks
[7]. The current voltage (I-V) method is broadly applied with
dedicated impedance analyzers to measure the cell’s HF
impedance [8—10] and is also used in traditional EIS [1]. As
dedicated impedance analyzers have a limited frequency range,
vector network analysis gets an increasing interest regarding
broadband impedance measurements [7], and is therefore
selected for the cell’s HF characterization in this work.
Already above some kilohertz, cylindrical cells show an
inductive and slightly dissipative behavior, which leads to the
often visible inductive impedance arc in the positive imaginary
half-plane of the impedance locus or Nyquist plot [2, 3]. In
literature, the HF inductive characteristic is often modeled by a
simple inductor as in [3, 11, 12]. In this case, the inductive
impedance arc is ignored and declared to be a measurement
artefact, e.g. caused by the parasitic current shunt inductance of
the measurement setup [13]. Only a few publications tend to
interpret the inductive impedance arc to be related to the battery
itself. Already three decades ago, Laman et al. [14] published a
paper on the inductive properties of cylindrical batteries. They
found that the HF inductive characteristics of cylindrical cells
mainly arise from the spirally wound geometry of the current
collectors and the position of the anodic and cathodic tabs.
More recently, Osswald et al. [15] investigated the inductive
properties of different cell tab patterns located along the current
collectors and found a strong correlation between the maximum
impedance value and the windings enclosed by the tabs.
Schindler et al. [16] proposed a very detailed battery model in
form of a transmission line model based on the mathematical
concept of spirally wound cells published in [17]. They
concluded that the inductive impedance arc in the Nyquist plot
was a result of the interaction between inductive losses in the



electrical domain and resistive losses in the electrochemical
domain. As a drawback, this model requires much information
about the physical dimensions of the cell, which are often
unknown. Ferraz et al. [ 18] proposed three less complex HF cell
models, which still consider physical factors of influence.
However, at the end they could not decide whether the resistive
inductive behavior of the current collectors or the skin effect
causes the inductive impedance arc. The skin effect is often
stated to be the only reason for the high frequency related
increase in resistance as in [3, 19].

In this paper, we extend our previously published HF battery
characterization method [6], and show that the inductive and
resistive characteristics of cylindrical cells at high frequencies
are a combination of the electrochemical and electrophysical
phenomena cited above.

To address the above stated HF measurement obstacles,
Section II introduces our novel measurement method [6] using
a vector network analyzer (VNA) instead of an EIS
measurement device, which allows us to largely exclude high
frequency caused measurement errors. In Section III, a test
fixture is presented to connect the cell to the VNA. Section IV
illustrates how fixture errors are removed to de-embed the cell
impedance. In Section V, a cylindrical Li-ion cell ICR18650-
JM by the Samsung SDI Co., Ltd. is characterized in the
frequency range from 1 kHz to 300 MHz. In Section VI, we
discuss the measurement results and their electrophysical and
electrochemical meaning. First in literature, the cell’s HF
resistive and inductive behavior is separated into different loss
processes, which are assigned to lumped elements of an
equivalent electrical circuit (EEC) HF battery model. We derive
the loss processes from the battery’s geometry on the one hand
and from the measurement results on the other hand. In Section
VII, the EEC HF model is validated in the time domain by
stimulating the cell with HF current pulses and measuring the
voltage response. The paper concludes with Section VIIIL. As a
remark, most of the physical quantities and equations presented
in Sections II, IT1, and IV are frequency dependent, but we chose
not to denote this dependency explicitly to ease the notation.

II. IMPEDANCE MEASUREMENT TECHNIQUE

As stated in the introduction, vector network analysis is utilized
to characterize the broadband impedance of the cell. Two
different VNA approaches are shown in Fig. la and Fig. 1b.
Regarding the basic reflect method (Fig. 1a), a VNA transmits
a known sinusoidal signal toward the unknown battery
impedance Z,,, and sweeps the signal over the desired
frequency range. Depending on the cell’s impedance, a part of
the transmitted signal will be reflected back scaled by the
reflection coefficient

I = E Zbat ZO (1)
Va Zbat +ZO

which is also known as the scattering parameter (S-parameter)
S1;. The objective of the VNA is to determine the scattering
parameters of the device under test by measuring the incident
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Fig. 1. VNA setups for different impedance measurement methods. (a) VNA
reflect method. (b) VNA shunt-through method. The crossed arrows indicate
the directional couplers.
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Fig. 2. Measurement sensitivities of the VNA reflect method (S;; data) and
the VNA shunt-through method (S5, data) depending on a real battery
impedance. Shown are the absolute values of the S-parameters derived from
(2) and (3) and their corresponding change 45;,/S,; for a 10 % change in
Zpat-

and reflected voltage waves V,, and V,, respectively. Using the
VNA reflect method, the unknown impedance can be calculated

from the scattering parameter S;; as

145,
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Zbat = ZO ZO V ‘/b

2)

The VNA setup for the shunt-through method is indicated in
Fig. 1b. The cell is connected in a tee-configuration to the VNA
and two-port scattering parameters are measured. Port 1 serves
as a current source and port 2 measures the voltage across the
battery. Due to the low impedance of the cell, most of the
incident voltage wave will be reflected back to port 1 leading to



an S;; close to —1. However, a small portion of the signal is
transmitted to port 2, which determines S,,. Using the
information of S,;, the impedance Z,,, can be calculated with

ZO 821

Lot = — .
bat 2 1—S21

3)

The VNA-reflect method requires only a one-port measurement
and offers a wide frequency range. However, its impedance
range is rather narrow and centered at the characteristic
impedance Z,, due to the varying S, measurement sensitivity.
Fig. 2 illustrates the sensitivity in terms of change in S;; for a
10 % change in Z,,, assuming a real battery impedance. The
lower the cell impedance, the further the S;; measurement
sensitivity decreases. Since the impedance of a single 18650 Li-
ion cell is in the milliohm range for several frequency decades,
the VNA reflect method is not sufficient to measure the low-
ohmic cell impedance accurately enough. To overcome this
problem, the VNA shunt-through method is an effective
alternative. The sensitivity of the VNA shunt-through method
is also depicted in Fig. 2 and exhibits a significantly higher
value than the VNA reflect method. In particular, it has to be
noted that the percentage change in S,; equals the percentage
change in Z,,, for impedance values smaller than 1 €, which
covers the typical cell impedance range as denoted in Fig. 2.
Consequently, in this work we use the VNA shunt-through
method for measuring the cell impedance as it offers a much
higher measurement sensitivity for small impedances. Beside
the sensitivity, the VNA shunt-through method has another
benefit. As can be seen in Fig. 1b, the tee-connection of the cell
forms a Kelvin probe, which is also known as four terminal
sensing. Because force and sense leads are separated, their
parasitic impedances consisting of resistance and self-
inductance are not part of the measured impedance Z,,,, which
has a great relevance for measuring low-value impedances [7].
Regardless of the measurement method, the de blocks depicted
in Fig. 1 are necessary to protect the measurement equipment
against incoming dc current from the battery.

III. CELL CONNECTION

To achieve reproducible and accurate HF measurement
results, the device under test (DUT) should be directly
connected to the VNA by coaxial connectors and leads. This
provides a stable and reliable mechanical connection and
enables the application of transmission line theory [20] and
therefore the usage of calibration and de-embedding procedures
to remove systematic errors. However, the physical dimensions
of the battery force us to leave the coaxial domain and thus to
separate the signal and return conductors, which leads to
varying line parameters along the transmission line such as
inductance per length. To obtain a reproducible measurement
setup nevertheless, we designed and manufactured a two-layer
printed circuit board (PCB) cell fixture that connects the cell to
the coaxial-connector based test system in a stable way. The
PCB is displayed in Fig. 3a and has two 50 Q microstrip lines
on the top layer connecting the cell’s positive terminal to the

(b)

Fig. 3. PCB fixture for connecting the cell to the VNA test system. (a) PCB
layout. (b) Simulated normalized current distribution for excitation at port X1
with f = 100 MHz [6].

inner conductor of the two coaxial Sub-Miniature-A (SMA)
jacks X1 and X2. The signal return plane on the PCB’s bottom
side connects the cell’s negative terminal to the return
conductor of X1 and X2. The PCB is axial symmetric, therefore
either X1 can be used as force port and X2 as sense port or vice
versa. The microstrip lines are routed in an angle of 90° to each
other to reduce force and sense coupling effects to a minimum.
The cell itself is placed in the cutout of the board. The PCB’s
characteristics were simulated using the 3D electromagnetic
wave simulation tool CST Microwave Studio. A solid copper
(Cu) cylinder with the dimensions of an 18650 cell was inserted
as a cell dummy to run the simulation. This results essentially
in a short circuit, which can be seen from the simulated
S, -trace starting at the impedance value zero in Fig. 4. For
higher frequencies, the reflection coefficient moves away from
its starting point mainly due to an increase in the cylinder
impedance. As another result, in Fig. 3b the normalized current
distribution on the PCB’s conducting layers is shown for an
excitation signal coming from port X1. The current flows
through the microstrip lines and the cylinder and back to X1 on
the signal return plane at the edges of the cutout creating the
lowest possible current loop inductance.

In fact, the part of the current’s return path, which is in
parallel with the cylindrical cell, will cause a reduction of the
measured cell inductance by inductive coupling, which has to
be considered in the de-embedding procedure later.

The battery is mounted on the PCB by soldering, as it offers
the lowest contact resistance and highest maximum tensile
force among common cell joining techniques [19]. To avoid
any damage through heat impact, the cell’s electrochemically
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Fig. 4. Simulated and measured S-parameters of the PCB fixture with the
copper cylinder mounted. The reference planes are at X1 and X2. Axes values
are normalized impedances.

active materials must not undergo a temperature above 80 °C
[21]. Therefore, we used a special solder with a low liquidus
temperature of 124 °C by the Chemet GmbH.

IV. ERROR CORRECTION AND DE-EMBEDDING

If we want to de-embed the cell impedance from the cell-in-
fixture impedance measurement, we first need to define the
term ‘cell impedance’. As stated earlier, the cell exhibits
physical dimensions leading to electrical delays, which are not
negligible for HF impedance measurements. Since we start our
impedance measurement at 1 kHz, which is generally the region
of the cell’s intercept frequency with the x-axis in the Nyquist
plot initiating the inductive behavior, we do not consider the
low-frequency relevant capacitive part of the cell impedance [1,
2]. On the other hand, the inductive part is most essential for the
HF impedance measurement. An inductance can only be
measured in a closed current loop resulting in a loop inductance.
Of course, the desired cell inductance L, is only a part of this
current loop and corresponds to a self-partial inductance as
defined in [22, 23]. Together with the cell’s ohmic resistance
Ry, these two parts form the cell impedance to be de-
embedded:

Zbat = S)%{Zbat} +Jj{Zbat} = Rbat +jWLbat' (4)

The elements R, and L;,, model the overall ohmic-inductive
behavior of the cell and will be divided into several portions for
the cell model development in Section VI.

For the de-embedding procedure, we modeled the PCB and
the battery by equivalent electrical circuits. The resulting
schematic is illustrated in Fig. 5. On the one hand, equation (4)
already defines the de-embedding model used for the battery.
On the other hand, the PCB de-embedding model needs to
account for the loss and delay of the excitation signal along its
path on the signal return plane. When a signal propagates along

X1 X2

O

Fig. 5. De-embedding model of the cell and the PCB fixture. The greyed out
transmission line elements are considered by the APE procedure.

the signal return plane from the negative to the positive battery
pole, it will undergo a non-negligible phase shift. For instance,
a 200 MHz sinusoidal signal will be phase-shifted by more than
25°, considering the 18650 cell’s length of 65 mm and a typical
microstrip line with a relative permittivity €,. of 4.3. If the signal
wavelength X is ten times the signal path length or longer, the
signal path can be approximated by a simple lumped element
RL circuit. This modeling approach results in a frequency limit,
which is dependent on the cell’s length [, the effective dielectric
constant €, ¢ of the microstrip line and the speed of light c,:

N Co ~ Co
fmoee 67 s S0 1 =2 ©

For a typical microstrip line (g, ;¢ = 2.65) and an 18650 cell
(I =65mm), the frequency is limited to 283 MHz. Using this
modeling approach, we can model the signal return path by the
two lumped elements 1%, and L, , which account for loss
and delay, respectively. Since the current flows on both sides
around the battery, R, and L, are considered twice in
Fig. 5. In addition, the schematic in Fig. 5 contains twice the
elements C;, and L, to represent the microstrip transmission
lines. These elements are greyed out as the automatic port
extension (APE) procedure provided by the VNA already
accounts for them [6]. Most of the signal’s path on the return
plane is in parallel to the cell and will compensate partly for the
external magnetic field of the battery as reported in [22]. This
is due to inductive coupling effects and can be modeled by the
concept of mutual inductance [23]. Therefore, we include twice
the mutual inductance Mz between L;,, and L,,,, in the de-
embedding model as illustrated in Fig. 5. The small parts of the
return path, which are perpendicular to the cell, will not affect
the measured cell inductance because there is no mutual
inductance between perpendicular signal path segments [23].
Capacitive coupling between the cell and the return path is
assumed to be in the range of some picofarads due to the large
distances, small cross section areas, and an €, = 1 of air. This



leads to a relatively high impedance in the investigated
frequency range and can be neglected in the de-embedding
model.

The resulting total impedance Z,,, of the model without
considering the microstrip lines is

. R'I‘ n . LT T
Zyoy = Ryqy + jw(Lyg, — Mpg) + 2t + Jjw( 2t — Mgp), (6)

which will be set equal to the VNA measurement result
acquired by (3) of the overall cell-in-fixture impedance. Solving
this equation for the battery impedance reveals many unknown
parasitic elements. A way to extract the battery impedance part
(4) from (6) is a second measurement of a known reference
impedance, which has the same magnetic field interaction with
the PCB’s conducting layers as the battery. Thereby, the
inductive coupling effects remain the same among both
measurements and the mutual inductances cancel out during the
subtraction of the two measurement results. As reference, we
chose a solid copper cylinder with the outer 18650 cell
dimensions, which is equivalent to the one used in the
simulation in III, and performed a second impedance
measurement. Using the results of the cell- and the cylinder-in-
fixture impedance measurement, Z, ,; respectively Z, ,, , the
battery impedance can be derived by

Zbat = Ztotl - Zt0t2 + RC’u + .]WLC'u ) (7)

where R, is the resistance and L, the self-partial inductance
of the copper cylinder. Both components are frequency
dependent due to the skin effect and can be analytically
calculated. More details on the de-embedding procedure can be
found in [6].
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Fig. 6. Impedance spectra of the battery cell mounted on the PCB fixture and
de-embedded cell impedance using (7). The dashed line represents the
impedance spectrum of the fitted EEC battery model shown in Fig. 8. The inset
highlights the inductive impedance arc in the lower frequency region.

V. MEASUREMENT RESULTS AND DISCUSSION

We chose as representative commercial cell a new cylindrical
ICR18650-JM Li-ion high energy cell by the Samsung SDI Co.,
Ltd. Using an Agilent ES061B VNA, both the battery and the
copper cylinder reference were measured while being mounted
on the PCB fixture. The cell impedance was derived using (7).
The cell was measured at room temperature (23°C) with a state
of charge of 50 % and a state of health of 100 %. The
measurement is performed over a frequency range from 1 kHz
to 300 MHz and takes about three minutes with the lowest
intermediate frequency bandwidth (IFBW) of 10 Hz. The low
IFBW together with a source power of 0 dBm leads to a
sufficiently high dynamic range while still fulfilling the
linearity criterion, which states that the inner battery impedance
behaves linearly for cell over-potentials below 10 mV [1]. The
cell fixture is connected via two short coaxial leads and dc
blocks to the VNA. During the measurement, we observed
common mode current flowing on the outer surface of the shield
of the VNA coaxial cables. This led to a significant increase in
the measured impedance for frequencies below 10 kHz. The
sheath waves could be eliminated by encompassing the coaxial
cables with ferrite cores.

For the validation of the measurement method, different
source power levels between 0 dBm and -20 dBm fulfilling the
linearity criterion have been applied. All of them led to the same
cell impedance result, thus confirming the robustness of the
method. For further validation of the proposed method, the
measured S-parameters of the Cu cylinder were compared with
the simulation results in IIT as shown in Fig. 4. The comparison
indicates a close match between measurement and simulation
and hence demonstrates the effectiveness of the method. The
final measurement results are indicated in a Nyquist plot
(Fig. 6) and additionally in a Bode plot (Fig. 7) since in the
former the frequency information is not visible. Regarding
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Fig. 7. Magnitude (black) and phase (red) of the measured cell-in-fixture
impedance and the de-embedded cell impedance using (7).



Fig. 7, the impedance increases from 40 mQ at 1 kHz up to 40 Q
at 300 MHz mainly due to the inductive reactance, which can
be noticed from the phase progression reaching almost an angle
of +90° at 300 MHz. The 1 kHz cell impedance value was also
measured with a Zahner Zennium electrochemical workstation
and exhibited the same value as measured with the HF method.
At frequencies lower than 2 kHz the remainder of the cell’s
double-layer capacity is visible, which shunts the charge
transfer reaction for higher frequencies [3]. The de-embedded
cell impedance magnitude is higher than the cell-in-fixture
impedance magnitude as the fixture compensates partly for the
external magnetic field of the cell. Although our chosen upper
measurement frequency limit of 300 MHz is higher than the
frequency limit of the de-embedding model, which was stated
in Section IV-B to be 283 MHz, there is no negative impact
noticeable on the results above this frequency. I.e. the de-
embedding model depicted in Fig. 5 has still a large frequency
margin above the proposed frequency limit and therefore
exhibits a good reliability for the chosen frequency band.

VI. HIGH FREQUENCY BATTERY MODEL

In this section, we propose an HF EEC battery model, which
represents high frequency related electrophysical and
electrochemical loss processes occurring in a cylindrical battery
that have been reported in literature. In previous works, there
have been two different approaches for HF battery modeling.
The first approach defines a battery model in such a way that it
fits the measurement result best. This fitting approach is straight
forward and yields well-fitting circuit models, mostly a serial L
or an RL circuit, but often lacks physical and chemical
interpretations of the circuit elements. It is commonly known
that the inductive behavior of the cell originates from the
spirally wound current collectors and the connections inside the
cell [15, 24]. The second approach is therefore based on the
physical structure of the battery and requires a lot of
information about the cell’s geometry, which is often unknown.
We therefore design our HF battery model by combining both
the information of our measurement results and the available
information about the structure of the battery and assign each
EEC element a certain loss process occurring in the cell. The
resulting EEC battery model is depicted in Fig. 8 and consists
of frequency independent RL elements.

Using computed tomography (CT), the cell was scanned to
gain insight into the internal structure, which is pictured in
Fig. 9. A tab located at the outside of the electrode windings
connects the cell’s negative terminal to the active material
whereas the positive terminal has a tab placed in the middle of
the windings. To form a cylindrical cell, the metallic current
collectors are coated on both sides with the active electrode
material and are rolled up with a separator in between to form
the jelly roll. Fig. 9 and Fig. 10a illustrate the cell’s internal
structure by a cross-sectional view. Tabs are attached to the
current collectors and are usually connected by several bonds
to the battery poles [16]. The position of the tabs on the current
collectors is crucial for the inductive behavior of the cell [15],
because more windings lead to an increase in inductance [14,
16]. From the Nyquist plot in Fig. 6 it can be seen, that the
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Fig. 8. Structure of the high frequency EEC battery cell model.

TABLEI
HIGH FREQUENCY BATTERY MODEL CIRCUIT ELEMENTS
Element Quantity Fitted EEC value range
R, Electrolyte resistance 30...40 mQ
and polarization losses
R, Current collector 3...7mQ
resistance
R,,, Radial ionic resistance 1.0...1.5Q
L, Current collector 130...140 nH
- effective inductance
Lyops Tabs and bonds self 15...22 nH
inductance
R pin Skin surface resistance 10...15Q
L Internal inductance 3...6nH

impedance path forms an inductive arc (visible in the magnified
inset) before increasing steadily in both real and imaginary part.
Different processes can be allocated to these observations and
are modeled by lumped electrical elements. It should be noted
that although we map the loss processes to lumped circuit
elements, they inherently have a distributed characteristic,
which is visible from the battery structure in Fig. 10a and 10b.

A. The ohmic resistance

As in traditional EIS, the ohmic resistance is defined as the
resistance in the Nyquist plot, where the imaginary part of the
impedance is zero. This happens at the so-called intercept
frequency, which is 2 kHz for the investigated 18650 Li-ion
cell, as noticeable in Fig. 7 from the zero-phase point. In our
EEC HF battery model (Fig. 8), the ohmic resistance is divided
into two resistive parts related to different battery components.
As the first part, the electrochemical resistance R, mainly

N\

Negative
Tab

Positive Tab

Fig.9. CT scan of the investigated cell. The positions of the tabs are indicated.



accounts for the electrolyte resistance. Besides, R, models
contact resistances between the active electrodes and the
current collectors, which also cause polarization losses [2]. The
second part is the electrical resistance of the current collectors
due to their limited conductivity and is modeled by R... As
stated earlier, the charge transfer resistance R, is not part of
the HF battery model, as it is shunted by the cell’s double-layer
capacity C;; for higher frequencies.

