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ABSTRACT

Lithium ion batteries gain more and more in importance for our everyday life. High energy density,
high power and a relatively high voltage level compared to other battery cells makes this type of
cells suitable for many applications, especially also in the automotive sector.

The advantage of having a higher voltage level leads however to a higher safety risk. Espe-
cially the high flammability of the applied electrolytes is a big disadvantage. To detect and avoid
safety relevant failures at an early stage, sophisticated battery management systems are employed.
These help to operate batteries within a safe voltage, current and temperature range. Higher tem-
peratures lead not only to faster aging but can lead to serious safety risks. A detailed picture of
the temperature distribution is therefore important. Especially in larger scale cells, temperature
inhomogeneities can be significant.

The thesis at hand deals with temperature inhomogeneities in lithium ion cells and especially
in so-called pouch cells. To face this, different temperature transport mechanisms are introduced.
Reasons for and effects from these inhomogeneities are discussed thereafter to motivate the present
work.

Various measurable internal cell parameters are researched in terms of their temperature depen-
dency. The resulting knowledge is used to investigate if these parameters are suitable not only for
temperature detection but also for estimation of temperature distributions. It is however suggested
that these methods do not suffice.

For this reason, various possibilities of temperature sensing, especially in-situ, are discussed.
Prototypes are therefore developed and their functionality and integration principles described.

Since pouch cells are available in various sizes and shapes, a measure is defined that makes the
comparison of different cells in terms of their temperature distribution possible. Therefore, various
measures from literature are compared. A new measure is finally defined based on the Arrhenius
equation.

The measure of inhomogeneity is used to investigate measurements from infrared images and
from a cell sandwich. This helps to understand the exact distribution and to find suitable spots for
sensors under operation.

A final experiment describes results from a fast charging experiment of an automotive battery
pack. The measure of inhomogeneity is used to show that large inhomogeneities still exist despite
the application of a sophisticated cooling system.
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ZUSAMMENFASSUNG (GERMAN ABSTRACT)

Lithium-Ionen Batterien spielen eine immer gréfler werdende Rolle in unserem téglichen Leben.
Durch ihre hohe Energiedichte kombiniert mit der Bereitstellung von grofien Leistungen und ver-
gleichsweise hohen Spannungen, finden diese Zellen insbesondere im Automobil immer breiteren
Einsatz.

Der Vorteil des hoheren Spannungs-Niveaus im Vergleich zu anderen Batteriezellen macht
Lithium-Ionen Zellen jedoch anfillig gegen Beschadigungen. Insbesondere die leichte Brennbar-
keit des Elektrolyts stellt einen grofien Nachteil dar. Um sicherheitsrelevante Fehler zu vermeiden,
finden deshalb komplexe Battery Management Systeme ihren Einsatz, um die Zellen in einem opti-
malen Bereich in Bezug auf Spannung, Strom und vor allem auch Temperatur, betreiben zu kénnen.
Hohere Temperaturen fithren nicht nur zu einer schnelleren Alterung der Zellen sondern kénnen
auch ein deutliches Sicherheitsrisiko darstellen. Abgesehen davon kénnen Hot-Spots ein Indikator
fur innere Beschadigungen in der Zelle sein. Ein detailliertes Bild, nicht nur der durchschnittli-
chen Temperatur sondern insbesondere der Temperaturverteilung ist deshalb wichtig. Besonders
in grofieren Zellen treten, auch hervorgerufen durch externe Kiithlsysteme, signifikante Tempera-
turinhomogenitéten auf.

Die vorliegende Arbeit beschaftigt sich mit diesen Temperaturinhomogeneititen in Lithium-
Ionen-Zellen und speziell in sogenannten Pouch-Zellen. Dazu werden zunichst, nachdem grundle-
gende Wirmetransportmechanismen erkldrt werden, Griinde fiir und Effekte von ungleichmafligen
Temperaturverteilungen erldutert, um das vorlegende Thema zu motivieren.

Es werden dann verschiedenste messbare interne Zellparameter im Hinblick auf ihre Tempera-
turabhingigkeit untersucht. Eine eingehende Priifung der Verwendtbarkeit dieser Parameter fir
die Detektion von Temperaturinhomogenitéten findet anschlieSend statt. Es wird daraus deutlich,
dass keiner der untersuchten Parameter eindeutige Rickschlisse auf Temperaturverteilung oder
die maximale Temperaturdifferenz zulésst.

Deshalb werden daraufhin verschienste Moglichkeiten der Temperaturmessung und insbeson-
dere der in-situ Temperaturiiberwachung diskutiert. Verschiedene Protoypen und ihre Integration
werden dafiir beschrieben.

Da Pouch-Zellen in unterschiedlichsten Gréfien und Formen verfiigbar sind, was Thre Einsatz-
moglichkeiten sehr vielfaltig macht, wird ein Maf} definiert, welches Temperaturverteilungen quan-
tifiziert und damit zwischen verschiedensten Zellen vergleichbar macht. Dies soll es letztendlich er-
moglichen, eine optimale Auswahl an Zellen und an Konfigurationen fiir die jeweilige Anwendung
finden zu kénnen. Um ein geeignetes Maf} zu finden, werden Definitionen aus der Literatur unter-
sucht und verglichen. Es wird letztendlich ein eigenes Maf3 basiert auf der Arrhenius-Gleichung,
einem Maf fir die Alterung elektrochemischer Systeme, definiert. Das definierte Mafl wird dann
auf Infrarot- und Zell-Sandwich-Messungen angewannt, und damit die entsprechenden Tempera-
turverteilungen exakt analysiert. Empfehlungen, wo Sensoren optimal angebracht werden, um
Inhomogenitaten zu erfassen, werden darauf basierend entwickelt.