B. The inductive impedance arc

At the intercept frequency, the cell reactance J{Z,,,}
vanishes and the current only sees the resistances of R, and
R... (There might be small capacitive and inductive
contributions, but which cancel each other out.) The
conventional current path (green arrow in Fig. 10b) at this
frequency runs along the aluminum (Al) current collector,
crosses the active electrode areas and the separator at a certain
location in the jelly roll and flows along the Cu current collector
to the tab. For increasing frequency, additional loss processes
occur. The fast time-varying current causes an additional
voltage drop along the current collectors due to their self-
inductance. As the inductive reactance of the collectors
increases with frequency, another current path becomes
obvious. An increasing quantity of ionic branch currents flows
radially between the jelly roll layers thus shunting the inductive
reactance of the current collectors. The ionic branch currents
are indicated by the red arrows in Fig. 10a and 10b,
exemplifying the quasiparallel interconnection between ionic
and electrical currents. This ionic shunt effect leads to the
inductive impedance arc in the Nyquist plot as depicted in the
inset of Fig. 6. Laman et al. [14] proved this statement by

L(i("

Al Current Collector
Separator
Cu Current Collector

characterizing and comparing two cells: one with electrolyte
and one without electrolyte. The cell without electrolyte does
not show the arc in the impedance spectrum because it lacks the
dissipative Li-ion flow mechanism. The Li-ions migrating
through the jelly roll layers see multiples of the resistance R,,
which is modeled as the ionic resistance R,,,, in our EEC. At
the highest point of the impedance arc, the ionic current through
the jelly roll layers equals the electric current through the
current collectors. For modeling the inductive impedance arc,
Ferraz et al. [18] proposed an inductive ZARC-element, which
can be approximated by a chain of RL-elements in analogy to
the capacitive ZARC-element [1]. Based on the above
described ionic shunt effect, we model the impedance arc with
one RL-circuit composed of the resistance R,.. and the effective
inductance L,. of the current collectors, in parallel with the
ionic resistance R,,, as shown in Fig. 8. The effective
inductance L, results from the self-inductance of the positive
(Al) and negative (Cu) current collectors and their coupling
through mutual inductance [16]. As described in [14], if the tabs
of'anode and cathode are placed at the opposite ends of the jelly
roll as depicted in Fig. 10a, the currents in the current collectors
flow in parallel leading to a large effective inductance L. If
the tabs are at the same end of the jelly roll, L . will be much
less due to antiparallel current flow.

C. The skin effect

Due to electromagnetic field effects, a time-varying current
tends to concentrate near the surface of a conductor, which is
known as the skin effect. As a consequence, the higher the
frequency of the current, the less is the penetration depth of the
current leading to a reduction of the effective cross section of
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Fig. 10. Internal structure of a typical cylindrical cell with the positive tab (+) located in the center and the negative tab (-) at the outermost winding. In (a) the
distributive nature of the inductance and resistance of the current collectors is shown and designated by apostrophized elements (‘) implying quantity per length.
The exemplary chain of double layer capacitances C;° with charge transfer resistances R, in parallel and the electrochemical resistances R, * is based on the
commonly used electrochemical EEC dynamic battery model [3] and indicates the HF radial ionic current flow (red arrows). The RC circuits are negligible for the

regarded high frequency range and only a multiple of R, remains as R,

ion

‘. (b) is a fraction of the entire transmission line (a) and illustrates the two different

current paths: the conventional (green arrow) and the HF relevant path (red arrows). This eventually leads to an RL parallel circuit for high frequencies.
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Fig. 11. External and internal impedance of a conductor, illustrated by
distributed circuit elements. Adapted from [26].

the conductor. The penetration depth for cylindrical conductors
can be calculated by

1

= Veont ®

with the conductivity o and the permeability x of the material.
The reduced current depth causes an increase in internal
resistance R,,, and a decrease in internal inductance L;,,,, as
the magnetic flux penetration depth inside the conductor
shrinks. Together R, , and L,,, form the frequency dependent
internal impedance, which is also known as the surface
impedance [25]:

d

skin

l
Zint (w) = Rint (w) + ijint (w) = ; V jw:u/a ) (9)

where [ is the length and w the circumference of the conductor.
Fig. 11 illustrates how the internal resistance and inductance are
distributed in the conductor as an RL transmission line with the
frequency-constant elements R,,,” and L, ,". From (9) we see
that the surface impedance depends on the square root of the
frequency and that the real and imaginary parts are identical.
This leads to an angle of 45° in the Nyquist plot and can be
interpreted as an inductive Warburg impedance in analogy to
the Warburg impedance used for modeling the slow diffusion
processes in a Li-ion cell [3]. This interpretation is also in
accordance with the transmission line character visible in
Fig. 11. Despite the frequency dependency of the surface
impedance, we model the skin effect by the two frequency
independent lumped elements R,,;,, and L, in Fig. 8, which
is a good tradeoff between simplicity and fitting accuracy.
Eventually a parallel RL-circuit will form a semi-circle, but for
the considered frequency range, this topology is sufficient.

The skin effect can be noticed in Fig. 6 at high frequencies
above the inductive impedance arc, which lies at approximately
10 MHz. It is superimposed by the reactance growth due to the
external inductance, which leads to an angle of more than 45°.
The skin effect occurs in the conducting materials of the cell, in
particular in the current collectors, whose typical thickness lies
between 10 to 20 um [26]. Solving (8) for the frequency, the
skin effect becomes evident starting from 10.9 MHz for a

> 15m : :

5 1 f

B ~=« | Skin effect .

< 10m f ‘”"/ """""""""""""""""""" e

< 7\

& Sm

S8

R

2 0

g

E -5m

o

=

5 -10m

> ~ " U sim

£ : ;

2 -15m : :

Lfé 0 50n 100n 150n 200n
Time, t (s)

Fig. 12. Measured and simulated cell voltage and current versus time.

20 um thick copper current collector (0 = 58+ 10% S/m and
i = i = 4m - 1077 H/m). This matches our observations of
the impedance measurement results.

D. The external inductance

According to (9), the phase of the internal impedance
remains always at an angle of 45°. However, the external
magnetic flux outside of the conductor dominates the increase
in reactance, which eventually results in a maximum phase shift
of nearly 90° as noticeable in Fig. 7. The external inductance
represents the external magnetic flux and composes the already
introduced current collector inductance L, and additionally the
inductance L,,;, of the remaining conducting cell components,
which are not shunted by the ionic current flow presented in
Section VI-B. These components are mainly the tabs and bonds
and the physical cell length, which always leads to an inductive
contribution.

VII. MODEL PARAMETRIZATION AND VALIDATION

The proposed HF EEC battery model was fitted using the
well-known least square (LS) method [27]. The fitted model
parameters are summarized in table I, where also a range of
fitting values is given for each parameter.

Since the cell characterization was performed in the
frequency domain using network analysis, we chose to validate
the HF EEC model in the time domain. Therefore, we excited
the cell by a trapezoidal current pulse with a frequency of
10 MHz and an edge time of 20 ns and measured the voltage
response. The current source is realized by a signal generator
together with a series resistor of 30 Q, which is also used as
shunt resistor to measure the current. The current source is
connected to the cell mounted on the PCB fixture. The setup
was simulated using the SPICE-simulator SIMetrix together
with the HF EEC battery model. The results are shown in
Fig. 12. When the current starts to rise, the voltage immediately
shows a step-like increase in accordance with the law of
inductance u(t) = L - di(t)/dt. If we calculate the respective
inductance, we obtain the same value as L, ., which is



responsible for the immediate voltage step. The shape of the
positive and negative voltage peaks originates from the RL
circuit representing the skin effect, as the edge time of 20 ns
corresponds to a frequency of 50 MHz. After the skin effect has
settled, the instantaneous impedance is approximately 1 Q,
which can be calculated by applying Ohm’s law at ¢ = 50 ns, for
instance. This value matches the Nyquist curve shown in Fig. 6
and is mainly caused by the radial ionic resistance. During the
constant current phase, the ionic shunt effect can be noticed
from the slow voltage drop, which is caused by a decrease in
the instantaneous reactance of L .. The small oscillations of the
voltage signal are due to parasitic measurement effects. The
slight differences between the measured and the simulated
voltage response in Fig. 12 can be addressed to the distinction
between measured cell-in-fixture and de-embedded cell
impedance. The latter is used for the model fitting and thus will
not completely match the cell-in-fixture measurement.

VIII. CONCLUSION

In literature, cylindrical Li-ion battery cells have been
investigated mainly at frequencies below 10kHz using
electrochemical impedance spectroscopy. To open up high
frequency impedance spectroscopy of these cells, we developed
a novel HF fixture to mount a single battery so it can be
characterized with a 2-port VNA method for frequencies as
high as 300 MHz. Different electrochemical and
electrophysical effects such as the ionic shunt effect or the skin
effect could be measured and allocated to different frequency
ranges. The presented cell model can be used for simulations of
the cell’s electromagnetic interference (EMI) behavior and for
modeling a cell-based power line communications channel.
Since all of the inspected high frequency effects are of an
resistive or inductive nature, they strongly depend on the cell’s
design and geometry. Future work will focus on their
dependency on the structure, state of charge and temperature.
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4.3 Cell State and Cell Design Dependencies

This section introduces the article High frequency impedance characteristics of cylindrical lithium-ion
cells: Physical-based modeling of cell state and cell design dependencies and is based on the paper

without further reference.

In Section 4.2, HF impedance measurements were conducted on a specific type of 18650 Li-ion cell at
a certain ambient temperature and SOC. In this section, the HF impedance characteristics of eight
different 18650 high power and high energy Li-ion cells were investigated using the measurement
method of Section 4.1.1 and the modeling approach of Section 4.2 for a more profound HF impedance
spectroscopy of cylindrical Li-ion cells. The impedance-based HF battery model of Section 4.2 was

parametrized for all investigated cell types as well as for various temperature and SOC conditions.

HF impedance analysis of the different 18650 Li-ion cells revealed a strong correlation with the internal
cell structure. Cylindrical Li-ion cells are manufactured by coating the metallic current collector foils
by the active electrode materials, placing separators in between, and winding up the stacked layers
of separator/ anode/ separator/ cathode into a jelly roll [13]. Tabs are attached to the current
collectors to connect the cathode to the positive cap and the anode to the negative outer casing of
the cell [13]. Depending on the number of current collector windings and the tabs located along the
windings, the eight investigated 18650 Li-ion cells differed widely in their jelly roll inductance from
tens to hundreds of nanohenries. Moreover, it has been found that cylindrical high energy cells having
thick electrode layers and less windings exhibit a smaller jelly roll inductance than corresponding high

power cells with the same tab arrangement.

In literature, it is usually concluded that temperature and SOC hardly influence the resistive-inductive
cell characteristics above the intercept frequency [47, 210]. However, impedance investigations over
temperature and SOC are often restricted in frequency not exceeding 1 MHz [38, 47, 210]. Therefore,
in this section, selected Li-ion cells were characterized up to 300 MHz for different ambient
temperatures from 0 °C to 40 °C in intervals of 10 °C and at various SOC conditions from 10% to
90% in intervals of 20%. HF impedance spectroscopy revealed a temperature dependence of the cell
impedance in the lower megahertz range due to temperature-dependent ionic current flow in the
electrolyte, supporting the existence of the ionic shunt effect found in Section 4.2. Other frequency
regions did not show a temperature dependence. SOC was found not to influence the HF cell behavior
except for one investigated cell showing a slight SOC dependence for frequencies below 1 MHz, most
probably due to anodic volume change during cyclic conditioning. Above 1 MHz, no SOC influence

could be observed.

Authors contribution Development of the impedance measurement method and execution of the
experiments were performed by Thomas F. Landinger. Data processing, battery modeling, and
simulations were also conducted by Thomas F. Landinger. The printed circuit board was
conceptualized by Guenter Schwarzberger and Thomas F. Landinger and was designed by Guenter
Schwarzberger. Andreas Jossen supervised this work. The original draft was written by Thomas F.

Landinger and was reviewed and edited by all authors.
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ABSTRACT

High frequency (HF) properties of lithium-ion (Li-ion) batteries receive growing attention, as an increasing
number of highly dynamic loads are present in today’s hybrid or battery electric vehicles (HEV, BEV). In this
paper, we address the need for a better understanding of the HF characteristics of cylindrical Li-ion cells. First in
literature, the impact of cell design, ambient temperature and state of charge (SOC) is investigated in a uniquely
wide frequency range from 1 kHz to 300 MHz. Impedance measurements performed on eight different 18650 Li-
ion cells show a strong correlation with the cell geometry including cell design (high power, high energy cell)
and tab positioning along the current collectors. Moreover, the impedance response of the cells varies with
temperature above 1 MHz indicating an increasing contribution of ionic current flow as the inductive reactance
of the jelly roll becomes larger. SOC variations indicate only slight impedance changes below 1 MHz, most likely
due to electrode volume change. The results are summarized in a physical-based HF battery model, which can be
used for simulating highly dynamic battery applications such as battery power line communications (PLC) and
impulsive noise investigations on the automotive high voltage (HV) power train.

1. Introduction

performance of the automotive traction battery, which needs to supply a
variety of loads. Lithium-ion (Li-ion) batteries are implemented in most

Electromobility is regarded as a strong driving force towards of today’s electric and hybrid vehicles due to their high specific energy
environment-friendly mobility. Its future success is directly linked to the and energy density [1]. To enhance performance and safety, a battery
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management system (BMS) monitors the battery pack by sensors
attached to the cells, which are commonly connected by a serial
communication bus [2]. As this demands a huge amount of wiring,
power line communication (PLC) has recently been proposed as an
attractive alternative communication technique among cell sensor cir-
cuits [3-7]. Thereby, the high voltage (HV) automotive power lines
including the traction battery are utilized as transmission channel, and
the serial communication bus can either be omitted to save costs or used
as a redundant communication system.

Predicting the performance of PLC over the traction battery requires
knowledge about the battery’s impedance for high frequencies in the
megahertz range. On cell level, Electrochemical Impedance Spectros-
copy (EIS) [8] is widely used to determine the complex-valued cell
impedance over frequency. However, EIS is generally limited in fre-
quency since regular EIS equipment mainly utilizes impedance mea-
surement techniques, which are optimized for low-frequency relevant
electrochemical process identification [8]. This makes high frequency
(HF) impedance measurements and their interpretations difficult, as
measurement errors such as inductive artefacts coming from the EIS
equipment may distort the results [9]. As the typical frequency range of
EIS lies below 10 kHz [9], we denote frequencies above 10 kHz as ‘HF’.
For HF cell characterization in the megahertz range, we previously
proposed an alternative HF-capable impedance measurement technique,
which can deal better with HF phenomena such as signal reflections and
coupling effects [10]. For PLC performance prediction, it is also essential
to quantify how the battery’s HF impedance depends on different cell
designs and how it changes over a wide range of ambient temperature
and the state of charge (SOC).

Only a few publications are available dealing with the cell’s behavior
at high frequencies from a physical point of view. Laman et al. [11]
investigated the HF properties of cylindrical cells up to 10 MHz, which
had the anodic tab attached to the outermost and the cathodic tab to the
innermost electrode winding'. By adding a second anodic tab to the
innermost winding, they found that the spiral geometry of the electrodes
and the tab positions significantly contributes to the cell’s inductance
and consequently to its HF impedance.

Osswald et al. [12] confirmed these findings by assessing the
inductive behavior of a cylindrical 26650 cell with EIS measurements
among different tab positions along the current collectors. They
concluded that the maximum impedance value at high frequencies
strongly correlates with the electrode windings enclosed by the tabs.

More recently, Schindler et al. [13] investigated an 18650 cell by
three electrode impedance measurements up to 1 MHz. Based on mea-
surements and geometrical information gained from microscopical cross
sections, they proposed a detailed planar transmission line model, which
can predict the impact of the cell design on the battery’s impedance.
Beside inductive loss processes, they recognized another HF relevant
resistive loss process due to radial ionic current flowing between the
jelly roll layers. The study concluded that the cell design (power/energy
cell) significantly changes the cell’s resistive-inductive behavior for high
frequencies.

In [14], Ferraz at al. proposed three high frequency cell models
considering the skin effect as potential reason for the resistive HF
behavior of the cell. By evaluating the cell impedance up to a frequency
of 1 MHz, they found the resistive-inductive cell characteristics not to
correlate substantially with SOC.

All of the cited previous studies provide valuable information about
the cell’s properties at elevated frequencies. However, none of them
investigated frequencies higher than 10 MHz, which are of interest for
PLC over the traction battery. Yet, Hoene et al. [15] investigated cell
properties for frequencies higher than 10 MHz, but simplified the cell by
a solid cylindrical conductor model, which does not give a detailed

1 A graphical representation of the tab pattern can be found in Fig. 3 with
reference to the Molicel IHR18650A.
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insight into the cell. For this reason, in Ref. [16], we investigated the
cell’s resistive-inductive characteristics up to a frequency of 300 MHz.
Using a novel measurement method for HF low-ohmic impedances, we
were able to detect several high frequency related loss processes
including the skin effect, which we summarized in a physical-based
battery model. The presented approach was applied to one specific
18650 Li-ion cell, but only at a certain temperature and SOC.

To the best knowledge of the authors, no literature is available
quantifying the impact of cell design, temperature and SOC on the cell’s
HF behavior in the megahertz range. This is critical because the battery
directly affects the PLC performance, which might deteriorate for
varying ambient conditions.

In this paper, we address this issue and examine how much the cell’s
HF impedance varies with different factors of influence. The cited pre-
vious works [11-14] already considered the cell geometry to be essential
for the HF behavior of Li-ion cells. For this reason, we investigate
different high power and high energy 18650 cells in a frequency range
from 1 kHz to 300 MHz. Cross-sectional views of the cells are analyzed
regarding tab positions and number of windings, and the cells’ imped-
ances versus frequency are obtained by vector network analyzer (VNA)
measurements [17]. Moreover, we evaluate how the cells’ HF imped-
ances depend on different temperatures and SOCs and how these de-
pendencies can be addressed by our physical-based HF battery model.

In Section 2, we present typical high frequency characteristics of
cylindrical Li-ion cells found in previous literature and introduce our
modeling approach. Section 3 presents the experimental setup used for
the HF cell characterization. The results for different cell geometries,
temperatures and SOCs are evaluated and discussed in Section 4. The
paper concludes with Section 5.

2. Battery model for high frequencies

In Fig. 1a, we propose an equivalent electrical circuit (EEC) model of
a single cylindrical Li-ion cell for high frequencies. The battery’s typical
AC impedance response is shown in the Nyquist plot in Fig. 1b. The EEC
model addresses several resistive or inductive effects, which are visible
at different frequency regions in the Nyquist plot. The goal of the model
is to describe the frequency dependent physical effects in a compact
form by lumped elements, which are frequency independent. It should
be noted that the model describes the battery’s AC impedance only for
frequencies higher than the intercept frequency with the real axis in the
Nyquist plot. It does not include slower cell dynamics such as double
layer effects and diffusion, which exhibit a capacitive nature and can be
found in the negative imaginary half plane of the Nyquist plot (indicated
by the dashed impedance curve in Fig. 1b). Since the double layer
capacitance will shunt the charge transfer reaction resistance for higher
frequencies [18], this effect is also not relevant for HF battery modeling.
Consequently, solely resistive and inductive loss processes determine the
high frequency behavior of cylindrical cells. They can be allocated in
either the electrochemical or the electrophysical domain.

It is commonly accepted that the inductive cell properties arise
mainly from the spirally wound geometry of cylindrical cells [11-13].
Fig. 2a illustrates the jelly roll structure in a cross-sectional view. Copper
(Cu) and aluminum (Al) current collectors are coated by the active
electrode materials on both sides creating anode and cathode, respec-
tively. To form the jelly roll, the electrodes are rolled up with separator
foils placed in between [19]. Caused by this geometry, the current col-
lectors exhibit an inductive nature, which is distributed along the col-
lector windings and denoted as L. (f) in Fig. 2a. More specifically,
L¢.’(f) represents the self-inductance of each current collector segment
and describes the voltage drop along the segments due to a time-varying
current. The frequency dependency of L.’ (f) arises from the skin effect,
which forces the current to concentrate on the outer surface of electrical
conductors for higher frequencies (for further details see below).

As the cathodic and anodic current collector segments are closely
attached to each other, their magnetic fields interact and mutual
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Fig. 1. (a) Physical-based high frequency EEC-model of a cylindrical Li-ion
battery. The model represents the high frequency relevant loss processes,
which can be found at different frequency ranges in the Nyquist plot (b). The
dashed section of the cell’s impedance locus indicates the low frequency rele-
vant electrochemical effects, which are not part of the model (a).

inductive coupling was observed in previous studies [11,13]. The
mutual inductance M’ in Fig. 2a accounts for this phenomenon.
Regarding the manufacturing of cylindrical cells, tabs are attached to the
current collectors to connect the cathode to the positive cap and the
anode to the negative outer casing of the cell [19]. Depending on the
position of the tabs along the current collectors, the tabs will enclose
more or less windings leading to a higher or lower jelly roll net induc-
tance consisting of self and mutual inductance [12]. This will be
investigated deeper in Section 4.1.

The limited conductivity per length of the current collectors is
indicated by the resistor R..’(f) in Fig. 2a, which is also frequency
dependent due to the skin effect as previously reported in Refs. [18,20,
21]. In Ref. [22], the proximity effect was found to be a possible reason
for the increasing cell resistance at high frequencies. Thereby, electrical
conductors in close proximity mutually induce eddy currents forcing the
overall current concentration to be higher at the non-facing surfaces of
the conductors [23]. Regarding the spirally wound cell geometry, anodic
and cathodic current collectors are mutually stacked. From this sym-
metric structure, we suppose that the proximity effect will cancel out in
cylindrical battery cells and can be neglected.

The locally distributed resistor R, accounts for the ohmic losses
occurring in the electrochemical domain and its interface to the elec-
trophysical domain. R,’ is mainly determined by the ionic conductivity
of the electrolyte, but also includes the transition resistance between
active electrodes and current collectors [9,18,24]. As first component in
the EEC model (Fig. 1a), the resistor R, sums up the locally distributed
ohmic resistance R,’. The value of R, can be estimated at the intercept
frequency with the real axis of the Nyquist plot in Fig. 1b, albeit small
capacitive and inductive contributions might be still present cancelling
each other out [25].