Ein finales Experiment beschreibt Temperaturmessungen an einem automobilen Batterie-Pack
wihrend des Schnellladens. Das definierte Maf3 der Inhomogenitéit wird darauf angewandt, um
zu zeigen, wie, trotz Kithlsystem, erhebliche Ungleichméafigkeiten in der Temperaturverteilung
vorliegen.



Zusammenfassung (German Abstract)
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ACRONYMS

ACRONYMS
AC Alternating Current
Al Aluminum
Ar Argon

ARC Accelerated Rate Calorimetry

ASIC Application-Specific Integrated Circuit
BMS Battery Management System

CcC Constant Current

CC-CV  Constant Current - Constant Voltage
CRC Cyclic Redundancy Check

CSv Comma Separated Value

Cu Copper

Cv Constant Voltage
DC Direct Current
DFN Dual-Flat No-Leads
DI De-Ionized Water

DOD Depth of Discharge
ECM Equivalent Circuit Model

EIS Electrochemical Impedance Spectroscopy
EOL End of Life

HF Hydrofluoric Acid

HSQ Hydrogen Silsesquioxane

IC Integrated Circuit

IR Infrared

LCO Lithium Cobalt diOxide

LFP Lithium Iron Phosphate

Li-ion  Lithium Ion

LTO lithium-titanate

MAF Moving Average Filter

MOI Measure of Inhomogeneity

Ni Nickel

NMC Lithium Nickel Manganese Cobalt dioxide
NMP N-methyl-2-pyrrolidone

ocv Open Circuit Voltage

PDC Population Distribution Chart

PI Polyimide

Pt Platinum

PTC Positive Temperature Coefficient
RMS Root Mean Square

RTD Resistance Temperature Detector
SEI Solid Electrolyte Interface

Si Silicon

SOC State of Charge, charge capacity in relation to full battery capacity in
Y%
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Acronyms

SOD
SOH
SOS
SPI
UART
USB

State of Discharge, SOD = 1-SOC in %

State of Health

State of Safety

Serial Peripheral Interface

Universal Asynchronous Receiver Transmitter
Universal Serial Bus

Vapor Deposition Polymerization
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1.2 PUBLICATIONS AND UNDERLYING THESES
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Figure 1: Interconnection of Chapters within this Thesis
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2.5 EFFECTS OF TEMPERATURE INHOMOGENEITY ON THE CELL
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3.1 CELL IMPEDANCE
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Figure 13: Real part of the impedance of EIS measurements of a 6 Ah pouch cell for different
temperatures and different SODs with the difference between minimum and maximum temperature
and SOD AZ,,, in the close up.

tively. An error of less than 6 % suggests a quite linear behavior. The second approach of tracking
the internal resistance change provides bigger non-linearities. A good fit can be reached with a cu-
bic approximation. However, the dependency of R; results in very small changes in the p() range
which makes distinguishing between different inhomogeneous states rather hard. This measure

is therefore not further regarded and a closer look taken into the suitability of the temperature-
depending frequency change.

3.1.2 Inhomogeneity detection with the help of impedance spectra

To see the suitability for inhomogeneity detection of the temperature dependency of certain fre-
quencies in the impedance spectrum, different tempered areas of the cell are considered to be n
smaller cells connected in parallel. Distributions with variable differences from the average are
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3.1 CELL IMPEDANCE

|
4 5
Zreul in mQ)

Figure 16: EIS for different inhomogeneous temperature distributions in comparison to a homoge-

neous distribution (Cell 1) with average temperature 38 °C at 0 % SOD.
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3.1 CELL IMPEDANCE
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Figure 17: The impedance over frequency for different inhomogeneous states at 0 % SOD. In the

small charts the difference between homogeneous and inhomogeneous cells is displayed as well as
the SOD-dependency over the frequency range.
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3.6 CONCLUSION: POSSIBILITY OF INHOMOGENEITY DETECTION WITH CELL PARAMETERS

reached only 2 % discrepancy from the homogeneous state. Additionally, the capacity is only mea-
surable after a full discharge or charge cycle. An on-line determination is therewith also hardly
possible.

Concluding it is to say, that internal cell parameters do not provide enough information about
the temperature inhomogeneity in a cell without additional sensors. As suggested before, tempera-
ture measurements at multiple points and preferably in the cell are crucial.
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4.4 PLATINUM-WIRE BASED THIN-FILM SENSOR

Imm
(a) Detail of the sensor meanders with the cell- (b) Sensor with connectors sealed between sheets
separator as substrate and the 10 um platinum of cell-separator (top) and sensor integrated into
wire a self-made pouch cell (bottom)

Figure 23: Self-made platinum wired based sensor and cell with integrated sensors.

the huge production effort and the bad reproducibility of the sensors due to the manual winding
of the wire.
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4.4 PLATINUM-WIRE BASED THIN-FILM SENSOR

Cathode Active Ma-
terial

Anode Active Mate-
rial

Temperature Sensor

Anode Current Col-
lector

Cathode Current
Collector

(a) Cell layers with thin-film thermocouple positioned between single-side coated
anode current collectors

Cathode Active Ma-

Temperature Sensor

Anode Active Mate-
rial

Anode Current Col-
lector

Cathode Current
Collector

(b) Cell layers with the thin-film thermocouple positioned between anode and cath-
ode

Anode Current Col-
lector

Temperature Sensor

Anode Active Mate-
rial

Cathode Current
Collector

(c) Cell layers with the thin-film thermocouple positioned between two double-
sided coated anodes and sheets of separator after removing the middle cathode

Figure 24: Different possibilities for sensor integration in a stack of electrodes
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