The local distribution of the elements L..’, R..’, and R,’ along the
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Fig. 2. Structure of a typical cylindrical Li-ion cell: (a) Cross-sectional view of
the spiral geometry. (b) Representation of (a) as planar transmission line. From
(b) it becomes evident that ohmic effects in the electrochemical domain are in
parallel with resistive-inductive effects in the electrophysical domain. The point
P in both (a) and (b) indicates the same position along the Al current collector.
The locally distributed nature of the circuit elements is signified by apostrophes
(‘) implying quantitiy per length. The frequency dependency of the elements
*and  ’ is caused by the skin effect.

spiral from Fig. 2a can be re-drawn as a planar transmission line, which
is depicted in Fig. 2b. From this representation, the parallel intercon-
nection between the electrophysical losses along the current collectors
and the electrochemical losses in the electrolyte becomes obvious. This
was first found in Ref. [11] and was thoroughly investigated in Ref. [13].
In the Nyquist plot (Fig. 1b), the parallel conjunction leads to a
resistive-inductive impedance arc spanning frequencies from kHz up to
some MHz. The arc can be explained by the increasing reactance of the
current collectors for increasing frequencies. The higher the frequency,
the more ionic current radially shunts the electrode windings through
the jelly roll layers, seeing multiples of the electrolyte resistance R’
[11]. Based on the observations in the Nyquist plot and the knowledge
about the cell structure, we can model this ionic shunt effect by a lumped
element RL parallel circuit, which is the second part of the EEC model in
Fig. 1a. It comprises the net inductance L. and resistance R, of the
current collectors in parallel with the ionic resistance R;,,, which can be
seen as the total resistance of the stacked active material and the elec-
trolyte located between the tabs.
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It should be noted that although the presented cell loss processes do
have an inherently distributed nature and are partly frequency depen-
dent, we model them by lumped and frequency-constant EEC elements
to obtain a compact and comprehensive battery model.

Still, the frequency dependency caused by the skin effect is included
in the EEC model of Fig. 1a by another frequency constant RL circuit
(Rskin and Lg,). This third EEC sub circuit accounts for the diminishing
penetration depth dyi, (also known as skin depth) of a time varying
current for increasing frequencies. For cylindrical conductors, dy;, can
be calculated according to Ref. [26] by

1

V/ O skin

with the frequency fu,, the electrical conductivity o, and the magnetic
permeability y of the conductor. The decreased penetration depth leads
to an increase in internal resistance and reactance per length according
to

dygin = (1 )

Vi2afujo, (2

R’ (f) +727f -Lint” (f) = %
where Li,’(f) is the internal inductance per length and w the circum-
ference of the conductor. The internal resistance Ry’ (f) per length is
also known as surface resistance. Equation (2) is derived in Ref. [26] by
establishing the frequency dependent current density distribution inside
the conductor. From (2), it can be seen that the complex internal
impedance is proportional to the square root of the frequency. This
would lead to an impedance curve progression with an angle of +-45° in
the Nyquist plot similar to the —45° diffusion branch described by the
Warburg impedance (see Fig. 1b). However, external inductance con-
tributions arising from the tabs and bonding wires are superimposed
leading to a steeper reactance increase as visible in Fig. 1b. In the EEC
model, the lumped elements describing the skin effect are denoted as
Rgkin and Ly, to distinguish them from the true line parameters Ry’ (f)
and L, (f).

Additionally for very high frequencies, the signal propagation delay
due to the physical length of the cell becomes evident. When a signal
propagates from one cell terminal to the other, it undergoes a phase
delay, which can be regarded as the intrinsic cell inductance, which is
another external inductance. The intrinsic cell inductance and the
external inductance due to tabs and bonding wires are summarized by
the fourth and last EEC model element L,,,. All EEC model components
including their physical meaning are summarized in Table 1. For a
deeper explanation including the model validation, the reader is
referred to Ref. [16].

3. Experimental

In this work, impedance measurements were performed on eight
different commercially available 18650 cylindrical Li-ion cells in the
frequency range from 1 kHz to 300 MHz. The essential electrical pa-
rameters of the investigated high power and high energy cells are listed

Table 1
EEC battery model elements of Fig. 1a and their physical meaning.

Circuit
Element

Electrochemical or -physical effect

Ohmic resistance of electrolyte and interface between active
electrodes and current collector
Electrical resistance of current collectors

Ionic resistance of the electrolyte layers
Net self-inductance of the current collectors (external inductance)

Tab and bonding wire inductance, intrinsic cell inductance (external
inductance)
Internal (surface) resistance

Internal inductance
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in Table 2. The impedance measurements were carried out with an
Agilent E5061B vector network analyzer (at present Keysight Technol-
ogies, Inc., USA) using the shunt-through VNA method, which is
specialized for broadband low-ohmic impedance measurements [27].
The frequency span was swept with the least available bandwidth of 10
Hz to provide best accuracy, which is ensured to be below 10% ac-
cording to the manual of the VNA. 1601 measurement points were
recorded, which corresponds to 292 points per frequency decade. The
excitation power of the VNA was chosen to be —17 dBm (20 pW), which
is a tradeoff between a sufficient signal-to-noise ratio and keeping the
cells within the linear region (10 mV criterion [8]). Each cell was
mounted on a printed circuit board (PCB) fixture to connect it properly
to the VNA by coaxial connectors and leads. By measuring a reference
impedance, which we chose to be a solid copper cylinder with the same
dimensions as the cell, we were able to de-embed the cell impedance
from the entire measurement setup. For more details about the HF
measurement method, the reader is referred to our previous work [10].

Beside the measurement method accuracy, the HF impedance devi-
ation among cells of the same type has to be considered to provide
reliable results. Four cells of the same type were characterized using the
HF measurement method and found to deviate by 4% below 100 MHz
and 18% between 100 MHz and 300 MHz with respect to their HF
impedance. These values are well below the impedance variations pre-
sented in the results and discussion section 4 thus accounting for reliable
results.

All tests were performed within the first few cycles of the cells and
the SOC was kept at 50% except for the investigations on SOC de-
pendences in Section 4.3. Thereby, electrochemical long-term changes
can be excluded during the measurements.

To gain insight into the structure of the cells, each cell was investi-
gated by X-ray computed tomography (CT) and cross-sectional scans
were obtained, which are illustrated in Fig. 3. Thereby, the tab positions
along the windings and the number of windings could be determined,
which are presented in Section 4.1.

For temperature investigations, the cells were placed inside a
Voetsch VT 7004 climate chamber (Weiss Umwelttechnik GmbH, Ger-
many), which provides a controlled thermal environment. For each
temperature setting of the chamber, a period of 2 h was chosen for
temperature equilibration of the cells to obtain a homogenous temper-
ature distribution [28]. In addition to the HF VNA impedance mea-
surements, EIS measurements in the low-frequency region were
performed at each temperature using a Zahner Electrochemical Work-
station Zennium (ZAHNER-elektrik GmbH & Co. KG, Germany).

To charge and discharge the cells to certain SOC values, the ATGB
1200 battery test equipment (Batteryuniversity GmbH, Germany) was
used. Table 3 summarizes the steps performed for the cell character-
ization at different SOCs. After a constant current/constant voltage
(CCCV) charge and discharge capacity check, the cells were charged to
reach the desired SOC. Subsequently, 2 h of rest were chosen for cell
temperature setting. Since only frequencies higher than 1 kHz are
considered, electrochemical relaxation processes are not expected to
influence the impedance measurement as they only affect frequencies
below 500 Hz [29].

4. Results and discussion

The section is divided into three subsections each of them discussing
one factor of influence (geometry, temperature, state of charge) on the
cell impedance, which have been observed during the measurements.

4.1. Geometry dependency

Four essential geometrical cell aspects reported in previous literature
to affect the resistive-inductive behavior of cylindrical Li-ion cells were
investigated how they change the HF cell characteristics: the number of
tabs, the position of the tabs [11-123], the cell design (high power or high
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Table 2
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Electrical parameters” and cell design parameters of the investigated 18650 Li-ion cells. For tabs located in the jellyroll, the corresponding winding number is given in

parentheses, counted from inside to outside.

Cell Nominal discharge Maximum continuous discharge Cathode Anode Number of Mandrel  Group
capacity current windings
Samsung 2500 mAh 20A In jellyroll Cell center and 27 No A
INR18650-25R (15) can
Sony US18650VTC4 2100 mAh 30A In jellyroll Cell center and 24 Yes
az) can
Sony US18650VTC5 2600 mAh 30 A" In jellyroll Cell center and 24 Yes
13) can
Panasonic NCR18650B 3350 mAh 6.2 A" In jellyroll At can 17 Yes B
an
Panasonic NCR18650E 2250 mAh 20 A" In jellyroll At can 23 Yes
(16)
LG INR18650 MJ1 3500 mAh 10 A Cell center At can 19 No C
Molicel IHR18650A 1950 mAh 4A Cell center At can 18 Yes
A123 APR18650M1A 1100 mAh 30A In jellyroll In jellyroll (15) 22 Yes D
(15)

@ Values from datasheets unless otherwise stated.
Y Information from suppliers, not verified.

ng
18650-25R

Fig. 3. CT cross sections of the investigated cells. The positions of the tabs are indicated by red (cathode) and blue (anode) markers. In some cases, two different CT
scans of the cell are required to determine all tab positions. This is because the tabs are not visible together in one cross-sectional view since they do not range
sufficiently along the length of the cell. All scans are viewed from the negative cell terminal. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

energy) [11,13,30,31] and the presence of a mandrel [12]. The cell
design mainly implies the electrode thickness and number of windings
[31], whereas the mandrel is a steel rod that is inserted for the winding
process during manufacturing [12].

Prior to the HF measurements, CT cross sectional views illustrated in
Fig. 3 were analyzed regarding tab positions, number of windings and
whether a mandrel is located in the center of the cell. The resulting tab
positions are marked in the CT scans and the found geometry data of the
cells are summarized in Table 2. Depending on the tab positions along

the current collectors, the cells were divided into four different groups A,
B,C, and D.

Before analyzing the results, the inductive nature of the spirally
wound geometry of the cell has to be understood, which determines
most of the overall HF cell impedance. The inductive contributions due
to the cell’s geometry can be separated into three parts. The first part is
the spiral structure of the cell, which causes the main part of the overall
cell inductance due to circumferential current flow [12,13]. To the best
knowledge of the authors, no closed formula for calculating the
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Table 3
Steps of the HF cell characterization for different SOCs.

Step Parameter End Criterion

CCCV Charge Icc =1C(0.5C), Voy = 4.2V Icy <0.05C

Pause time t t = 5min.

CCCV Discharge Icc =1C, Vgy =25V Icy <0.05C

Pause time t t = 5min.

CC Charge Iec =1C(0.5C) Q =10, ..., 90%

Pause time t t=20h

HF Impedance P=- Sweep end, t =
Measurement 17dBm,1 kHz < f < 300 MHz 5 min.

inductance of a spirally wound planar conductor is available in litera-
ture. The approximation by a set of concentric cylinders as done in Refs.
[11,13] was reported in Ref. [32] to be valid only when little current
flows in circumferential direction. This applies to metallized film ca-
pacitors, where the electrode face ends are continuously connected to
the tabs by a metal spray [32] leading to a current flow solely in lon-
gitudinal direction. However, this is not the case for cylindrical battery
cells, where the tabs are connected to the current collectors only at
specific points along the windings.

The second part addresses the inductive coupling between positive
and negative current collectors, which is illustrated in Fig. 4. Depending
on the tab positions, the current in both collectors is in either parallel or
antiparallel relationship and induces a positive or negative voltage drop
with respect to the voltage drop caused by the collector’s self-inductance
L, or L_. If the currents are in parallel as in Fig. 4a, the mutual coupling
inductance M adds up the self-inductance of the current collectors and
the net inductance of the segment is

Ly = (Ly + M)||(L- +M) . 3

For the readers‘ convenience, we depicted the detailed mathematical
part of equations (3)—(5) in the appendix part of this work and only give
the final form - relevant in the following — here.

Regarding the other case, when the tabs are located face-to-face at
one end of the collectors as indicated in Fig. 4b, the currents are in
opposite directions (their sum is zero) and M gets a negative sign.

Asreported in Ref. [13], the inductive coupling factork := M/\/L . L—
between the current collectors is close to 1 due of the tight alignment of
the electrode layers. Supposing equal currents on both collectors, a
coupling factor of nearly 1, and equal inductance values of L, and L_
inserted in (3), the net inductance of the segment from Fig. 4a is

Ly~ (L)||(2Ly) =L, , )

whereas in the case of antiparallel current flow as in Fig. 4b, the net
inductance is close to zero:

Lypar = (Ly —Li) +(Ly —Ly) =0 (5)

Regarding Fig. 4, the current density changes along the current
collectors and is different for (a) and (b). However, as the coupling factor
k is close to 1, this has no impact on the net inductance of the segments.

The third part of the geometry-caused inductive contribution is the
physical length of the cell, which causes a current flow in longitudinal
direction from one battery terminal to the other. It can be approximated
by the inductance of a hollow cylinder, which can be calculated by

Loy :%1(111 (%) - 1) . 6)

Equation (6) was originally given by Rosa [33] developing the
concept of partial inductance, and can be found in inductance textbooks
such as in Ref. [34]. Using the cell’s length I = 6.5 cm and radiusr = 9
mm and the permeability y, = 47-1077 of free space, equation (6) yields
an inductance of 21.7 nH. This so-called intrinsic cell inductance causes
an additional phase shift especially in the very high frequency range
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above 100 MHz, where the signal wavelength reaches the dimensions of
the 18650 cell.

4.1.1. Cell impedance measurements

Fig. 5 presents the HF impedance measurement results of the
investigated cylindrical Li-ion cells. The results are separated into four
sub-figures a,b,c,d according to the aforementioned four groups of cells
A,B,C, and D with different tab patterns as indicated. In Fig. 5d, beside
group D, also one representative cell from each of the other groups A,B,C
is added to allow a comparison among different groups.

For each 18650 cell, the HF EEC battery model of Fig. 1a was fitted to
the corresponding impedance measurement using the randomize and
simplex algorithms provided by EC-Lab® Software (BioLogic, France).
The relevant fitted inductance and ohmic resistance values are sum-
marized in Table 4. Since the chosen battery model aims to describe the
HF behavior in a highly compact manner yet with physical meaning,
there remains a deviation between measurement and model. A typical
model fit and its mean square deviation from the measurement is
pictured in the appendix. Since the time constants of the loss processes
are largely distinct from each other, overfitting issues did not occur. For
the following analysis, the frequency range is separated into three
ranges: Low frequency range I (1 kHz-20 kHz), high frequency range II
(20 kHz-10 MHz) and very high frequency range III (10 MHz-300 MHz).

As visible in the Bode plots of Fig. 5a-d, depending on each cell’s
ohmic resistance, the impedance magnitude starts at low-ohmic values
in frequency range I and strongly increases due to the resistive-inductive
properties of the cell for higher frequencies in range II and III. This can
also be seen from the impedance phase reaching almost an angle of 90°
for 300 MHz. Frequency range II highlights the different inductive
properties of different cell designs and tab patterns, whereas in range III,
interestingly all cells exhibit more or less the same impedance magni-
tude and phase. The observations in range III match the fitted values of
the external inductance L, in Table 4, which are only slightly higher
than the hollow cylinder inductance of 21.7 nH calculated by (6) using
the 18650 cell diameter. From this, we can conclude that above
approximately 70 MHz, the cell design and tab patterns do not signifi-
cantly affect the HF impedance anymore and the current is forced to-
wards the outermost winding of the cell, where it sees the lowest
possible cylinder inductance.

As the inductive parts contribute much more to the impedance
growth than the resistive parts, the Nyquist plots of Fig. 5a-d also
highlight the increase separated in real and imaginary part. From the
Nyquist plots, we can allocate the resistive-inductive impedance arc in
frequency range II revealing the ionic shunt effect. The arc broadens for
cells with higher ohmic resistance because the ionic currents see more
resistance when shunting the electrode layers. In frequency range III, the
resistance of the cells still increases, which can be addressed to the skin
effect. The characteristic bending in the Nyquist plots marks the tran-
sition from frequency range II to II.> The impedance bending is most
probably due to the settling ionic shunt effect and the initiating skin
effect. Solving (1) for the skin frequency fui, using a typical Cu current
collector (¢ = 58-10° S/m, y = pg = 471077 H/m, dgjr = 13 pym = dg, )
leads to f = 25 MHz. Due to the definition of the skin depth being the
depth where the current density has decreased to 1/e ~ 37% of the
surface value, the skin effect is expected to be already noticeable at
frequencies below 25 MHz. This matches our observations in the Nyquist
plots, where the skin effect becomes obvious between 10 and 20 MHz. As
copper has a much higher conductivity than aluminum (¢ = 3.7-10° S/
m), we conclude that the anodic current collector mostly defines the skin

2 One exception is the A123 APR18650M1A, where the bending point is at a
much higher frequency. Although both tabs are located inside the jelly roll, they
are not located quite face to face as can be seen from the corresponding cross
sections in Fig. 3. This might cause an increased ionic current flow leading to
the visible impedance arc.
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Fig. 4. Mutual coupling between the current collectors for parallel (a) and anti-parallel (b) current flow depending on the tab position.
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Fig. 5. HF impedance measurement results of eight different 18650 Li-ion cells grouped according to their tab patterns as indicated in (a-d). A Bode plot and a
Nyquist plot illustrate the results for each group. In (d), one cell of each group/tab pattern is added enabling a comparison among different groups.

effect characteristics in frequency range III. The varying fitted values of
the internal inductance Ly, in Table 4 may be due to different current
collector thicknesses of the cells, but may also be due to fitting variance.
For a deeper inspection, the thickness of the collectors of all cells would
need to be determined, which is beyond the scope of this work. How the
different cell geometries further affect the HF cell impedance is

discussed in the following.

4.1.2. Tab position

Regarding the mixed group results shown in Fig. 5d, the Bode plot
reveals how different tab positions along the current collectors affect the
cell impedance. As stated above, frequency range II provides insight on
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Fig. 5. (continued).

Table 4
Measured ohmic resistance and fitted inductance model parameters of the EEC
model (Fig. 1a).

Cell Re Lec Lskin Lext Group
(mQ) (nH) (nH) (nH)

Samsung 12.6 38.6 4.6 22.4 A

INR18650-25R

Sony US18650VTC4 12.0 22.2 4.7 21.9

Sony US18650VTC5 11.9 27.6 4.5 22.2

Panasonic NCR18650B 29.3 33.1 3.4 22.0 B

Panasonic NCR18650E 19.4 81.5 3.8 22.0

LG INR18650 MJ1 29.5 226.8 8.9 21.3 C

Molicel IHR18650A 70.4 197.3 5.5 23.2

A123 APR18650M1A 15.2 14.8 7.6 24.3 D

how geometry aspects change the impedance characteristics. In case of
Fig. 5d, range II indicates that the cell impedance is higher the more
distance lies between the positive and negative tabs. In case of the A123
APR18650M1A (group D), the tabs are placed in the middle of the jelly
roll (see Fig. 3) and the cell shows the least impedance, followed by

groups C, B and A. Because the complex impedance Z is linked to the
inductance L via Z = j2zfyL, a higher impedance at a certain frequency
fo in the Bode plot corresponds to a higher inductance at f,. From this,
we can conclude that more windings enclosed by the tabs lead to a
higher overall jelly roll inductance, which is in accordance with the
previous findings in Refs. [11-13]. This is also confirmed by the fitted L.,
values in Table 4, which increase from 14.8 nH in case of the A123
APR18650M1A to 226.8 nH in case of the LG INR18650 MJ1, which has
the highest jelly roll inductance among the investigated cells.

4.1.3. Number of tabs

Comparing the representative cells of group A (three tabs) and B (two
tabs) in the Bode plot of Fig. 5d, group A exhibits slightly lower
impedance values in frequency range II. Also the fitted jelly roll in-
ductances L. (Table 4) of the cells from group A are lower than those
from group B except for the Panasonic NCR185650B, which has signif-
icantly less windings (see Table 2). When looking back at the inductive
coupling illustrated in Fig. 4 and equations (4) and (5), one can conclude
that only collector segments with parallel current flow contribute to the
jelly roll inductance. Consequently, in case of group B, only the collector
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segments in between the tabs are essential for the overall inductance.
Another reason for the negligible inductance of segments not being
between tabs as drawn in Fig. 4b, could be a non-uniformly decreasing
current density with increasing distance to the tabs, which was found in
Ref. [12]. The three-tab arrangement of group A can be seen as two
parallel inductances as drawn below the tab pattern in Fig. 5a, whose net
inductance is smaller than a single inductance. Therefore, we can
conclude that more tabs reduce the inductance of the spirally wound
cell.

When looking at the Nyquist plot of Fig. 5d, the Sony US18650 VTC5
(group A) exhibits a higher real part than the Panasonic NCR18650E
(group B) for very high frequencies. As described in Section 2, the ionic
shunt effect leads to current flowing radially between the jelly roll
layers. Therefore, the smaller real part may be caused by the smaller
radial distance between the tabs in case of the Panasonic cell, which is
visible in the corresponding cross sections in Fig. 3.

4.1.4. Cell design (high energy, high power)

The investigated 18650 Li-ion cells are either optimized for high
power capability or high energy density, which can be deduced from the
electrical parameters given in Table 2. To examine the influence of the
cell design, a high energy (NCR18650B) and a high power (NCR18650E)
cell by the Panasonic Energy Company are compared, whose impedance
results are given in Fig. 5b (group B). To achieve a high energy density in
cylindrical Li-ion cells, the electrodes are typically thicker than for high
power cells [31,35], which is visible in the CT cross sections of the
Panasonic cells in Fig. 3. Since thicker electrodes experience higher
losses, the ohmic resistance R, is higher thereby limiting the maximum
power [35]. In contrast, high power cells like the Panasonic NRC18650E
have thin electrodes to minimize R,. The thin electrode layers leads to a
higher amount of windings for high power cell as visible in Fig. 3.
Therefore, we expect higher ohmic and inductive losses for high power
cells at high frequencies, which was also reported in Ref. [13]. When
looking at the results in Fig. 5b, the Bode plot reveals the different fre-
quency characteristics. In frequency range I, the high power cell exhibits
a smaller impedance, which increases faster than the high energy cell
leading to a higher impedance in range II. In range III, both cells have
quite similar impedance characteristics. We can conclude that the higher
amount of windings of the high power cell leads to an increased current
collector inductance L. (see Table 4), which causes the impedance to
increase faster with frequency than for the high energy cell. These
findings are in accordance to a cylindrical coil (solenoid), where the
inductance increases with more windings (L«N?) [36]. The mechanism
behind can be explained by magnetic flux linkage, which increases with
additional windings and thus does the inductance. For more informa-
tion, the reader is referred to electromagnetics textbooks such as [36].
From the Nyquist plot, also the increased ohmic losses at high fre-
quencies due to more windings become visible.

4.1.5. Presence of mandrel

As visible in Fig. 3 and summarized in Table 2, several of the
investigated Li-ion cells have a center pin also called mandrel, which is
used for the winding process of the jelly roll during manufacturing.
Looking at the cell group A, the mandrel’s influence on the HF cell
behavior can be assessed since there are three cells with quite similar
geometries expect for the mandrel. As there is no significant difference
visible between the impedance results in Fig. 5a, it is expected that the
mandrel has no influence on the HF cell impedance. The slightly higher
impedance of the Samsung INR18650-25R in frequency range II in the
Bode plot of Fig. 5a is most likely due to the higher amount of windings
as listed in Table 2.

4.2. Temperature dependency

For temperature investigations, two 18650 cells from Table 2 were
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selected having different electrical and chemical properties: the Sam-
sung INR18650-25R having a cathode composed of nickel manganese
cobalt (NMC®) and the Panasonic NCR18650B having a nickel-
—cobalt-aluminum (NCA®) composed cathode. In Fig. 6, Nyquist plots
(a, b) and a Bode plot (c) illustrate the cell impedance for different
temperatures. Fig. 6b and c only include the impedance curves of the
Samsung cell to ensure readability, yet the impedance curves of the
Panasonic cell show comparable results. In Fig. 6a, the real part of the
impedance and the ohmic resistance at the intercept frequency signifi-
cantly increase with decreasing temperature. Moreover, the transition
from capacitive to inductive cell behavior is shifted to higher fre-
quencies, which can be seen from the phase progression in Fig. 6¢c. These
observations were also reported in previous literature [12,37,38] and
can be accounted for by reduced charge transfer kinetics [39] and
lowered electrolyte conductivity [40]. The latter dominates the tem-
perature behavior of the ohmic resistance [41], whereas the conduc-
tivity variation of the metallic current collectors is negligible in the
regarded temperature range [42]. Considering the impedance modulus
in Fig. 6¢, the curves for different temperatures overlay exactly in the
entire frequency range except of a remarkable 15 MHz band centered
around 10 MHz as indicated by the magnifying inset. In this band, the
impedance significantly increases for lower temperatures suggesting a
temperature effect dominated by the electrolyte conductivity. As found
in the geometry section 4, the highlighted 15 MHz band is the frequency
region, where ionic branch currents start flowing radially across the
electrode layers shunting the current collector segments. Based on these
findings, we suppose that the ionic branch currents see more or less
electrolyte resistance depending on the temperature, which leads to the
visible impedance spread in Fig. 6¢. This can also be observed in the HF
Nyquist plot of Fig. 6b, where the resistive-inductive impedance arc
broadens for decreasing temperature leading to a higher real part of the
cell impedance. Regarding the phase progression in Fig. 6¢, we see that
the characteristic phase minimum at some megahertz shifts to higher
frequencies for lower temperature. From this, we assume that the ionic
shunt effect is also shifted to higher frequencies for decreasing tem-
peratures. This is because the higher electrolyte resistance forces the
current to keep flowing on the collectors, and ionic branch currents
caused by increasing collector reactance tend to initiate at higher fre-
quencies. For frequencies above the highlighted 15 MHz band, the
impedance modulus in Fig. 6¢ seems to be equal again for all tempera-
tures. However, the strong increase in the imaginary part overshadows
the impedance’s real part in the Bode plot. From the HF Nyquist plot in
Fig. 6b, it becomes clear that the real part remains temperature
dependent also for higher frequencies.

The temperature dependency of the resistance of the electrolyte can
be approximated by an Arrhenius behavior [40,42,43].

E.
Rign = A€, @

with the activation energy E,, the proportionality constant 1 (Q~!) and
the Boltzmann constant kg. In Fig. 6d, impedance and resistance values
of the investigated cells measured at 10 MHz are depicted in an Arrhe-
nius plot. In addition, the fitted ionic resistance R;,, of the HF-EEC model
describing the resistive-inductive impedance arc is added to Fig. 6d. All
impedance curves exhibit an Arrhenius-like behavior and their activa-
tion energies lay between 0.04 eV and 0.12 eV as marked in the figure.
The fitted R, has a significantly higher E, than the measured values,
likely because it models the ionic shunt effect over a broad frequency
band. The measured values only represent one frequency point and do
not account for the frequency shift of the entire ionic shunt effect for
varying temperatures. There is also an Arrhenius-like behavior observed
for the impedance modulus. This can be confirmed by the fact that the
real part of the impedance is dominated by the temperature dependent

3 Values from material safety datasheets.
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Fig. 6. Temperature dependency of the cell impedance for two different cylindrical 18650 Li-ion cells: EIS Nyquist plot (a) of both cells, HF Nyquist plot (b) and Bode
plot (c) of Samsung INR18650-25R for different temperatures. Arrhenius plot (d) of selected impedances, namely Zg,, (impedance of Samsung cell), its real part
N{Zsam}, and Zpa, (impedance of Panasonic cell) at 10 MHz. In addition, the fitted ionic shunt resistor Rion ssm of the EEC HF model is depicted for the Samsung cell.

electrolyte resistance, whereas the imaginary part is mostly determined
by the inductive cell properties, which are nearly temperature inde-
pendent. The determined activation energies are in the same order of
magnitude as previously found in Ref. [42], where the authors attrib-
uted the temperature dependency of the ohmic resistance mainly to the
temperature dependent electrolyte conductivity. In conclusion, the
found Arrhenius-like behavior underlines that the
temperature-dependent electrolyte conductivity is mainly accountable
for the HF impedance variation with temperature by 20% from 0 °C to
40 °C at frequencies above some megahertz.

4.3. State of charge dependency

For PLC, it is important that the communication performance does
not vary with different SOCs. Therefore, the dependency of the HF cell
impedance on SOC was investigated based on SOC variations (10%—
90%) of the same cells already considered for the temperature in-
vestigations in Section 4.2. Fig. 7 illustrates the impedance measure-
ment results for different SOCs in a Nyquist plot (a) for both cells and
two Bode plots (b, c) each for one cell. In Fig. 7d, the SOC dependency of
the cell impedance for selected frequencies is depicted. Regarding the
Samsung INR18650-25R, both the Nyquist (Fig. 7a) and the Bode plot
(Fig. 7b) do not indicate any significant impedance change within the
considered SOC range. There are little variations in the Nyquist plot

10

most likely caused by measurement uncertainty. As found in literature,
the cell impedance is nearly independent of SOC for frequencies higher
than the intercept frequency [9,37,42,44]. It is also reported, that the
ohmic resistance of the cell remains constant [9] or exhibits only small
changes [9,38,43]. Interestingly, the Panasonic NCR18650B behaves
differently from the Samsung cell as can be seen from Fig. 7a and d. The
ohmic resistance increases by 15% from 33 mQ (90% SOC) to 38 mQ
(10% SOC). Moreover, the cell impedance increases for low SOC values
over a wide frequency range up to 1 MHz, mainly due to an increase in
the real part (see magnifying inset of Fig. 7a). However, for higher fre-
quencies, no SOC dependency can be observed. In contrast to the cyclic
conditioning listed in Table 3, in a second experiment, the SOC was
additionally adjusted by fully charging and then discharging the cell
until reaching the desired SOC. This lead to the same results as for the
procedure according to Table 3, thus excluding hysteresis effects.
Although the effect is likely caused by another resistive effect, the
behavior is different from the observations of the temperature de-
pendency in Section 4.3 and therefore cannot be attributed to the
electrolyte conductivity. Unfortunately, we found only little research
dealing with cell dynamics and their SOC dependency in the regarded
high frequency range. Typical cell dynamics such as double layer effects
can be excluded because their large relaxation time cannot be assigned
to the investigated high frequencies [29,42]. There are some previous
studies available, which investigated Li-ion intercalation into graphite
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Fig. 7. SOC dependency of the cell impedance for two different cylindrical 18650 Li-ion cells: HF Nyquist plot (a) and Bode plots (b, ¢) of Samsung INR18650-25R
and Panasonic NCR18650B, respectively. (d) Impedance of both cells over SOC for selected frequencies.

materials using EIS [45,46]. The studies could attribute the high fre-
quency signature of the cell to contact resistance between the graphite
electrode and the current collectors [45], or resistance within the bulk
electrode [46]. Considering the different behavior of the Samsung
INR18650-25R and the Panasonic NCR18650B, we assume that the
specific cell technology including the thick electrode layers of the
Panasonic cell account for the impedance change with SOC. More pre-
cisely, we suppose that the delithiation of the thick graphite anode,
which dominates the volume change during cyclic conditioning [47],
reduces the anode volume, leading to a higher contact resistance be-
tween active electrode and current collector.

Another reason for the increased impedance could be the additional
heat resistance layer (HRL) that is inserted between negative electrode
and separator of the NCR18650B [48], and the contact resistance be-
tween HRL and anode, which might depend on the volume change of the
electrode, too.

Regardless of the mentioned possible reasons, for frequencies higher
than 1 MHz, the additional contact or layer resistance has no more in-
fluence, because we assume that it is shunted by the fast time-varying
current through capacitive coupling.

5. Conclusion

In this work, we investigated the resistive-inductive behavior of a
variety of high power and high energy 18650 Li-ion cells. First in
literature, we considered how cell geometry, temperature and SOC in-
fluence the cell’s impedance characteristics over a wide frequency range

11

from 1 kHz to 300 MHz. By applying impedance measurements and
modeling the cell characteristics from a physical point of view, we were
able to address the following cell design aspects:

- Cylindrical high energy cells with thick electrode layers have less
windings leading to a smaller jelly roll inductance than corre-
sponding high power cells with the same tab arrangement (similar to
solenoids, where LxN2).

The tab pattern significantly contributes to the resistive-inductive

cell behavior. More windings enclosed by the tabs lead to a higher

jelly roll inductance, which let the impedance significantly increase
for high frequencies. More tabs along the current collectors can
reduce the jelly roll inductance.

A mandrel inserted in the center of the jelly roll was found not to

influence the cell’s impedance characteristics in the investigated

frequency range.

- As the anodic current collector has a higher conductivity than the
cathodic collector, we assume that it is the major contributor to the
skin effect characteristics of the cell initiating above some
megahertz.

These conclusions are linked to macroscopic cell geometry aspects
and are therefore mainly independent from materials chemistry, except
of a small contribution of the materials chemistry to the ohmic resis-
tance. Besides, electrochemical reactions are regarded negligible for the
HF signal response of the battery.

Considering a frequency of 10 MHz relevant for PLC, the geometrical
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differences among the investigated cells lead to impedance values adapted to a specific cell to obtain a good tradeoff between PLC channel
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Appendix A. Net inductance derivation of current collector segments

A.1 Parallel current flow (Fig. A.8a).
The voltages across the inductances of the positive (L,) and negative (L_) current collector segments are given by”

Vi =joL;-I, +joM-I_,

V_=joL_-1_+ joM-I,. (A1
The impedance between the tabs can be expressed as
V. Vo, Vi+Vo Z. 7

Z:$:L:Z+HZ,:+—, (A.2)

1 I Z. +7_
where
Z. = Vi+V, :ja)L+~I+ +joM-1_ +RI, 7 (A3)
I I,
7 = i+ V. _ RI_ +joL_-1_ + joM-1, ' (A4)

I_ I-

For the common case of supposing identical inductances L, = L_ and equally distributed R, the currents get I, =1 = 1I/2, and eq (A.2) can be
rearranged using (A.3) and (A.4). to
7 (joLy + joM + R)-(R + joL_ + joM)

"~ joL, + joM + R + R + joL_ + joM

= (joL, + joM + R)||(joL_- + joM + R) . (A.5)
For high frequencies, R<wL, and eq. (A.5) can be simplified to

Z = (joL. +joM)||(joL- +joM) : =joL,., (A.6)

which solely contains the net inductance of the current collector segment:
Lpor = (Ly + M)||(L- + M), (A7)

As reported in Ref. [13], the inductive coupling factor k := M//L,L_ for tightly aligned current collectors is close to 1, thus the net inductance for
parallel current flow is

4 For a better readability, the frequency dependency of the quantities voltage, current and impedance is explicitly not shown.
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L, ~L_,

Ly = (L +M)[[(L-+M) 7= (2L.)]|(2Ly) =L.. (A8)

=~

A.2 Antiparallel current flow (Fig. A.8b).
The voltages across the inductances of the positive (L) and negative (L_) current collector segments are given by

V. =joL,-I, —joM-I_,

V_ =jwL_-1_ — joM-I,. @2
Since I, =I_ and k = 1, the voltages can be calculated by
V.= joL, -1, —joL, -1, =0, (A.10)

V_o=jowL_-I_ —joL_-I_ =0.

Since the voltages across the inductances are zero for antiparallel current flow, the net inductance of the current collector segment is zero:

Lupar: =(Ly —Ly) + (Ly —Ly) =0. (A.11)
N Ve
L - = L
K i
I’ -L_ 5 D L_
—> 4—
V_ I I V_

@ (b)
Fig. A.8. Current collector segments including mutual inductive coupling for parallel (a) and anti-parallel (b) current flow depending on the tab position. The
resistances represent the resistance between positive and negative collector segments.

Appendix B. Fitting Accuracy of the EEC Model of Fig. 1a
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Fig. B.9. HF impedance measurement result and fitted EEC model of LG INR18650 MJ1. The mean square deviation between measurement and model is typical
among the investigated cells.
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5 Power Line Communications for Automotive High

Voltage Battery Systems

In this chapter, the concept of PLC for in-battery communications is presented with an emphasis on

the proof of concept, PLC channel modeling, and coexistence analysis.

Established PLC standards have been introduced in Section 3.3.3. Among them, the IEEE 1901
standard [197] describes the power line medium of in-home PLC by four major aspects, which mostly

apply also for in-battery HV PLC:

(1)

Pre-existence: The power line medium is a pre-existent, shared medium differing largely from
other wired communications, which usually define their own media. Consequently, the PLC
technology has to be able to adapt to dynamic network topologies due to switching of different
loads and varying size of the power line network. This aspect is partly alleviated for HV PLC,
since the topology of an assembled HV traction battery does not change. However, electric

loads are still dynamically changing.

Adversity: As the main purpose of the power line network is to deliver electric power from
source to sink in the most efficient way, it provides suboptimal conditions for communications.
Therefore, PLC standards cannot specify the characteristics of the target medium. As a

consequence, channel characterization has to be conducted for any specific case.

Openness: The power line medium is an open, unlicensed medium. The disadvantage is,
however, that the medium is “open” and therefore susceptible to noise at all frequencies, for

example, generated by the automotive power electronics in case of HV PLC.

Regulatory variation: The frequency bands and power spectra permitted for PLC are generally
defined by country-specific regulations. In case of HV PLC for traction batteries, car
manufacturers need to comply with automotive EMC standards like the Comité International
Spécial des Perturbations Radioélectriques (CISPR) 25 standard [211] and the International
Organization for Standardization (ISO) 11452-2 standard [212], which have to be included in

the individual requirements specifications.

In addition to the mentioned challenges for HV PLC, the communications system has to meet further

requirements coming from the BMS specifications such as proposed by Table 1 [58].

Table 1: Communications requirements of an automotive BMS, monitoring one hundred Li-ion
cells [58].

Data rate 2 Mbps
Voltage resolution 14 bit
Temperature resolution 11 bit
Latency of voltage measurement 10 ms

Latency of temperature measurement 100 ms
Bit error rate 1072
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Table 1 does not include resolution and latency requirements on online EIS measurements, however,

similar requirements on an impedance value at a given frequency are expected.

Considering the single-cell-based BMS architecture proposed in Figure 2, two different master/ slave
configurations are conceivable for HV PLC, leading to the two different PLC topologies depicted in
Figure 20. Since the power line network represents a shared medium, a half-duplex communication
(one direction of communication at a time) is employed as master-to-slave (downlink) or slave-to-
master (uplink) communication similar to the communication within a wired serial bus system as
covered in Section 3.3.1. Figures 20a and 20b represent the first topology in case of downlink and
uplink, respectively, where the PLC master modem is connected in parallel to the entire battery stack
and the slave modems are connected in parallel to the single Li-ion cells. This topology benefits from
a power-efficient downlink because the master modem sees the relatively large impedance of the entire
battery pack at its output. Additionally, the master modem is already galvanically isolated from the
HV system and can be directly connected and supplied by the EV’s low voltage system. However, as
the master modem is connected to HV+ and HV—, it is increasingly susceptible to electromagnetic
interference and needs to be tested according to the aforementioned EMC regulations. Figures 20c
and 20d show an alternative topology in case of downlink and uplink, respectively, where the master
modem is attached to a single Li-ion cell just as the slave modems, this way mitigating EMC
constraints. On the downside, because the master modem is responsible for coordinating the entire
communication traffic, its increased power consumption would lead to an SOC disbalance within the
battery pack, degrading the performance of the entire traction battery. Therefore, in the following,

the first PLC topology is further investigated.

As mentioned in Section 3.3.3, no dedicated technology for the daisy-chain-structured HV PLC for
traction batteries as shown in Figures 16b and 20 has been developed yet. Few research articles are

available dealing with in-battery PLC on a laboratory scale, which generally use two different

Figure 20: Different PLC topologies depending on the position of the master PLC modem. Master
outside the stack in case of downlink (a) and uplink (b). Master inside the stack in case of downlink
(c) and uplink (d). For simplicity, only single coupling capacitors denoted as C are shown. Z,, and
Z, represent the source impedances of master and slave, respectively. The dashed red boxes indicate
the transmitting modems, whereas the dashed blue boxes indicate the receiving modems.
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5.1 Hardware Proof of Concept

implementation approaches. Accordingly, reported works either (1) reuse established PLC
technologies as listed in Section 3.3.3 or (2) utilize only the PLC physical layer combined with existing
bus technologies, for example, emulating the signaling method of the CAN bus by PLC also known
as CAN over PLC [50]. For the former approach (1), the HomePlug Green PHY standard [213]
developed by the HomePlug Powerline Alliance has been proposed as promising solution due to its
robust real-time performance [214], and has been considered also for PLC between EVs and charging
stations [52]. For the latter approach (2), commercial solutions for serial universal asynchronous
receiver transmitter (UART) over PLC are offered by Yamar Electronics, Ltd. (Tel Aviv, Israel)
reaching medium data rates up to 115.2 kbps [215] and are applied in research works such as Refs.
[31, 216, 217]. The company also offers CAN over PLC with higher data rates up to 1.4 Mbps [215],
but which operate only in the traditional DC bus technology as depicted in Figure 16a. As a
consequence, custom-made PLC solutions have been proposed in literature, however, data rates are
still limited to hundreds of kbps [63, 218, 219]. In conclusion, a custom-made solution for in-battery
PLC with a proprietary protocol optimized for battery monitoring data transmission with rates of

2 Mbps [64, 65] is desired to be competitive with conventional wired BMSs.

Therefore, Section 5.1 begins with a proof-of-concept study of PLC for in-battery communications
using custom-made PLC modems. Since the PLC channel modeling is an important task to predict
transfer characteristics and facilitate PLC modem design, Section 5.2 develops a PLC channel model
based on the physical-based HF battery model of Section 4.2 and extends the model to account for
electromagnetic coupling effects and contact resistances. The channel model is validated by the PLC
proof-of-concept demonstrator of Section 5.1. Subsequently, the compatibility of PLC and the

coexisting battery monitoring is investigated to ensure interoperability.

5.1 Hardware Proof of Concept

This section introduces the paper Power Line Communications in Automotive Traction Batteries: A

Proof of Concept and is based on the paper without further reference.

The goal of this paper was to prove the concept of PLC for a small-scale battery pack using custom-
made PLC modems reusable for future monolithic designs. Therefore, a block-based design approach
was applied for the PLC modem development with separated blocks for transmitter (TX), receiver
(RX), and power supply unit. The modem was designed to operate at voltages down to 2.25 V to be
directly supplied by a single Li-ion cell. Regarding multiple Li-ion cells, each PLC modem attached
to a single cell has its own local ground, which equals the negative terminal of the corresponding cell
as illustrated in Figure 20. To reject common mode interferences such as noise signals shifting the
local ground reference, an effective filter structure was included in the power supply unit of the
modem. For the TX path, UART data were modulated using on-off-keying, which is the simplest
form of binary amplitude shift keying (2-ASK). The sinusoidal carrier signal was generated by a
Hartley oscillator having a frequency of 20.40 MHz, and was modulated by the UART data and fed
into a fully differential amplifier. Using coupling capacitors, the amplified communication signal was
coupled onto the PLC physical layer, which is mainly formed by the Li-ion battery cells as will be

discussed further in Section 5.2.
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For the RX path, the PLC signal was decoupled by capacitors and fed into a differential variable gain
amplifier followed by an active bandpass filter. The demodulation was realized by an envelope detector
composed of a passive rectifier and a lowpass filter stage. The demodulated signal was digitized by an
active comparator stage with adaptive hysteresis and offset subtraction, and was fed into a

microcontroller for data processing.

For the system verification, two PLC modems were attached to a small-scale battery pack consisting
of six serially connected cylindrical Li-ion cells according to the first PLC topology (PLC master
outside the stack, PLC slave inside the stack) presented in Figures 20a and 20b. The used Samsung
ICR18650-26J Li-ion cells were of the same type that was characterized and modeled in Section 4.2.
In a transmission test of 1000 data packets among master and slave PLC modem, the bit error rate
(BER) was found to be zero.

Authors contribution Conceptualization of the PLC modems was done by Stefan Dollhaeubl,
Guenter Hofer, and Thomas F. Landinger. PCB design and assembly were performed by Stefan
Dollhaeubl. Experiments and data processing were conducted by Stefan Dollhaeubl and Thomas F.
Landinger. Matthias Rose and Andreas Jossen supervised this work. The original draft was written

by Thomas F. Landinger and was reviewed and edited by all authors
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Power Line Communications in Automotive
Traction Batteries: A Proof of Concept

Thomas F. Landinger,
Guenter Schwarzberger, Matthias Rose
Infineon Technologies AG
Munich, Germany
thomas.landinger@infineon.com

Abstract—Power line communication (PLC) in automotive
traction batteries is considered an attractive alternative to the
serial-bus communication used in state-of-the-art battery
management systems (BMS). PLC uses the battery power line as
communication medium and saves additional wires, connectors
and isolation effort. In this work, we present a proof of concept
for a battery PLC in a small-scale battery pack. From a
hardware approach, we develop a PLC modem, which
modulates UART data using on-off-keying (OOK) and couples
it onto the battery power line. To test the PLC, we design a
demonstrator consisting of two PLC modems connected to a
small-scale battery pack. The PLC is verified by a master-to-
slave communication with an exemplary data transmission of
multiples of 12 byte data packets.

Keywords—power line communication, PLC, electric vehicle,
battery management system, BMS

I. INTRODUCTION

As hybrid and battery electric vehicles (HEV, BEV) have
started replacing vehicles with combustion engines, there is a
growing interest in the traction battery as the essential energy
source. Enhancing the BEV’s range as well as the battery’s
lifetime while reducing battery costs are in the main focus of
the industry. State-of-the-art battery packs consist of multiple
stacked lithium-ion (Li-ion) cells to obtain the high voltage
(HV) and parallel cells to provide the required energy storage
capacity. The basic topology of a traction battery is illustrated
in Fig. 1. As the abuse of Li-ion cells can be dangerous, a
battery management system (BMS) is necessary to keep each
battery cell in a safe state. The BMS monitors each cell
regarding its temperature and voltage and provides balancing
capabilities to maximize the battery’s efficiency and range.
For cell sensing, the central BMS unit has to communicate
with the individual cell sensor circuits (CSC) over a reliable
communication channel to perform state estimations such as
state-of-charge (SOC) and state-of-health (SOH). This is
usually realized by a serial communication link connecting the
central BMS unit with the CSCs [1]. Beside the conventional
bus topology, also other topologies such as the daisy-chain
topology are used [2]. Recently, power line communication
(PLC) has been considered as an attractive alternative to
replace the serial communication link through a data
communication over the battery chain [3—6]. In this approach,
the data stream is modulated onto the power line and no
additional wires are needed. As the power line channel is
optimized for power transmission, it provides a harsh
environment for communication due to many noise sources,
which degrade the communication quality hugely [7].
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Since the stacked cells in the traction battery force the PLC
link to be serial, the architecture differs largely from
conventional parallel PLC such as used in power grids and
very little research has been published on this topic. Ouannes
et al. proposed a high frequency model of a prismatic battery
cell to simulate the PLC channel transfer characteristics in a
battery stack [4]. In [5, 8], Opalko specialized on the coupling
of the PLC signal into the system using Rogowski coils,
disturbance investigations and measurements on real battery
modules. Bolsinger et al. [6] proposed another high frequency
battery model of a prismatic cell for PLC channel simulations.
Summing up, the reported publications give valuable
information about PLC channel modeling and noise
investigations. However, a real implementation and analysis
of a PLC over batteries is missing in literature.

In this work, we present a proof of concept for a single
carrier PLC over a small battery stack consisting of six 18650
Li-ion battery cells by the Samsung SDI Co., Ltd. To
demonstrate the PLC’s performance, we design an innovative
PLC modem, and establish wuplink and downlink
communication within the battery stack. The paper is
organized as follows: Section II gives a short overview of the
traction battery and the expected impedance of a single battery
cell. In section III, we introduce our novel concept of the PLC
hardware, presenting the system architecture and the PLC
modem. The concept is evaluated in section I'V by determining
the bit error rate during a test communication. The paper
concludes with section V.
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Fig. 1. Typical architecture of an HV battery system. Cell sensor circuits
monitor cell parameters such as temperature and voltage. The PLC seeks to
replace the serial communication links (red).
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Fig. 2. Impedance modulus (black) and phase (red) of a single Li-ion
Samsung ICR18650-26JM cell [9].

II. TRACTION BATTERY AND CELL IMPEDANCE

A. Traction Battery

As the goal of this work is to clarify if PLC is a feasible
approach to realize a communication within a battery system,
the battery system itself has to be regarded. Fig. 1 shows a
simplified topology of a traction battery with 7 cells in series
and j cells in parallel. The BMS unit communicates with the
CSCs, measures the current flowing through the stack and
controls the main relay switches.

B. Cell Impedance

For the design of an effective PLC modem, the access
impedance of the battery power line needs to be known. As the
access impedance depends mainly on the cell impedance itself,
the used battery cell ICR18650-26JM was characterized for a
wide frequency range from 1 kHz to 300 MHz. Therefore, we
developed a novel cell impedance measurement method using
a vector network analyzer in shunt-through configuration,
which was presented in [9]. Based on scattering parameter (S-
parameter) measurements of the cell, we derived the
magnitude and phase of the impedance over frequency. The
results depicted in Fig. 2 show that the cell is very low-ohmic
at low frequencies. To achieve a sufficiently high PLC voltage
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Fig. 3. Setup and architecture of the PLC demonstrator. The master modem
is connected to the positive and negative poles of the small-scale battery
pack, whereas the slave modem is connected to and supplied by cell 2.

signal level at the cell, a high amount of current would be
needed. Hence, low frequencies are not preferable for PLC
coupling onto a battery. Due to its inductive behavior, which
is visible from the positive impedance phase in Fig. 2, the cell
impedance increases for higher frequency significantly and the
coupling becomes easier. As target PLC carrier frequency, we
chose 20 MHz, which is a good tradeoff between a reasonably
high access impedance of the cell and low electromagnetic
emissions, which would increase for higher frequencies and
might violate legal limits. The electromagnetic compatibility
of HV components is tested according to CISPR 25 [10].

III. METHODOLOGY

A. PLC Architecture

The constructed demonstrator has the architecture pictured
in Fig. 3. The term “master” specifies the PLC modem as the
only one that has a wired connection to the BMS unit outside
of the battery pack. The slave PLC modems are located at the
cells and have connections only to the cell. They do not need
an external power supply, as they are supplied by the cell itself.
In Fig. 3, an exemplary slave PLC modem is located at the
second cell and the PLC signal is coupled onto the battery
power line using coupling capacitors Cc. For the receive chain,
sensing resistors R are placed at the modem’s PLC interface.
The coupling capacitors at the master modem together with the
jumper close the ac current loop, hence enabling the PLC
communication. For safety reasons, fuses denoted as F1 to F6
are inserted between all cells. To indicate the on-state, a light
emitting diode (LED) D1 is placed in parallel to the master
interface with a series resistor Rp. As the power line is a shared
medium and a single carrier modulation is used, the
communication can only work in one direction at a time (half-
duplex). This means that there are two cases:

a. Master to Slave Communication

The master injects the communication signal into the
positive and negative terminals of the stack, which results in a
current flow through the cells. As the cell impedance is very
low, it is preferred to let most of the current flow through the
cell and let the sensing resistor be significantly higher than the
cell impedance at the used carrier frequency. The resulting
voltage Vs over the sensing resistor Ry of the slave reveals the
modulated carrier and can be estimated by a simple voltage
divider:

Vsl 1 1Vel = | Zeet | (N | Zeer) = 1/6 01 15.6 dB, (1)

with the stack voltage Vs, the magnitude |Z.n| of the
frequency dependent cell impedance and the number of cells
N. Of course, parasitic effects such as capacitive coupling
between the cells and lead inductances are neglected in this
estimation and would need to be quantified for a more
thorough signal strength prediction.

b. Slave to Master Communication

If the communication direction is reversed, the result is a
similar voltage divider. However, an issue arises: The low cell
impedance necessitates high current amplitudes to achieve a
significant voltage level at the cell. In addition, when the slave
PLC modem imprints a current into the communication loop,
most of the current will flow through the slave cell itself. Since
the impedance of a single cell is significantly lower than the
overall stack impedance, only a small part of the current will
flow across the stack and the master’s sensing resistor. As a
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Fig. 4. Proposed concept for the PLC modem. The diagram shows the
block based design approach with the modulator located at the bottom and
the demodulator above. Analog (AVDD) and digital (DVDD) supplies are
provided for the blocks.

consequence, the efficiency of the uplink will be much worse
than the downlink. This could be improved in a multi-cell PLC
system, where multiple cells in series are seen as one
communication node. For instance, a PLC between battery
modules will lower the total device-count and increase the
access impedance, resulting in a better current transfer
characteristic. Another alternative could be the serial coupling
of the PLC signal, where the current is induced by Rogowski
coils as reported in [8]. Thereby, the unwanted second current
loop can be eliminated. As a drawback, the coils would need
to be placed around the cell connectors making the module
assembling process more complex and expensive.

B. PLC Modem Design

The applied block-based design approach is shown in
Fig. 4 and completely separates the transmit (TX) and the
receive (RX) chain. This enables the reuse of single blocks of
the design in later revisions. The modem has its own power
supply unit (PSU), which is directly supplied by the attached
cell. The PSU contains filters to reject the PLC carrier signal
and other common mode disturbances, and provides an analog
(AVDD) and digital supply (DVDD) for the individual blocks.
The TX chain is based around an oscillator, which generates
the carrier signal. The serial universal asynchronous receiver
transmitter (UART) data coming from the microcontroller let
the oscillator switch on and off, depending on the logic level.
The resulting on-off-keying (OOK) signal is the simplest form

60

PSRR (dB)

Frequency, f(MHz)

Fig. 5. Power supply rejection ratio of the PSU. The PLC carrier frequency
(20 MHz) is expected to be attenuated by 30 dB.

of amplitude shift keying (ASK) and provides an easy-to-
implement narrowband communication system [11]. The
OOK signal is then fed into an amplifier that drives the signal
into the cell and the battery stack. Regarding the RX chain, a
pre-amplifier first amplifies the incoming signal for the
demodulation process, which is realized by an envelope
detector. The signal is then fed into a comparator, which
performs the analog-to-digital conversion to provide the RX
UART data for the microcontroller. For sending user
commands, the PLC master modem is controlled by an
external terminal, which runs on a computer connected via a
virtual communication (COM) port.

IV. RESULTS

The verification of the demonstrator is divided into a block
and an overall system test. The block verification was
performed at one PLC modem connected to a single cell. This
means that both the TX and RX chain of the PLC modem were
active and the self-demodulation was tested. For the system
verification, two PLC modems were connected to the battery
stack according to Fig. 3 to test the communication.

A. Block Verification

a. Power Supply Unit (PSU)

The PSU is based around a low dropout (LDO) regulator
and provides a 3.060 V analog and digital supply with a low
quiescent current of 0.83 mA. This helps to minimize the cell
discharging during operation. For each PLC modem, it is
important to have a stable power supply with a local ground
reference. The supply rails should not be affected by the
communication on the power line, hence the ground reference
needs to be sufficiently decoupled from the PLC signal. This
is ensured by common mode and differential mode filters at
the input stage. The power supply rejection ratio

PSRR(f) = 20-logio (Vi f) | Voul f)) (2)

was evaluated in the frequency range from 1 MHz to 30 MHz
and is plotted in Fig. 5. The PSU was loaded by a 300 Q
resistor to provide the minimum load current of 10 mA. From
Fig. 5, we expect the PLC carrier to be attenuated by 30 dB at
20 MHz.

b.  Modulator

The carrier signal is generated by a Hartley oscillator,
which comprises an LC resonant circuit with 1.1 uH and
54 pF. The resulting carrier frequency is 20.40 MHz with a
total harmonic distortion (THD) 0f 2.0 %. The oscillator signal
is switched on and off using an analog switch with a keying
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Fig. 6. On-off-keying signal after the analog switch. From the switching
time of 300 ns it can be inferred that a bitrate above 3 Mbit/s is possible.
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Fig. 7. Conversion of the UART data (cyan) coming from an external
terminal to the power line interface (PLC-UART, blue).

time of 300 ns, which can be seen from Fig. 6. This leads to a
bitrate of more than 3.3 Mbit/s, which exceeds a rate of
2 Mbit/s proposed for automotive BMS applications as in [5].
Nevertheless, for the system verification in section IV-B, the
bitrate was reduced to 500 kbit/s to achieve a sufficient signal-
to-noise ratio (SNR). The switch is controlled by the UART
interface of the microcontroller, which is an XMC1404 boot
kit by the Infineon Technologies AG. In case of the master, the
UART data comes from an external terminal such as a
computer. As shown in Fig. 7, the data needs to be inverted by
the microcontroller to form PLC-UART data, because the
modulator’s analog switch takes a "high" level to switch the
carrier on and a "low" level to disable it. This prevents the
UART idle state, which is a “high” level, from transmitting a
permanent carrier and saves energy. After the switch, the OOK
signal is amplified by a fully differential amplifier with a gain
of 3 and is coupled to the cell via serial capacitors. The
resulting TX signal measured at the cell is shown in Fig. 8 and
has an amplitude of approximately 250 mV,,.
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Fig. 8. TX signal measured at the cell (cyan), demodulated signal after the
envelope detection (pink) and after the conversion to the digital domain
(green). The example shows the transmission of the ASCII character ‘v’
(hexadecimal 0x76, UART 0b01110110) by one PLC-UART frame
(0b 1000 1001, inverted UART frame) including one start and one stop bit
as signified.

Fig. 9. Setup for the system verification and the proof of concept according
to Fig. 3. The small battery stack consists of six 18650 cells. The PLC slave
modem is plugged onto cell 2 (not visible as it is hidden under the board).

c. Demodulator

At the receiver, the PLC-signal is decoupled from the cell
by capacitors and fed into a pre-amplifier, which is a
differential variable gain amplifier (VGA). The adaptive gain
is beneficial for this application, as the final amplitude of the
RX signal cannot be estimated accurately beforehand. The
gain control voltage can either be set with a potentiometer or
from an external source. In addition, the VGA can be used in
an automatic gain control (AGC) circuit in the future. The pre-
amplifier’s output needs to provide at least 500 mVpp for the
subsequent envelope detector to ensure its reliable operation.
Before the demodulation, the pre-amplified signal is passed to
an active bandpass filter, which removes out-of-band noise
from the signal. The passband of the filter is centered at the
PLC carrier frequency with a bandwidth of 7 MHz.
Afterwards, the signal is fed into a simple passive diode
detector followed by a lowpass filter to perform the
demodulation. The demodulated signal is converted into the
digital domain using a comparator stage with an adaptive
hysteresis and offset subtraction, and is passed to the
microcontroller. The demodulated and digitized signals are
shown in Fig. 8.

B. System Verification

The setup for the proof of concept is pictured in Fig. 9.
According to Fig. 3, the master PLC modem is connected in
parallel to the battery stack and the slave PLC modem sits at
the second cell of the stack.

a. Physical Layer

The RX and TX signal amplitudes of both master and slave
were measured using an oscilloscope and are listed in table 1.

TABLE
PLC SIGNAL STRENGTH AND ATTENUATION

Direction Quantity Value
TX signal 250 mV,,
Downlink RX signal 35mV,,
Attenuation 17 dB
TX signal 100 mVy,
Uplink RX signal 45 mV,,
Attenuation 7dB




The values are sorted by master-to-slave (downlink) and slave-
to-master (uplink) communication. As can be seen from
table I, the downlink attenuation exceeds the theoretical value
calculated by (1). This is caused by additional losses such as
contact resistances, coupling effects and the fuses between the
cells. A more thorough channel estimation is therefore planned
in future. Although the efficiency of the uplink is worse than
that of the downlink as explained in section III-A-b, the signal
attenuation is lower. This is due to the master’s sensing
resistor, which is significantly higher than the cell impedances
and increases the voltage drop across it.

b. Data Link Layer

To show the functionality of the power line
communication, two commands were implemented. They
consist of a single 8-bit address (one UART frame) that is
transmitted by the master. The slave responds to the
commands according to table II.

TABLE II
PLC MASTER COMMANDS

Address Description

0x31 Slave transmits 256 UART frames with data 0x00 to OXFF

0x32 Slave transmits a measurement data packet (12 bytes)
including
- internal temperature of microcontroller (1 byte)
- cell voltage (4 bytes)
- test potentiometer voltage
- CRCS (1 byte)

Considering the command 0x32, the slave’s cell voltage, the
internal temperature of the microcontroller and the voltage of
a test potentiometer are transmitted to the master. The test
potentiometer is mounted on the XMC1404 boot kit board and
provides a variable voltage between 0 V and DVDD for the
analog digital converter (ADC) of the microcontroller, which
can be seen in Fig. 10. To detect errors during the data
transmission, a cyclic redundancy check (CRC) is performed
and added to the data [12]. In our case, we use the standard
CRCS with polynomial 0x07 and initial value 0x00.

To test the packet transmission, 1000 data packets were
requested from the master by repetitive sending the 0x32
command. Exactly 1000 packets were sent back from the slave
and received by the master. During the test, the voltage of the
test potentiometer mounted on the slave modem was altered to
demonstrate that the communication is working. Based on the

Voltage in V
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Fig. 10. Test of the measurement data packet transmission over the power
line. Cell voltage V_cell (red) and test potentiometer voltage V_pot (blue)
of the PLC slave modem are plotted over time. The potentiometer voltage is
fed to the ADC of the microcontroller as can be seen from the inset.

received data packets, the voltage curve over time together
with the cell voltage are shown in Fig. 10. In addition, by
evaluating the CRCs, the bit error rate (BER) could be derived
and no bit errors were found. These results demonstrate that
PLC over a battery stack is actually possible.

V. CONCLUSION

In this paper, we presented a proof of concept for a power
line communication over serially connected battery cells.
Therefore, we developed a PLC modem, which transmits
UART data frames using two-level ASK. Two modems, a
master and a slave, were connected to a small-scale battery
pack consisting of six 18650 cells to form a demonstrator. The
physical layer as well as the data link layer of the communi-
cation were verified. In a transmission test of 1000 data
packets, the BER was zero. To advance in battery PLC in
future, the communication system needs to be very robust
against excessive noise coming from DC/AC and DC/DC
converters. This has to be verified by rigorous testing and a
deep noise investigation. The high noise levels might
necessitate more robust modulation methods as well as
forward-error correction (FEC) techniques and redundancy.
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5.2 Channel Modeling and Coexistence Study with BMS

Monitoring

This section introduces the paper Power Line Communications for Automotive High Voltage Battery
Systems: Channel Modeling and Coexistence Study with Battery Monitoring and is based on the paper

without further reference.

The goal of this paper was to introduce an equivalent electrical circuit modeling approach for the
battery power line network (BPLN) based on the HF battery model of Section 4.2, and to validate
the resulting PLC channel model using the proof-of-concept demonstrator of Section 5.1. The applied
modeling approach is visualized in Figure 21. Accordingly, the PLC master modem communicates
with an arbitrary PLC slave connected to cell ¢ via the PLC channel, which is represented mainly by
the BPLN and additional wiring for the PLC modems. The physical-based battery model of
Section 4.2 concentrated on the HF characteristics of a single Li-ion cell. In contrast, the BPLN
consists of multiple Li-ion cells that experience electromagnetic coupling effects, which were identified
in the paper by experiments and 3-D EM simulations. The coupling was modeled by mutual
inductances M and coupling capacitances C,. as visible in Figure 21. Moreover, the electrical
connection between the cells was modeled by RL-elements. The entire PLC channel model was
validated with real-world PLC signals generated by the custom-made PLC modems developed in
Section 5.1.

PLC Master PLC Slave (Cell )

Zy | ' |

|

|

I | PLC I
| | channel |
|

|

PLC modem Battery power line network PLC modem

Figure 21: Principle structure of the PLC channel model based on the physical-based HF battery
model of Section 4.2 and the PLC demonstrator of Section 5.1.

In the second part of the paper, the coexistence between PLC and the battery monitoring
infrastructure was evaluated. Although the frequency bands of online EIS and PLC are apart from
each other, coexistence issues could arise due to nonmlinearity and periodicity effects as shown in

Figure 22. On the one hand, PLC must not interfere with battery monitoring tasks such as high
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precision voltage measurements or online EIS. Compatibility experiments revealed that the periodic
repetition of PLC data packets generates narrowband disturbances that can fall into the EIS frequency
band as indicated by the blue arrow in Figure 22. Disturbances could be simply avoided by selecting
PLC packet rates unequal to online EIS measurement frequencies or by effective filter structures. DC
monitoring was found not to be distorted by PLC signals. On the other hand, PLC should not be
distorted by the cell monitoring circuits. The nonlinear current-voltage relationship of the charge
transfer reaction can cause higher harmonics during EIS measurements with large signal
excitation [220] as indicated by the dashed green arrow in Figure 22. Since nonlinearity effects were
found only below frequencies of 200 Hz [220] and EIS measurements should fulfill the linearity
criterion as discussed in Section 3.2.1, it was concluded that this effect does not lead to compatibility
issues. Also the harmonic content of rectangular current excitation as proposed in Section 3.2.2 (see
Figure 13b) were pointed out not to interfere with PLC signaling. However, it was found that
monitoring circuits attached to a Li-ion cell can alter the cell’s HF impedance characteristics at certain
frequencies, most probably due to the specific filter characteristics of the CMCs.

~

N onlinearity ——_
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/

/
EIS e N
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01 10 100 1k 10k 100k 1M 10M 100 M

Figure 22: Spectral representation of potential coexistence issues between EIS and PLC signals.
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as electrochemical impedance spectroscopy (EIS). From this perspective, the single-cell
approach forms the foundation for the emerging field of smart cells and smart battery
systems as recently reviewed in [6]. EIS is a powerful nondestructive method widely
used for electrochemical process characterization, and gains significant interest in BMS
applications, thereby often referred to as “online EIS” [7-10]. Using EIS, the battery cell’s
complex impedance over frequency is determined by exciting the cell with an AC signal
and measuring its response [11]. The quantity of publications available correlating EIS with
SOC [12-14], SOH [14,15], and temperature [12,13,16,17] estimation demonstrates its high
potential to improve future BMS designs in terms of safety and performance. A complete
review of EIS applications utilized for commercial Li-ion cells can be found in [18].

Despite the benefits coming along with a single-cell-based BMS such as gaining addi-
tional cell information by the usage of EIS, the effort for additional wiring and hardware
let the complexity and cost of the BMS increase. Data acquired by sensors attached to the
cells need to be periodically sent to the central battery management unit (BMU), which is
typically done via a serial communication bus system [19].

Recently, high voltage (HV) power line communication (PLC) has been proposed as an
attractive and innovative communication technique to improve cost efficiency and reduce
weight and wiring overhead in the battery system [20-24]. For HV PLC, the dedicated
HYV power lines including the HV battery are utilized as a communication channel by
superimposing a modulated carrier signal. In this way, the existing serial communication
bus could either be omitted or used as a redundant communication system to reduce failure
risks. Putting it together, PLC over the traction battery could enable a single-cell-based
BMS featuring EIS for advanced state estimation without the need for additional wiring.

We therefore propose a BMS architecture as illustrated in Figure 1, where each cell is
equipped with a cell monitoring circuit (CMC) and a communication interface. The com-
munication between the CMCs and the BMU is realized by PLC, and the traditional sensing
of voltage (V), current (I), and temperature (9) is upgraded by EIS monitoring circuits.

Figure 1. Proposed BMS architecture enabling single-cell monitoring including EIS, while saving
additional wiring effort by employing HV PLC. The HV battery supplies the electric power train and
the DC-link capacitor C;.. The BMU is connected to the 12 V on-board power supply and the control
area network (CAN) of the EV.

Several challenges come along with integrating PLC and EIS into the battery system.
Besides the characterization of the PLC channel and development of a suitable PLC modem,
also the compatibility between PLC and the coexisting battery monitoring including EIS
needs to be clarified. Beyond this, the HV power line channel provides a harsh environment
for data communication as it is optimized for power transmission and suffers from many
noise sources such as motor drives and DC/DC converters [25,26]. Specifically, the HV
traction battery contains hundreds of single Li-ion cells to obtain sufficient energy and
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power capability [27]. This leads to an extensive number of PLC nodes, which is still
accompanied by low PLC access impedances due to low-ohmic cell impedances [28].

While research on PLC for smart grids (e.g., [29]) and in-vehicle low voltage (LV) PLC
(e.g., [26,30,31]) is already well advanced, HV PLC for automotive battery systems is still
an emerging research field, where only little work has been published. The main reasons
are its high Automotive Safety Integrity Level (ASIL) requirements [22] and the specific
serial channel topology that is entirely different to conventional PLC systems, where all
PLC modems are connected in parallel between the power line rails [32].

Takanashi et al. [33] developed an HV PLC system that can control multiple power
electronic devices in real time. Although they evaluated the PLC channel characteristics of
the HV power line, they did not consider a PLC within the HV battery pack.

First, Ouannes et al. [21] proposed an HV PLC for the potential application in an
automotive BMS. By characterizing and modeling a prismatic Li-ion cell, they were able to
predict the channel transfer characteristics of an HV PLC system. Continued in [34], the
authors specialized on the physical layer performance analysis using different single and
multi-carrier modulation techniques.

Bolsinger et al. [22] introduced a high frequency model of a prismatic Li-ion cell to
simulate the PLC channel transfer characteristics in an HV battery stack and investigated
serial and parallel PLC coupling methods.

In [24,35], Opalko et al. concentrated on PLC signal coupling using Rogowski coils,
channel performance simulations, and disturbance investigations. For modeling the PLC
channel, they extended the circuit-based model from [21] by a three-dimensional (3-D)
electromagnetic (EM) model of the battery pack environment.

The cited previous works did not consider hardware implementations of PLC for
battery cells. Still, small-scale PLC demonstrators for BMS applications can be found in
various works [23,32,36] proving the concept of PLC for cylindrical Li-ion cells.

However, it becomes noticeable that the cited works concentrated on either PLC
channel modeling or hardware implementation, and a comparison between predicted and
actual channel characteristics on an implemented PLC system is missing in literature.

In this work, we address this issue by developing a novel bottom-up PLC channel
model parametrized by high frequency (HF) impedance measurements and 3-D EM simu-
lations on cylindrical 18650 Li-ion cells. Including coupling effects among adjacent cells,
the cell-based model is scaled up to predict the channel transfer characteristics of a small
battery pack, which is validated by using a real hardware PLC demonstrator that we have
presented in [32].

To the best knowledge of the authors, there is no literature available investigating the
compatibility of PLC and the coexisting BMS monitoring, which inherently share the same
power lines. Thus, in the second part of this work, we will analyze the coexistence between
PLC and BMS monitoring tasks such as voltage and online-EIS measurements and give
suggestions how to avoid interference.

This paper is structured as follows: Section 2 presents the PLC hardware demon-
strator. Section 3 introduces the PLC channel model components giving an insight into
the high frequency properties of cylindrical Li-ion cells and their physical interpretation.
In addition, capacitive and inductive coupling mechanisms are examined in detail by
measurements and 3-D EM simulations. In Section 4, the model components are arranged
to a complete PLC channel model to simulate the channel transfer characteristics. For the
model validation, the PLC hardware demonstrator is used to compare the predicted with
the actual channel characteristics. The coexistence between PLC and battery monitoring is
investigated in Section 5, and Section 6 concludes the paper with a summary.

2. PLC Hardware Demonstrator

In our previous work [32], we developed a small-scale PLC demonstrator proving the
concept of a single-cell-based PLC system. As illustrated in the schematic view of Figure 2a
and the photograph of Figure 2b, a PLC system was designed involving six serially con-
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nected ICR18650-26] Li-ion cell with a nominal capacity of 2600 mAh (value from the
datasheet) by Samsung SDI Co., Ltd. (Yongin, South Korea). Two printed circuit boards
(PCBs) were developed each containing a PLC modem, PLC coupling networks and a
stable power supply unit. The slave PCB is connected to and directly supplied by a sin-
gle 18650 Li-ion cell, whereas the master PCB is attached in parallel to the small-scale
battery pack being supplied externally. The PLC signal is fed into the HV power lines
by coupling capacitors denoted as C., thus high DC voltages are not a concern for the
AC-coupled low voltage PLC signal. The PLC demonstrator employs a narrowband single
carrier modulation using on-off keying (OOK) also known as binary amplitude shift keying
(2-ASK). Narrowband communication was selected because of its high reliability and
energy efficiency. The carrier frequency was chosen to be 20 MHz for the following reasons:

(1) The PLC system needs to meet high data rate requirements of 2 Mbps as reported
in [33,35]. High data rates are required because voltage and current measurements of
all cells within the pack need to be updated every 50-100 ms [5].

(2) Li-ion battery cells provide a low-ohmic access impedance to PLC devices. In consis-
tence with [37], the access impedance defines the impedance seen by a PLC modem
connected in parallel to a PLC access point, which in our case is a single Li-ion cell as
indicated in Figure 2a. Due to their rolled-up geometrical structure, cylindrical Li-ion
cells inherently exhibit an inductive nature for frequencies above some kilohertz [38].
Considering the inductive reactance X; = 271fL, high frequencies are favorable to
obtain a higher access impedance. As will be discussed in Section 3.1, frequencies
above 1 MHz are preferred.

(3) The HV power lines are corrupted by various electrical devices connected to the
network, which generate impulsive noise [26]. Noise investigations on the voltage
and current harmonic content of the HV power lines [31,33,39] revealed that the noise
power decreases significantly for increasing frequency and can even be considered as
“white” for narrow frequency bands above approximately 10 MHz.

(4) The PLC system needs to comply with electromagnetic compatibility (EMC) reg-
ulations. For HV components, the EMC is tested according to CISPR 25 [40]. To
keep radiated electromagnetic emissions to a minimum, PLC frequencies have to
be selected as low as possible, which is contrary to (1)-(3), demanding a tradeoff
between the stated points.

Figure 2. PLC hardware demonstrator composed of a small-scale battery pack and both a master and a slave PCB comprising

PLC modems and coupling circuits: (a) Schematic representation; (b) Photograph of the laboratory setup [32]. The slave
board is connected to cell 2 as indicated in (a) by putting the PCB on top of the stack (b).

For proving the concept of PLC over battery cells, the hardware demonstrator was
designed to establish a PLC link among a master and a slave modem connected to the
battery pack as in Figure 2a. In various test scenarios, battery parameters such as cell
voltage were recorded by the microcontroller on the slave PCB and periodically sent to the
master upon request in a half-duplex communication. Data packets containing 12 bytes
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of data and a cyclic redundancy check (CRC) were sent to the master, while no bit errors
were found. More information on the hardware implementation and verification can be
found in [32]. To develop the presented proof-of-concept board further towards an actual
PLC system for HV batteries, we will introduce our PLC channel modeling approach in the
following Section.

3. PLC Channel Model Components

PLC system development requires a thorough understanding and modeling of the
channel transfer characteristics. To gain broadband information about the PLC channel, a
wide frequency range from 10 kHz to 300 MHz is considered in the following.

Commonly, there are two main approaches for PLC channel modeling reported in lit-
erature: deterministic and statistical [25]. The first approach relies on a detailed description
of the network topology including accurate data link models, whereas the second approach
uses statistical descriptions of the topology, often supplemented by extensive measurement
campaigns used for model fitting [25]. Conventional in-home PLC systems usually require
statistical modeling because the number of PLC coupling points and its locations within
the system can vary [30].

In contrast, automotive HV batteries are large-format systems that are built from
Li-ion cells connected in series, parallel or mixed configurations to obtain the necessary
power for the traction motor and auxiliary systems [41]. Once implemented in the EV, the
HYV battery does not change its topology because no additional, unpredictable loads can be
connected to the system except of an electric charger. Hence, we can consider the battery
PLC system as static [24] enabling us to apply a deterministic channel modeling approach.

In the following, we present our bottom-up modeling approach, which is based on
circuit-based models of (1) the battery cell, (2) coupling mechanisms among cells, and (3) the
electrical connection between cells. The model components are derived from measurements
and 3-D EM simulations and aim to describe the small-scale battery pack presented in the
previous Section. Although it is quite common to use transmission line theory for PLC
channel modeling [25], we applied circuit-based modeling throughout this work to obtain
a meaningful PLC channel model allowing physical interpretations of the results. This is
reasonable because the physical dimensions of the battery pack components are well below
the considered wavelengths.

3.1. High Frequency Model of a Single Battery

As the development of EVs advances, an increasing number of highly dynamic loads
such as DC/DC converters and motor drives are being connected to the HV battery.
To predict their impact on conducted emissions in the HV power lines, high frequency
modeling of batteries recently gained increasing attention [42]. However, as most of the
reported HF battery models such as [21,22,43,44] are limited in frequency and follow a
black-box approach, we presented a novel physical-based model of cylindrical Li-ion cells
valid for frequencies from 1 kHz to 300 MHz in [45]. The derived equivalent electrical
circuit (EEC) model is depicted in Figure 3a and can be considered as a grey-box model
as it gives insights into different resistive-inductive effects occurring inside the battery in
specific frequency bands. Besides, the physical-based model elements are related to the
geometrical structure of the cell. In general, cylindrical Li-ion cells are manufactured by
coating metallic current collector foils with the active electrode materials to form anode and
cathode, which are wound with separator foils in between into a jelly roll. The rolled-up
layers are usually placed into a firm metal casing, where metallic tabs connect the cathode to
the positive terminal and the anode to the negative terminal and cell casing [46]. Typically,
additional safety devices such as current interrupt devices (CIDs) are implemented [47].
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Figure 3. High frequency characterization of a cylindrical battery cell: (a) Physical-based EEC battery model including

internal and external cell impedance valid from 1 kHz to 300 MHz; (b) Measured and modeled HF impedance response

versus frequency and percentage deviation.

The spiral structure inherently leads to an increased inductive behavior of the cell
for high frequencies (already starting above some kilohertz), which is modeled by the
inductance Ly and the resistance Ry, of the current collector windings, and the ionic re-
sistance R;,, of the stacked electrode layers. Remaining external inductive effects due
to tabs, bonding wires, and the cell’s electrical length are summarized in the component
Lext. The resistance R, summarizes ohmic effects caused mainly by the limited electrolyte
conductivity and contact resistances within layers and between layer interfaces. For fre-
quencies above 10 MHz, the current penetration depth in the collector foils decreases
due to electromagnetic field effects, which is known as the skin effect. The increasing
current concentration on the conductor’s surface let the internal resistance of the conductor
increase, while the internal inductance decreases. In the EEC model, this is described
by R, and L, respectively. It should be noted that the EEC model does not include
electrochemical battery reactions with time constants >1 ms as they are not relevant for
the PLC frequency range of interest [45]. The model was parametrized by HF impedance
measurements on the Samsung ICR18650-26] Li-ion cell using a vector network analyzer
(VNA) with the shunt-through method, which is specialized for broadband low-ohmic
impedance measurements [48]. The model parametrization was optimized for PLC fre-
quencies yielding an adequate fit from 500 kHz up to 300 MHz as visible in Figure 3b. The
resulting fitted values of the EEC elements are summarized in Table 1. As designated in
Figure 3a, the cell impedance can be separated into an internal and an external impedance
part, where the external part formed by Ly will interact with the environment as demon-
strated in Section 3.2.2. The value of the external inductance L,y is comparable with the
self-inductance of a hollow cylinder with the same physical dimensions as the 18650 cell,
suggesting a similar behavior of cell and cylinder for high frequencies. For a more detailed
EEC model derivation and validation, the reader is referred to our previous work [45]. As
mentioned before, the cell impedance Z,; is low-ohmic for low frequencies, which can
be seen from the impedance modulus results in Figure 3b. For higher frequencies, the cell
impedance increases because of its inductive properties and exhibits an impedance greater
than 1 () above 1 MHz. Therefore, PLC frequencies above this frequency are preferred,
although an access impedance of 1 () is still challenging [25]. Previous works focusing
on larger prismatic Li-ion cells found similar impedance values for a 24 Ah cell [34] and
significantly smaller values (0.2 (2 at 10 MHz) for a 34 Ah cell [49].
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Table 1. EEC elements of the battery model of Figure 3a including their physical interpretation and value range for the

Samsung ICR18650-26]. The given frequency ranges indicate, where the elements contribute most to the overall impedance.

Element Physical Meaning Fitted EEC Value Range [45]  Main Frequency Range

R, Electrolyte, contact, and CID resistances 30...40mQO Broadband

Rion Ionic resistance of stacked electrode layers and electrolyte 1.0... 150 20 kHz to 10 MHz
Rw Electrical resistance of collector windings 3...7mQ 20 kHz to 10 MHz
Lw Jelly roll winding inductance 130... 140 nH 20 kHz to 10 MHz
Loxt External inductance due.to the: cell’s length, tabs and 15, 25nH Broadband

bonding wires
Rint Internal/ surface resistance due to skin effect 10... 150 above 10 MHz
Lint Internal inductance due to skin effect 3...6nH above 10 MHz

3.2. Capacitive and Inductive Coupling Effects between Cells

For an accurate PLC channel model, it is important not only to model the Li-ion cells,
but also to include coupling mechanisms among cells in the model. When Li-ion cells are
placed in close proximity, capacitive coupling between adjacent cells can be observed as
reported in previous works [21,22,50]. Moreover, we also expect inductive coupling to be a
significant contributor to the overall PLC channel characteristics. As no literature could
be found on quantifying cell-coupling mechanisms over frequency, we investigate both
broadband capacitive and inductive coupling in the following.

3.2.1. Capacitive Coupling

As can be seen from the PLC demonstrator photograph (Figure 2b), the cells are placed
in triplet plastic cell holders, which ensure a distance of 1 mm between adjacent cells. To
measure the coupling capacitance, two Samsung ICR18650-26] were placed next to each
other into an unmounted triplet cell holder. Both cells are electrically isolated from each
other and one pole of each cell was connected to a VNA port as illustrated in the inset of
Figure 4a. Using the VNA reflect method [45], the high ohmic impedance between the two
cells was determined by measuring the reflection coefficient I, and the cell-to-cell coupling
capacitance C., was calculated according to:

1 1

) _ ) 1
27tf - S{Zeas } 27‘[f'%{ZO'%} ;

CCC

with the frequency f and the characteristic impedance Z, which is 50 () in this work. As
visible in the inset of Figure 4a, the “Y”-shaped VNA connector exhibits serial inductances
as well as capacitive coupling between the connecting leads. These effects have been
excluded by de-embedding techniques similar to [49]. To gain deeper insight into the
capacitive coupling phenomenon, the cell holder was replaced by plastic spacers to alter
the distance between the cells. The de-embedded measured coupling capacitances are
depicted in Figure 4a for various cell distances. In addition, the raw measurement data of
the “Y”-connector are given. As the results suggest, the broadband coupling capacitance
is nearly constant above 1 MHz and exhibits approximately 10 pF for a distance of 1 mm.
Below this frequency, the high-ohmic reactive impedance of 1/(27fC,) is assumed to
significantly deteriorate the VNA measurements. Due to the constant coupling above
1 MHz, we assume that the coupling capacitance is constant over the entire frequency
range and only depends on the outer metal casings of the cells and the distance in between
them. To prove this, Figure 4b compares the measured coupling capacitances at 20 MHz for
various distances with two commonly used capacitor models. As visible, an accurate match
could be achieved between measurement and the parallel-cylinder capacitor model [51]:
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with the vacuum permittivity €, the relative permittivity e,, the cell length / = 6.5 cm, the
cell diameter D = 18 mm, and the distance d.. between the cells. The relative permittivity
€y in (2) was set to 2.1 and can be seen as an average value of the cell surrounding. For
further validation, the capacitive coupling has been simulated in CST Studio Suite® by
Dassault Systemes Deutschland GmbH (Stuttgart, Germany) [52]. The 3-D EM simulation
environment is depicted in Figure 5a and was used to calculate the static electric field and
the coupling capacitance between two hollow metal cylinders with a 1 mm distance. The
resulting electric field is presented in Figure 5b and the simulated coupling capacitance
exhibits a value of 9.56 pF, which is close to the measurement value indicated in Figure 4b.
As the relative permittivity of the cell holder made of thermoplastic polyester was not
given in its datasheet, a typical value was chosen from literature (¢, = 3 ... 4 [53]). In
conclusion, the capacitive coupling does not depend on the internal cell structure but only
on the outer cell casings and their spacing. Further investigations also showed that the
orientation of the cells (parallel or antiparallel cell polarity) had no influence.

Figure 4. Measured capacitive coupling between two adjacent cylindrical cells: (a) Measured coupling capacitance versus

frequency for various distances between two cells; (b) Coupling capacitance at 20 MHz extracted from the measurements

(a). For comparison, two commonly known capacitor models are added.

Figure 5. 3-D EM model to simulate capacitive coupling between cylindrical cells: (a) Model structure containing two
hollow metal cylinders, PVC heat shrinking tubes, and plastic cell holder; (b) Static electric field distribution.

3.2.2. Inductive Coupling

If two wires are located in close proximity, a time-varying current in one wire generates
a magnetic field that induces a voltage drop on the other wire. In circuit analysis, this
phenomenon is described by mutual inductance [54]. In the following, we demonstrate
that mutual inductive coupling can also be observed in the case of adjacent battery cells.
To determine the mutual inductance M between two cylindrical cells placed in parallel, the
Grover method [55] was used, which links M and the self-inductance Ly, of a single cell
to the total inductance Ly, of two cells forming a current loop with:
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Lioop = 2(Loety = M). ®

Generally, this approach applies for linear conductors situated in parallel. To prove its
validity also for cylindrical battery cells, a 3-D EM simulation was conducted using CST
Studio Suite® (Dassault Systemes Deutschland GmbH, Stuttgart, Germany) A simplified
3-D cell model (depicted in Figure 6a) was used for the simulation because the derivation of
a detailed 3-D cell model is out of scope of this work and can be found in literature as in [56].
The 3-D cell model consists of only one spirally wound copper (Cu) current collector foil,
which is encased by a hollow metal cylinder and a PVC heat shrinking tube. Nickel (Ni)
tabs are attached to the cell windings. The number of windings and tab positions match
the Samsung ICR18650-26] and were derived from a computed tomography (CT) scan
presented in our previous work [45]. The validity of using only one current collector instead
of two is given by the fact that in [57], a strong inductive coupling was found between
positive and negative current collectors leading to an effective winding inductance equal
to the inductance of a single current collector as we demonstrated in [58]. Using the Partial
RLC solver in the 3-D EM simulation, the self-, mutual, and loop inductance values could
be determined and are summarized in Figure 6b. In the first two frequency decades of
Figure 6b, the simulated self- and total inductance values decrease due to the skin effect,
whereas the mutual inductance is nearly constant. The resonance visible at approximately
200 MHz is caused by the boundary conditions, which need to be set to electrical instead of
open for the Partial RLC solver [52] and does not refer to the cell coupling.

As can be seen from Figure 6b, the simulated total inductance matches the calculated
total inductance using (3) thus validating the Grover method for cylindrical battery cells.
Solving (3) for M, the Grover method can be used to determine the mutual inductance
between two cells placed in parallel by measuring their total inductance Lo, and the
self-inductance of a single cell.

Figure 6. 3-D EM model to simulate inductive coupling between cylindrical cells: (a) Model structure containing two

hollow metal cylinders with PVC heat shrinking tubes, one spirally wound Cu current collector, and two Ni tabs each;

(b) Simulated and calculated loop, mutual, and self-inductances proving the validity of the Grover method [55].

For the loop inductance measurement, two 18650 cells were placed 1 mm apart and
were electrically connected at one end by a solid wire as illustrated in the inset of Figure 7a.
Using the VNA shunt-through method [48], the low-ohmic impedance of the serially
connected cells was measured and de-embedded from the measurement setup considering
lead inductances and the previously determined capacitance coupling. The resulting loop
inductance of the two cells was calculated from the measured, de-embedded impedance
Z using:

3{z}

L= anf 4)
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In the same way, (4) was used to derive the self-inductance of a single cell from the
impedance measurement results shown in Figure 3b.

Figure 7. Inductive coupling among adjacent cells and cell connector resistance and inductance: (a) Measured inductance

values of single cells, two serially connected cells and calculated mutual inductive coupling; (b) Self-partial inductance and

internal resistance of the cell holder contacts, obtained from 3-D EM simulations.

The resulting mutual inductance M obtained by Equation (3) and the inductive cou-
pling factor k := M/ /LsefLse1f = M/ Lge s are summarized in Figure 7a. The inductive

coupling factor is rather small below 1 MHz, yet increases significantly between 1 MHz
and 20 MHz. Figure 7a also depicts the determined self-inductance Ly, s of a single cell
and the total inductance Ly, of two cells forming a loop. Both decrease remarkably for
higher frequencies, which can be explained by the current distribution inside the cell,
which changes over frequency. For frequencies below 1 MHz, most of the current flows in
circumferential direction along the current collector windings, thus creating a high jelly
roll inductance. At the same time, the metal casing of the cell is assumed to shield the
inner magnetic field leading to a small overall inductive coupling. For higher frequencies
above 1 MHz, the current tends to concentrate close to the outer cell casing because there,
the current experiences the least cylinder inductance and thus reactive impedance [58,59].
In this frequency range, the value of the mutual inductance is approximately constant at
18 nH. This is in accordance with the simulation results of Figure 6b as well as with the
mutual inductance formula of two parallel wires according to [55]:

Mw;(_)[(ln(zdl)1+7>. ®)

Using the cell’s length I = 6.5 cm, the cell center distance d = 19 mm (i.e.,, 1 mm
distance between the cells of 9 mm radius) and the permeability yo = 477 - 10~7 H/m of
free space, (5) yields a mutual inductance of approximately 16 nH. Taking into account that
(5) does not consider magnetic fringe field effects at the ends of the cells, the theoretical
value fits the experimental results. This demonstrates that the external magnetic field of the
battery being responsible for the inductive coupling resembles the external magnetic field
of a cylindrical conductor with similar dimensions as the 18650, which is in accordance
with the previous works [45,59]. While the mutual inductance above 1 MHz is nearly
constant, the self and loop inductance values decrease significantly, which let the inductive
coupling factor increase. In conclusion, for PLC frequencies above 1 MHz, significant
inductive coupling has to be considered up to a coupling factor of 0.8 or mutual inductance
values of 18 nH, respectively. The described experiments were also carried out for parallel
cells with opposite orientation, showing no difference in the results similar to Section 3.2.1.
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To include the mutual inductive coupling in the cell model of Figure 3a, two EEC
cell models connected in series were fitted to the corresponding de-embedded impedance
measurement of two cells. The results show that including a constant mutual inductance
of 18 nH among the external inductances L,y; yields a meaningful match between model
and measurement. Again, this demonstrates that the mutual inductance M above 1 MHz
can be considered nearly constant and applies only to the external inductance L,y; of the
battery cell.

3.3. Electrical Cell Connection and Contact Resistance

Beside the cells and their electromagnetic interaction, also the electrical intercon-
nection among the cells including contact resistances have to be considered in the PLC
channel modeling process. For this, the self-inductance L.y, and resistance Rco, of the
18,650 cell holder contacts have been determined by 3-D EM simulations. The results are
illustrated in Figure 7b, exhibiting the typical progression over frequency due to the skin
effect. Additional contact resistances may occur between the cell terminals and the cell
holder contacts, caused by material surface roughness and passivating film layers [60].
However, cell impedance measurements showed that contact resistances become negligible
for high frequencies, which can be explained by capacitive coupling across the connecting
interfaces [61].

4. PLC Channel Model and Transfer Characteristics

In this Section, the PLC channel model and simulation results regarding the transfer
characteristics are demonstrated. Furthermore, the channel model is validated by measure-
ments on the PLC hardware demonstrator. The simulations were carried out using the
circuit simulator SPICE. By cascading the model components presented in Section 3, the
small-scale battery pack of Figure 2a was rebuilt in the simulation environment. Figure 8
gives an insight into the cascaded model structure, where multiple EEC cell models are con-
nected in a meandering pattern with the cell connectors, each one modeled by Lo, and Reon
(indicated by the grey boxes in Figure 8). The model also includes capacitive and inductive
coupling effects identified in the previous Section 3 by the elements C.. and M, respectively.
For better illustration, each internal cell impedance is marked by a yellow-colored box,
showing no interaction with the environment as described in Section 3.1.

Figure 8. PLC channel model segment including cascaded battery cell models, coupling capacitances,
mutual inductance, and electrical connections (marked by grey boxes). The internal impedances of
the cells (i,i+ 1 ... ) are marked by yellow boxes.

4.1. PLC Channel Model Validation

Since the PLC channel model components of Section 3 were parametrized in the
frequency domain, it is reasonable to validate the entire channel model in the time domain.
For that, the PLC hardware demonstrator introduced in Section 2 was used to generate a real
2-ASK-PLC signal with 160 mVpp across the small-scale battery pack of Figure 2b (details
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on the signal generation can be found in [32]). The pack voltage and the individual cell
voltages were measured and digitalized using an oscilloscope MSO58 by Tektronix GmbH
(Cologne, Germany). The measured pack voltage was imported into the SPICE simulation
providing an input signal to simulate the PLC voltage drops across the single cells. The
results are illustrated in Figure 9a and b in case of cell 1 (leftmost cell in Figure 2b). The
comparison between measurement and simulation gives a close match, thus graphically
demonstrating the validity of the used PLC channel model. This is also confirmed by
the low root mean square error (RMSE) between measurement and simulation, which is
approximately 1.0 mV.

Figure 9. PLC channel model validation using a real ASK-PLC signal generated by the PLC hardware demonstrator of

Figure 2b: (a) Measured PLC voltages across battery stack (blue) and cell 1 (red) in comparison to the simulated PLC voltage

across cell 1; (b) Magnified scope view of (a) highlighting the fit between measurement and simulation.

4.2. PLC Transfer Function Simulation

The PLC channel transfer characteristics were evaluated within the simulation for both
master-to-slave (downlink) and slave-to-master (uplink) communication. To define the
PLC transfer function, Figure 10 redraws the PLC system of Figure 2a as two-port network
for the downlink case. The transmitter (TX) of the PLC master modem is linked via the
two-port network of the PLC channel to the receiver (RX) of the PLC slave modem, which
is located at an arbitrary Li-ion cell within the battery pack. The PLC channel is represented
by the channel model of Figure 8. As input or access impedance, the master modem sees
the entire pack impedance Z, (f), whereas the slave modem sees the impedance Z; (f) of
a single cell. Based on this representation, the downlink transfer function is given by the
relationship between the PLC voltage V; ;(f) across the i*" slave cell and the voltage Vi, (f)
across the PLC master modem:

Vs,i(f)

Hy(f) = Vulf) (6)

If the direction of communication is reversed, transmitter and receiver are swapped
in Figure 10 and the uplink transfer function Hy (f) can be calculated likewise. Although
Hy(f) and Hy(f) are in general different, we remark that they hold the property of wide
sense symmetry [62]. Moreover, if Z,,(f) = Zs(f), it follows that H;(f) ~ Hy(f) [63].

Both uplink and downlink transfer functions were simulated for all six cells of the
battery stack using the PLC channel model of Figure 8. For the simulations, the channel
model was connected to the master’s internal impedance Z,,(f) via coupling capacitors
to close the PLC current loop as shown in Figure 2a. Likewise, PLC slave modems were
connected in parallel to the single cells. As in PLC systems, the goal is to increase the
voltage amplitude rather than the power of the received signal [64], the transmitter’s
output impedance is low-ohmic (<2 () for our demonstrator), whereas the receiver’s input
impedance is set to high values (>100 k() in our case). The simulation results are given for
downlink and uplink in Figure 11a,b, respectively. The outer cell nodes 1, 3, 4, 6 and the
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inner nodes 2, 5 show similar transfer characteristics. A more attenuated transfer function
is seen across cells 2 and 5 for both uplink and downlink, which can be explained by
enhanced inductive coupling in the middle position of the triplet cell holders. Considering
the downlink, the battery pack can be seen as a 1/N voltage divider, with N being the
number of cells. Adopting this for our case, H;(f) has an ideal value of 1/6 or —15.56 dB.
As visible in Figure 11a, this value is reached by the outer cell nodes for frequencies
>20 MHz. For lower frequencies, the inductance of the cell interconnections causes a
higher channel attenuation. The inner cells differ from the outer cells having a 2 dB lower
maximum value of Hy(f) located between 1 and 2 MHz. For frequencies above 80 MHz,
Hy(f) of all cells is strongly affected by capacitive coupling. Similar observations can be
made for the uplink case depicted in Figure 11b. However, H, (f) has a lower attenuation
than H;(f), which can be attributed to the master’s adjustable internal impedance Z,,.
In the uplink case, Z;, forms a voltage divider with the battery pack as it is part of the
PLC current loop. Therefore, by choosing a reasonably high impedance for Z,,, one can
significantly improve the uplink transfer characteristics. Still, we remark that the access
impedance at the slave nodes remains low, requiring higher currents to generate a viable
PLC voltage compared to the downlink.

Figure 10. PLC system as a two-port network. PLC master (TX) and slave modem (RX) are connected
by the PLC channel model of Figure 8 exhibiting the downlink transfer function Hy(f).

Figure 11. Simulated PLC channel transfer characteristics for the small-scale battery pack of Figure 2a: (a) Master-to-slave

(downlink) transfer function Hy( f) for all cells including an optimized transfer function by appropriate RX matching at the

slave node to maximize the received PLC voltage. The ideal behavior of a 1/6 voltage divider is added for comparison;

(b) Slave-to-master (uplink) transfer function Hy (f) for all cells including an optimized transfer function by appropriate RX

matching at the master node to maximize the received PLC voltage.

Further simulations revealed that the PLC transfer characteristics can still be improved
using the findings on optimized receiver impedance matching of [64], where the authors
found the real part to be zero and the median value of the imaginary part close to zero in
a series of case studies. Accordingly, to maximize the amplitude of the received voltage
signal, the impedance of the PLC receiver is set to have the opposite imaginary value to
the access impedance (i.e., the battery impedance) and a null real value. Evaluating the
imaginary part S{Z(f.)} of both single cell and battery pack impedance at the PLC carrier
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frequency f, yields a positive value of the reactance due to the inductive cell behavior.
Using C = [27tf, - S{Z(f.)}] "}, we obtain capacitance values of 2.0 nF and 0.5 nF for PLC
slave and master modems, respectively, generating the desired opposite reactance value at
fe. Inserting the calculated capacitances as impedances Z,, and Zs of the PLC modems for
both uplink and downlink results in the optimized transfer characteristics at f. as drawn
by the dashed orange lines in Figure 11a,b.

In conclusion, the developed PLC channel model can be used for predicting and
optimizing the transfer characteristics of a PLC over batteries and can be used also for
large-scale battery packs in future works.

5. Coexistence Analysis

For the development of a PLC system, it is essential to address the coexistence between
PLC and the existing BMS cell monitoring circuits. Possible interference scenarios need
to be examined in order to mitigate them in later design stages. In the following, we
will consider the disturbance of BMS CMCs in terms of voltage, current, and impedance
sensing caused by PLC signals. In general, the interference is two-fold as it can occur in
both directions. However, one direction can be largely excluded.

5.1. PLC Disturbance by BMS Monitoring

BMS monitoring is expected not to cause severe PLC signal distortions for the follow-
ing reasons: (1) Voltage and current measurements do not require additional excitation
signals that could interfere with PLC signals. (2) The frequencies of EIS measurements (typ-
ically 1 mHz-10 kHz [65]) are much lower than typical PLC carrier frequencies (>1 MHz).
Therefore, no PLC interference coming from the EIS circuitry is expected.

It should be added, though, that online EIS may use a periodical square wave as
excitation signal as will be described in the experimental Section 5.2.1. In this case, higher
harmonics are inherently present as given by the Fourier series of a periodical square wave
with amplitude 7 and frequency 1/to:

4 2 lsin (n . 27rlt> (7)
=135, " fo

By calculating the series of harmonics with (7), their attenuation with respect to the
fundamental can be determined. The first harmonic is attenuated by 9.54 dB, the third
harmonic by 13.98 dB etc. Given the limited EIS frequency range and the fact that EIS
voltage responses must not exceed amplitudes of 10 mV to ensure linearity [11], interference
with PLC signals in the megahertz range is not expected.

In the case of EIS amplitudes higher than 10 mV, the nonlinear signal response of the
battery can generate higher harmonics. As reported in [66], by using nonlinear frequency
response analysis (NFRA), the authors were able to detect frequency components up to the
fifth harmonic. Still, the electrochemical cell processes responsible for the nonlinearities
were found to occur only below 200 Hz [66], which is far below PLC carrier frequencies.

Although PLC interference by BMS monitoring can be largely excluded for the stated
reasons, the CMCs attached to the battery cells may alter the PLC channel characteristics.
As shown in Figure 12, the PLC access impedance across a single cell node is decreased if
the CMC used in the experiments in Section 5.2.1. is connected to the cell under investi-
gation. The resonance at approximately 1.4 MHz is likely caused by the capacitive filter
characteristics of the CMC. However, the impact on the overall PLC channel characteristics
can be simply mitigated by choosing a PLC carrier frequency placed deliberately above the
resonance or by the integration of decoupling circuits.
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Figure 12. Difference between single cell impedance and overall access impedance for the case that a
CMC is attached to the cell.

5.2. BMS Monitoring Disturbance by PLC

PLC signals may interfere with cell monitoring tasks such as voltage, current and
impedance measurements, when PLC frequency components are present in the baseband
(<10 kHz). Since DC current and voltage measurements need to withstand electromag-
netic interference (EMI) coming from the HV power lines, BMS cell monitoring circuits
are usually equipped with EMI filters such as blocking capacitors [67]. Therefore, PLC
signals are supposed to be filtered out by the EMI filtering devices and do not affect DC
measurements. On the other hand, EIS involves cell perturbation by a single-tone AC
voltage or current and acquiring the response signal in terms of amplitude and phase. The
frequency-dependent cell impedance is then derived by the relationship between voltage
amplitude 9 and current amplitude 7 and their phase shift A® at various frequencies fg/s:

! f=fes

For a rectangular excitation, the impedance is defined in a more general form consid-
ering the discrete Fourier transform (DFT) of cell voltage V(27 f;) and current I(27f;) at
the discrete frequencies f:

_V@rf) VRIS aretvenfoi—jargli@nf))
20T = Tamfy) = i)l T ©)

The signal acquisition can be, for example, realized by a bandpass delta—sigma (A-X)
analog-to-digital converter (ADC) as described in [10]. Supposing a PLC signal being
present and containing a frequency component equal to an EIS measurement frequency,
it is expected that the spectral component of the PLC signal may pass through the EIS
filter structures thus distorting the EIS measurement. Although the frequency bands of EIS
(1 mHz-10 kHz) and PLC (carrier frequency > 1 MHz) are quite different, in the following,
we will demonstrate in detail that certain PLC data or packet rates may interfere with
EIS measurements.

5.2.1. EIS Disturbance by PLC: Experimental Setup

For EIS interference investigations, we designed an experimental CMC board, whose
basic structure is shown in Figure 13. A Samsung ICR18650-26] Li-ion cell is stimulated
by a PLC signal and an EIS signal at the same time. The PLC signal is created by a
signal generator allowing flexibility in terms of PLC amplitude, data rate, and modulation
scheme. For impedance measurements, a prototype integrated circuit (IC) by Infineon
Technologies AG (Neubiberg, Germany) is used. Besides temperature and DC cell voltage
measurements, the IC performs a galvanostatic EIS by forcing an adjustable sinusoidal or
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rectangular (square wave) AC excitation and sensing the AC voltage response of the cell.
The complex-valued cell impedance is determined by internal signal processing within the
IC and can be plotted in a Nyquist plot as illustrated in Figure 13. Measurement accuracy
and resolution are ensured by narrowband input filters, adjustable acquisition times and a
sufficient dynamic range of the ADCs. The IC is supplied by a single Li-ion cell having a
local ground reference, where it only sees the low voltage of a single cell rather than the
high voltage of the entire pack.

Figure 13. Experimental setup comprising a Samsung ICR18650-26] Li-ion cell mounted on a CMC
board with integrated online EIS by an Infineon prototype IC. An external signal generator can be
connected to the CMC providing adjustable PLC signals.

During the experiments, a variety of experimental signal parameters have been modi-
fied, which are summarized in Table 2.

Table 2. Experimental parameters of PLC and EIS signals.

Parameter Settings
Amplitude 10 mVpp ... 100 mVpp
Carrier frequency 20 MHz (+1 MHz for FSK)
Modulation scheme 2-ASK, 2-FSK, 2-PSK
PLC Modulation signal Square wave, PRBS
Bit rate 0.1 kbps ... 2 Mbps
Time division Continuous bit stream, data packets
Excitation current amplitude 10 mA (0.004 C), 67 mA (0.026 C)
EIS Response voltage for 976.6 Hz 0.8 mVpp, 5.4 mVpp
Measurement frequency Sweep or single point (976.6 Hz)
Measurement time per freq. point 25ms ... 1600 ms

During the experiments, a variety of experimental signal parameters have been mod-
ified, which are summarized in Table 2. EIS measurements were performed either for a
single frequency or a complete frequency sweep as shown in Figure 13. Two different EIS
excitation currents as well as different acquisition times per frequency point were used. For
the PLC signals, various sinusoidal carrier amplitudes between 10 mVpp and 100 mVpp
were investigated. Different narrowband digital modulation schemes such as 2-ASK, binary
frequency shift keying (2-FSK), and binary phase shift keying (2-PSK) were also inspected.
As modulating signal, we used a periodical square wave or a pseudo-random bit sequence
(PRBS) that is sent either as permanent data stream or allocated in data packets. The
modulation frequency (i.e., data rate) was altered between a few hertz and 2 MHz. For
each parameter setting, the EIS measurement was conducted ten times and the results were
averaged to increase the confidence level.

5.2.2. EIS Disturbance by PLC: Results and Discussion

Since the experimental parameters given in Table 2 lead to multitudinous combinations
for both EIS and PLC signals, only selected interference scenarios are presented in the
following. Stated beforehand, the majority of experiments did not lead to EIS interference
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by PLC. As the overall results suggest, an interference only occurs, when a PLC frequency
component happens to be close to an EIS measurement frequency. In the experiments, this
was found for PLC data or packet rates close to an EIS frequency point. A typical EIS result
distorted by PLC can be seen in the Nyquist plot of Figure 13.

Figure 14a shows a time signal measured by an oscilloscope that exemplifies the
superposition of a rectangular EIS excitation and a 2-ASK PLC signal modulated by a
low data rate square wave. Due to the galvanostatic EIS excitation, both the cell’s voltage
response and the applied PLC voltage accumulate and their sum will be measured by the
EIS IC. If the frequency of the modulating square wave approaches an EIS frequency point
fE1s, a selective disturbance of the measurement at fr;s can be observed as in Figure 13.

How close the disturber has to approach the EIS frequency to cause an interference is
illustrated in Figure 14b for fr;s = 976.6 Hz. The given percentage impedance measure-
ment deviation is calculated from the 90% confidence interval normalized by the averaged
impedance. The closer the modulation frequency is to frs, the more severe the interfer-
ence gets, which is approximately six times higher for the lower EIS excitation amplitude
(5.7% for 0.8 mVpp, 0.9% for 5.4 mVpp). Only a few hertz apart from fgjg, the percentage
impedance deviation drops significantly.

To find the origin of the disturbance, a real 2-ASK PLC voltage signal was digitalized
by an oscilloscope and the spectrum was calculated using Fast Fourier transform (FFT).
The resulting FFT spectrum is shown in Figure 15a displaying one-sided true amplitudes.
For comparison, Figure 15b shows the ideal spectrum of the same 2-ASK signal generated
by simulation. The spectrum of the ideal ASK signal has only one main spectral component
located at the carrier frequency and levels off to both sides. Therefore, ideally no significant
baseband components are expected. However, when looking at the spectrum of the
real signal, beside higher harmonics of the carrier, there is also an essential baseband
component right at the frequency of the modulation signal. We assume that due to non-
ideal modulation by the signal generator or other non-ideal down conversion effects, this
spectral component is responsible for the EIS interference and may be avoided by prior
bandpass-filtering of the PLC signal.

In order to evaluate how different PLC signal properties enforce the selective EIS
interference seen in the Nyquist plot of Figure 13, we now intentionally set the PLC
modulation frequency exactly to an EIS frequency point fgs. For the following results, the
frequency fris = 976.6 Hz is taken as representative for all EIS frequency points.

Figure 14c highlights the influence of different PLC amplitudes and EIS measurement
times in case of a square wave modulating signal with fr;s = 976.6 Hz. Interestingly,
all EIS impedance measurements of one PLC setting are located on a sphere around the
reference or “true” impedance. Larger PLC amplitudes and shorter measurement times let
the impedance error and thus the radius of the sphere increase. However, from Figure 14d
averaging the results of Figure 14c including 90% confidence intervals, it becomes clear that
only large measurement times (800 ms, 1600 ms) can significantly reduce the impedance
measurement spread. For the smallest PLC amplitude (10 mVpp), the inset of Figure 14c
indicates that the spherical distribution of the impedance measurements is slightly disar-
ranged by superimposed noise.
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Figure 14. PLC interference with simultaneous EIS measurement: (a) Time signal of superimposed 2-ASK PLC and
rectangular EIS voltage signals measured across the cell terminals (AC-coupled); (b) Percentage EIS measurement deviation
for various PLC modulation frequencies around an EIS measurement frequency; (c) Impedance measurement results at
a single frequency point for a variety of 2-ASK PLC signal amplitudes and EIS measurement times; (d) Representation
of (c) by mean values and 90% confidence interval bars; (e) Impedance deviation for different PLC modulation signals
represented by mean values and 90% confidence interval bars; (f) Percentage impedance deviation based on normalized
90% confidence intervals for different PLC amplitudes, modulation signals, and time divisions.
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Figure 15. One-sided true amplitude DFT spectra of a 2-ASK PLC signal modulated by a periodical square wave with

frequency 976.6 Hz (a) Real PLC signal spectrum and time signal (inset); (b) Ideal PLC signal spectrum calculated

by simulation.

The difference between measured and true impedance seen in Figure 14c can be
described by an error vector, which circles around the reference value depending on the
phase relationship between PLC and EIS signal. Based on (9), the impedance error vector
can be broken down into voltage and current DFT error vectors having the same circulating
behavior depicted in Figure 16. Summing up the EIS-caused and PLC-caused voltage DFT
vectors Veis(27fy) and Vprc(27fy) results in the overall DFT voltage vector Vy (27 f),
which is seen by the EIS IC.

Figure 16. Argand diagram of the complex voltage DFT values for a specific discrete frequency f.
The PLC error voltage circles around the reference voltage value Vgrs(27fy). The sum of reference
and error vector gives the actually measured voltage DFT value for f.

Since the EIS excitation current is still measured correctly by the IC regardless of the
superimposed PLC signal, the DFT current error vector is zero, and the impedance error
vector Z., can be approximated by the superposition of the voltage DFT vectors at the
discrete frequency fi by the following expression:

Ve(27fi) = Vers(2nfi) _ Verc(27fy)
Ters (27 fr) Ieis (27 fy) *

with the true impedance Z,, and the effectively measured impedance Zy..

In another experiment, the impact of the modulation signal waveforms (listed in
Table 2) on the EIS frequency point at fr;s was evaluated using the following settings: For
the PRBS modulating signal, a bit rate of 25 is chosen because the time per bit is half
of the EIS period 1/ fr;s. For the packet stream, PRBS data with 500 kbps are repeatedly

Zer,fk = ZZ,fk - Ztrue,fk = (10)
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switched on and off with the frequency frrs. As before, the square wave modulating signal
has a frequency of frjs. All three signals are 2-ASK modulated onto the sinusoidal carrier
located at 20 MHz. The impedance results at frjs for the different modulation signals are
averaged and displayed in Figure 14e with 90% confidence intervals. Clearly, the square
wave modulation signal has the highest impact on the EIS measurement, whereas the PRBS
only leads to small distortions. This can be explained by the higher fundamental content
in the periodic square wave than in the PBRS. On the other hand, the PBRS packets are
periodically sent with the packet rate frjs, therefore having a higher fundamental content
than the continuous PBRS stream, which leads to a more severe interference. In all three
cases, longer EIS measurement times lead to a decrease in measurement error.

The presented results are summarized in terms of percentage measurement deviation
in Figure 14f, which again highlights the influence of different PLC signal settings. In addi-
tion, results are given for different modulation schemes (2-ASK, 2-FSK, 2-PSK), suggesting
a rather small impact on the measurement deviation.

In conclusion, the most relevant factor for EIS disturbance by PLC is the modulation
signal’s frequency. As the typical frequency range of EIS is below 10 kHz, the critical
parameter is the data packet rate rather than the data rate, which is expected to be well
above the EIS frequency range. This means, interference can be largely mitigated by
avoiding PLC packet rates equal to EIS measurement frequencies.

6. Conclusions

Power line communications for HV battery systems is an attractive alternative com-
munication technique for BMS data transmission and can pave the way for advanced
single-cell monitoring methods such as electrochemical impedance spectroscopy being
implemented in future smart cells and smart battery systems. In this work, we developed
a bottom-up PLC channel model that can predict the PLC channel transfer characteristics
for both uplink (CMC to BMU) and downlink (BMU to CMC) communication in a small-
scale 18650 battery pack. Using a self-made PLC hardware demonstrator, the model was
successfully validated with real PLC signals on the battery pack.

The PLC channel model considers high frequency properties of cylindrical Li-ion cells
as well as capacitive and inductive coupling effects among adjacent cells. Impedance char-
acterization and modeling of a single Li-ion cell showed that for typical PLC frequencies
above 1 MHz, access impedances greater than 1 ) per cell can be expected. Investigations
on the coupling mechanisms revealed that the coupling capacitance as well as the mutual
inductance between adjacent cylindrical cells can be approximated over a wide frequency
range by well-known formulas used for hollow metallic cylinders. Cell coupling is pre-
dominantly determined by the geometrical cell arrangement, while the direction of current
flow in two adjacent cells determines the sign (positive for same, negative for opposite
current direction) of the mutual inductance among them as described in [55].

The simulated PLC channel transfer characteristics vary between inner and outer cells
forming the battery stack, which is due to higher mutual inductive coupling inside the
stack. Capacitive coupling is observed to affect the transfer characteristics only above
approximately 80 MHz.

For future work, the presented modeling approach can be used for predicting the
transfer characteristics of large-scale HV battery packs as well as for designing customized
PLC modems. The model can also be adapted to large-format automotive cells with higher
capacity as long as they exhibit a similar rolled-up internal structure as the 18650 cells,
such as prismatic cells having elliptically wound electrodes [41]. As large-scale battery
packs consist of a high number of single Li-ion cells, the PLC channel is expected to have
a significantly higher attenuation than for the investigated PLC demonstrator. Because
the cells within a pack may be distributed three-dimensionally in space, they will not
entirely follow the parallel placement as in our setup (Figure 2b). This can lead to different
coupling among cells placed in series, which is expected to be smaller compared to the
parallel arrangement.
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The presented circuit-based PLC channel model can be used for further physical layer
analysis concerning channel noise characteristics, signal-to-noise ratio and bit error rate
(BER) requirements. According to the previous works [34,35], the PLC physical layer can be
modeled by (1) the master-slave channel transfer characteristics as determined in this work,
and (2) additive white Gaussian noise (AWGN) present for frequencies above 40 MHz. For
example, desired BERs below 10~ were achieved by an E, /Ny (energy per bit to noise
power spectral density ratio) of 9 dB in [35].

For the success of PLC for BMS applications, it is important to unfold and quantify
possible coexistence issues between PLC and BMS monitoring. Therefore, in the second
part of our work, we investigated various interference scenarios applying a large amount
of PLC signals with different settings. As the results demonstrate, BMS monitoring is not
expected to interfere with PLC signals. However, monitoring circuits attached to the cell
may slightly change the PLC access impedance and transfer characteristics. In contrast,
PLC signals can interfere with BMS monitoring, yet only in particular cases regarding
EIS. To prevent EIS distortions, PLC signals with packet rates equal to EIS measurement
frequencies should to be avoided or passed through effective bandpass filter devices. DC
monitoring is not affected by PLC signals since the measurement interfaces are protected
by effective filter structures.
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2-ASK Binary amplitude shift keying
2-PSK Binary phase shift keying
2-FSK Binary frequency shift keying
3-D Three-dimensional
ADC Analog-to-digital converter
AC Alternating current
ASIL Automotive safety integrity level
AWGN Additive white Gaussian noise
BER Bit error rate
BEV Battery electric vehicle
BMS Battery management system
BMU Battery management unit
CAN Control area network
CID Current interrupt device
CISPR Comité International Spécial des Perturba-

tions Radioélectriques
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CMC
CRC
CT
DC
DFT
EEC
EIS

EM
EMC
EMI
EV
FFT
GND
HEV
HF
HV

IC
Li-ion
LV
NFRA
OOK
PCB
PLC
PRBS
RMSE
RX
SOC
SOH
X
VNA
Nomenclature
Symbols
AD

€0
€r
Pz
T

Ho
d

Cc
CCC
Cdc
D
dCC
fe
fEIs
e
Hy(f), Hu(f)

Lcon
Lext

Cell monitoring circuit
Cyclic redundancy check
Computed tomography
Direct current

Discrete Fourier transform
Equivalent electrical circuit
Electrochemical impedance spec-
troscopy

Electromagnetic
Electromagnetic compatibility
Electromagnetic interference
Electric vehicle

Fast Fourier transform
Ground

Hybrid electric vehicle

High frequency

High voltage

Integrated circuit
Lithium-ion

Low voltage

Nonlinear frequency response analysis
On-off keying

Printed circuit board

Power line communications
Pseudo-random bit sequence
Root mean square error
Receiver

State of charge

State of health

Transmitter

Vector network analyzer

Unit

o]

8.854 - 1012 F/m

o

477 -1077 H/m
°C

F

F

F

0.018 m

Hz
Hz
Hz
dB

0.065 m

Description

Phase shift between voltage and current
signals

Vacuum permittivity

Relative permittivity

Phase of complex impedance

Reflection coefficient

Vacuum permeability

Temperature

Power line coupling capacitor
Cell-to-cell coupling capacitance
DC-link capacitor

Cell diameter

Distance between cells

Carrier frequency

EIS measurement frequency

DFT frequency point

Downlink and uplink PLC transfer func-
tion

Current amplitude

Cell length

Cell connector inductance

External cell inductance due to the cell’s
length, tabs and bonding wires
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Lint H Internal cell inductance due to skin ef-
fect

Ligop H Loop inductance

Lser H Self-inductance

Lw H Jelly roll winding inductance of the cell

M H Mutual inductance

n n'" frequency harmonic

Reon QO Cell connector resistance

R, (@) Electrolyte, contact, and CID resis-
tances of the cell

Rint Q Internal/ surface cell resistance due to
skin effect

Rion Q Ionic resistance of stacked electrode
cell layers and electrolyte

Rw (@) Electrical resistance of cell
collector windings

to s Signal period

(4 \% Voltage amplitude

VErs V+ijVv EIS voltage DFT vector

Vin A\ PLC voltage across master modem

Vpre V+jVv PLC voltage DFT error vector

Vs V+jVv Overall DFT vector

Vs,i \% PLC voltage across i" slave cell

Xi, Q Inductive reactance

Zy Q Characteristic impedance

Zeell Q+j0 Complex cell impedance

Zer, Q+j0 Complex impedance error at fj

Zm, Zs Q+j0 Master, slave transceiver impedance

Zy Q+j0 Battery pack impedance

Ztrue, Q+j0 True complex impedance at fj

Zs,f, Q+j0 Overall complex impedance at fy
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6 Summary and Conclusion

Online Electrochemical Impedance Spectroscopy combined with power line communications for
automotive traction batteries has been investigated as potential solution path towards smart cells and

smart plug-and-play battery management systems.

The implementation of online EIS into automotive traction batteries faces several challenges such as
(1) external disturbances coming from the automotive power electronics, (2) leakage currents across
secondary current paths, and (3) crosstalk among online EIS circuits and other EMI effects. Using a
monolithic chip solution for online EIS and data processing, it has been shown that a decentralized
EIS approach with active signal generation gives reliable impedance measurement results even under

strong noise with slightly negative SNR.

The impedance of a battery cell is influenced by many factors such as temperature, SOC, load current,
and changes during aging. On the interpretation side of EIS measurement data, powerful estimation
methods still need to demonstrate the effective use of impedance for specific state estimations such as
SOH tracking without SOC knowledge. As potential alternative to completely decoupled impedance-
based state estimation methods, existing techniques such as coulomb counting for SOC tracking could
be used in combination with online EIS, for example, to detect the SOH of the cell. In summary, the
added value of online EIS in terms of cell state prediction on the way towards smart single Li-ion

cells has to be proven to outweigh its additional implementation efforts and cost.

HV PLC for in-battery communications can be implemented as classical master-to-slave topology,
where the battery power line network forms the physical layer of the communications and universal
bus standards such as UART can be used as top layer for data transmission. Within this thesis, a
proof-of-concept study using a block-based hardware design approach was conducted, forming the
foundation for further PLC system designs. Based on the proof of concept, Figure 23 proposes a more

compact solution of both PLC modulator and demodulator circuits based on a 2-ASK modulation

HV P;\(‘,kf
‘HV Pack
f }_\jLC band UART band
+ %
U + T ~oL
T | ~ N milil
& ‘ Comp

i !
20 — 40 MHz 2 Mbps UART HY Pacl

from online EIS IC V Pack vDC

%7 HV Packy
(a) (b)

Figure 23: Concise hardware concept for an integrated PLC modem based on the proof of concept
of Section 5.1. (a) Modulator concept based on periodic load switching with the modulated PLC
signal. The UART signal is 2-ASK modulated by an AND gate and fed via a buffer to the switching
transistor. (b) Demodulator concept based on effective filtering and amplifying of the incoming
modulated PLC signal, and digitizing through a comparator with adjustable DC voltage reference.
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6 Summary and Conclusion

technique, which could be used for future monolithic re-designs. The modem is intended for a single-
cell-based PLC but could be attached also to a battery module when using a modulating transistor

(shown in Figure 23a) with a sufficiently high maximum voltage rating.

The battery PLC channel presents a challenging communications environment consisting of many
serially connected communications nodes, and differs therefore largely from the well-established PLC
DC bus technology. Moreover, PLC modems need to cope with low-ohmic access impedances provided
by the Li-ion battery cells but which increase with frequency thanks to the inductive nature of the
cells at high frequencies. HF characterization of several 18650 Li-ion cells within this work
demonstrated that access impedances around 2 €2 can be expected for frequencies above 10 MHz. For
comparison, existing works on larger prismatic Li-ion cells found more spread impedance values of
approximately 0.2 Q for a 34 Ah cell [221] and 10 €2 for a 24 Ah cell [57] both at 10 MHz. Following
the findings of this thesis on cell design aspects, the impedance spread may be explained by the
different internal cell geometries of prismatic cells (either stacked or rolled-up electrode layers) since
the jelly roll inductance contributes strongly to the cell impedance at high frequencies. Low
temperatures were found to significantly increase the HF impedance of Li-ion cells around 10 MHz
(from 40 °C to 0 °C by nearly 30%) because high jelly roll reactances let the temperature-dependent
ionic current contribution increase. On the other hand, SOC hardly affects the HF impedance

behavior.

The lower the access impedance, the more power (current) the transmitter of the PLC modem requires
to drive the PLC voltage signal onto the battery cell. Signal strengths between 10 mVpp and
100 mVpp have been considered to keep the power consumption at a reasonable level. Taking an
access impedance of 2 Q and assuming an alternating bit stream with 50% duty cycle (“1010..”), an
hour of continuous data transmission is expected to discharge the battery cell by 2.5 mAh to 25 mAh,
neglecting quiescent and bias currents of the modem. This is in the same range as was found for
wireless BMS solutions (11.2 mAh to 22.5 mAh [179]) as well as for wired BMS using a conventional
CAN transceiver (typ. 15 mAh [222]).

Predicting the PLC channel transfer characteristics is challenging because electromagnetic coupling
effects between adjacent battery cells cause the PLC signal voltage drop per cell to be partly
“indeterministic”. That means that the coupling among cells strongly depends on the specific module
or pack topology and the locations of each cells within the pack. As approximation over a wide
frequency range, this thesis demonstrated that EM coupling among cylindrical Li-ion cells can be well
described by the coupling among hollow electrical conductors with the same dimensions as of the cell.
It is assumed that this approximation can also be applied to high-capacity prismatic cells, suggesting
that EM coupling may increase for larger cells due to higher capacitances and larger effective inductive
loop area [223]. Taking EM coupling effects into account, an equivalent electrical circuit model of the
battery power line network was developed for PLC channel simulations and was validated by the
custom-made proof-of-concept demonstrator. The proposed physical-based battery model considers
HF-relevant battery processes such as the ionic shunt effect, the skin effect, and other resistive-
inductive loss processes, which were identified by a novel HF impedance measurement method

developed in this thesis.
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Using the novel measurement method for HF impedance characterization of several cylindrical Li-ion
cells with different internal geometries, the ionic shunt effect was identified to be the root cause of
the characteristic impedance curve bending that is often visible in the Nyquist plot above the intercept
frequency describing the intercept point of the impedance locus with the imaginary axis. Accordingly,
the quasiparallel interconnection between the current collector windings and the stacked active

electrode layers leads to an increase in resistance and therefore to the impedance curve bending.

As time multiplexing of HV PLC signaling and battery monitoring is too time-consuming for
automotive BMS applications, the coexistence of the two was investigated in this thesis, giving
suggestions to avoid compatibility issues. On the one hand, voltage, current, and impedance
monitoring of the BMS was found not to interfere with HV PLC signaling. However, cell monitoring
circuits need to be considered by the PLC channel modeling approach as they can change the PLC
access impedance. On the other hand, HV PLC signaling may distort BMS monitoring, yet only under
special circumstances regarding online EIS. The results demonstrate that interference can be largely
prevented by avoiding PLC packet and data rates equal to EIS measurement frequencies. DC voltage
and current monitoring were found not to be distorted by PLC signaling. In conclusion, EIS with
PLC for automotive HV battery management systems has been demonstrated to work properly under

laboratory conditions without interoperability problems.

In future work, a first implementation of HV PLC on battery pack level could be realized by a module-
to-module communication to alleviate the aforementioned challenges of HV PLC for a cell-to-cell
communication. This way, access impedances could be increased and coupling effects among single
cells would become less critical. Moreover, the power consumption of the PLC modem could be
reduced as less excitation current is necessary to generate the PLC voltage signal across the module.
Therefore, HV PLC among battery modules is expected to have improved channel transfer
characteristics, increased robustness and efficiency, and could be used for an initial PLC operation on
battery pack level. As potential next step, a large-scale battery pack equipped with single-cell-based
monitoring circuits and PLC modems could be assembled and tested with respect to communications

reliability and EMC regulations.

On the simulation side, future work can reuse the developed channel modeling approach for further
channel simulations of large-scale HV battery packs, this way facilitating custom-made PLC modem
design. Due to the high number of single Li-ion cells, the channel attenuation within an entire battery
pack is expected to be significantly higher than found for the small stack of the PLC proof-of-concept
demonstrator, which was approximately 16 dB. Accordingly, the channel attenuation for one hundred
Li-ion cells connected in series can be estimated by 1/100 or 40 dB. To adapt the required PLC
transmitting power, further physical layer analysis regarding channel noise characteristics, signal-to-
noise ratio and bit error rate (BER) need to be performed. For this, the developed PLC channel model
can be combined with an additional noise model describing the noisy automotive environment.
Assuming additive white Gaussian noise in the simulation environment, related works found BERs

below 1073 for an E, /N, (energy per bit to noise power spectral density ratio) of 9 dB, [65, 224].

Prospective studies should further address the possibilities of reusing PLC signals for impedance

measurements or charge balancing to improve its added value for BMS monitoring.
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Appendix

Rectangular online EIS Excitation for higher Signal-to-Noise Ratio

In this appendix, the higher SNR of active rectangular EIS excitation compared to sinusoidal
excitation is derived. Based on Figure 13a, the online EIS measurement setup can be redrawn as large
signal equivalent electrical circuit using the Thevenin equivalent circuit model of the battery and the
varying load impedance of the switching transistor R; while neglecting the current shunt resistor as
shown in Figure A.la. The resulting small signal current excitation drawn from the cell can be modeled
according to Figure A.1b. By dynamically changing the load resistor R;, an alternating excitation
current i(t) is generated, which causes an additional AC voltage drop across the overall cell impedance
Zyat- The two different excitation current waveforms — sinusoidal and rectangular — are illustrated in

Figure A.2a and can be mathematically formulated as

i () =17 [sin (%%t) + 1} , (A.1)
Irect(t) = 23”—20 rect (#) , (A.2)

with the time period 7' and the amplitude i as indicated in Figure A.2. The DC offset of the signal

waveforms is due to the online excitation principle, which performs EIS only in discharge mode. The

average electric charge ¢ drawn from the battery can be calculated for both excitation waveforms by
T

T
- T 1 ~
(jsin = /0 Zszn(t>dt = |:Z -1 _%COS <27Tft>:|0 =i T ) (A3)

T
(jrect = / iract (t)dt = {2 ’ ; ’ t]oT/2 = ; : T = (jsin . (A4)
0

(a) (b)
Figure A.1: (a) Ounline EIS excitation principle using a varying load impedance Z;. The dashed
box marks the Thevenin equivalent circuit of the battery cell with the equilibrium voltage V;, and
the overall cell impedance Z,,. (b) Small signal EEC using a current source and 7, ,.
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Figure A.2: Time domain (a) and frequency domain view (b) of sinusoidal and rectangular waveforms
with same peak-to-peak current value and same average current drawn from the battery, according

to the schematic of Figure A.la.

Following Eqgs. (A.3) and (A.4), the drawn charge is identical for both excitations with same peak-to-
peak current values. The ratio of consumed energies of both excitation waveforms is

T . T .
Erect o J& U(t> ’ Zrect(t>dt ~ jg] ‘/O ’ Zrect(t>dt o V. qrect _

B [To(t) iyt [ Vo itV Gan

1 (A.5)

while neglecting the small AC voltage across Z,,, (< 10 mV, see Section 3.2.1) that is superimposed
to V.

The Fourier series representations of both sinusoidal and rectangular waveforms are listed in
Table A.1 and are illustrated in Figure A.2b. Both the amplitude spectrum and the values of the
Fourier series coefficients reveal that the fundamental of the rectangular waveform is %é 2.1dB
higher than the fundamental of the sinusoidal waveform, although the same amount of energy
respectively charge is drawn from the battery in both cases. In case of superimposed noise with equal
power spectral density, the SNR during rectangular current excitation is therefore 2.1 dB higher than

in the case of conventional sinusoidal excitation.

Table A.1: Fourier series of sinusoidal and rectangular current waveforms.

Waveform Fourier series representation [225] Single tones (amplitude, frequency)
. 2 1 R .
0 i+ i-sin(2m7¢) G.f=0), G.7=})
-, 4 S 1 R ~ “
irect (1) itai 2 peinln2ngd) (F=0), G0 f =), o f =)
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