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Summary

i-ion batteries have drawn considerable attention in the last decades due to the

fact that these devices have a relative high energy density, long cycle life and
low self-discharge rate. Therefore, Li-ion batteries are highly suitable for stationary
energy storage and for providing mobile devices with energy. Examples of mobile
devices are portable phones, laptops, tablets, watches and (hybrid) electric vehi-
cles ((H)EV). Especially the (H)EV market requires many batteries since it is to be
expected that (H)EV sales will tremendously increase in the near future.

Despite the fact that Li-ion batteries offer many advantages, challenges are met
in monitoring and controlling the states of a Li-ion battery, such as State of Charge
(SoC), State of Health (SoH) and temperature. The consequences of poor monitor-
ing and control can lead to a decrease in battery performance, rapid degradation
and, even worse, fire or explosion. Therefore, it is of high importance to keep
the battery states within their safe operating range, which is defined by voltage,
temperature and current limits. A Battery Management System (BMS), including
a Thermal Management System (TMS), is the critical component to monitor and
control these states in order to guarantee safe and reliable battery operation.

The main goal of this thesis is to investigate whether impedance-based temper-
ature measurements, sometimes referred to as sensorless temperature measure-
ments, can be applied as method for monitoring the temperature of Li-ion batteries.
Impedance-based temperature indication offers significant advantages with respect
to conventional temperature measurements. For instance, no external or internal
hardware temperature sensors are required, thermal measurement delay is short, it
measures the integral temperature of the active material, and impedance measure-
ments can also be used to determine additional states, such as SoC and SoH. In
particular, the investigation of the suitability of the intercept frequency as tempera-
ture indicator is a central topic in this thesis. Investigations have been performed by
both experiments and simulations on Li-ion batteries under various conditions. In
the end, sensorless temperature measurements facilitate the design of an efficient
BMS in terms of safety, performance and reliability.

In Chapter 2, the working principle of Li-ion batteries is explained. In Li-ion bat-
teries, Li* ions shuttle between the positive and negative electrodes upon charging
and discharging. Unfavorably, the processes during (dis)charging occur with certain

Xi
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inefficiencies and heat is therefore generated. This heat flows from the electrode
materials to the battery surface at which it is dissipated to the environment. Since
heat is generated internally, thermal gradients develop, resulting in temperature
measurement complications and position-dependent aging. When the heat cannot
be sufficiently dissipated, or when the battery is under abusive conditions, thermal
runaway may occur, which leads to dangerous situations. In particular, if a battery
inside a battery pack induces thermal runaway to adjacent batteries, it can propa-
gate through the complete battery pack. Therefore, careful design considerations
need to be taken on both single-battery, module, and pack level in order to prevent
dangerous situations and to maximize performance and lifetime.

Due to the thermal gradients, which might quickly develop during operation,
fast and accurate temperature measurements can be rather challenging. For a
proper selection of a temperature measurement method, aspects such as measure-
ment range, accuracy, resolution, and costs of the method are important. Chap-
ter 3 gives a comprehensive overview of the various existing temperature measure-
ment methods that can be used for temperature indication of Li-ion batteries. At
present, traditional temperature measurement methods, such as thermistors and
thermocouples, are extensively used. The more recent introduced methods, such
as impedance-based temperature indication and fiber Bragg-grating techniques are
under investigation in order to determine if those are suitable for large-scale intro-
duction in sophisticated battery-powered applications.

In Chapter 4, a new impedance-based temperature indication method is pro-
posed to measure the internal temperature of (Li-ion) batteries. Based on electro-
chemical impedance spectroscopy measurements, a zero-intercept frequency (ZIF)
can be determined, which is exclusively related to the internal battery temperature.
The ZIF is defined as the frequency at which the imaginary part of the impedance is
zero (Z;,, = 0), i.e. where the phase shift between the battery current and voltage
is absent. Mathematical analysis of an equivalent electrical circuit, representing
the battery performance, shows that the ZIF decreases with rising temperatures.
Impedance measurements on rechargeable Li-ion batteries of various chemistries
were conducted to verify the proposed method. These experiments revealed that
the ZIF is clearly dependent on the temperature and, essentially independent on
the Li-ion chemistry, SoC and aging. These impedance-based sensorless temper-
ature measurements are therefore simple and convenient for application in a wide
range of stationary, mobile and high-power devices, such as hybrid- and full elec-
tric vehicles. However, the presented measurement results in Chapter 4 are all
measured under equilibrium conditions in the laboratory and further investigations
are therefore required to investigate whether the proposed temperature indication
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method is also applicable to battery-powered applications outside the laboratory,
such as in a (H)EV.

In Chapter 5, investigations are described in which the ZIF (proposed in Chap-
ter 4) is applied in an EV to indicate the battery temperature. The measurement
results reveal that ZIF measurements are heavily disturbed by interference, result-
ing from the current flowing through the battery (pack) and making an accurate
temperature indication impossible. Therefore, a new impedance-based approach is
introduced in which the integral battery temperature is related to other frequencies
than the ZIF. The advantage of the proposed non-zero-intercept-frequency (NZIF)
method is that measurement interference can be avoided at these frequencies. This
gives a higher signal-to-noise ratio (SNR) and, consequently, more accurate tem-
perature measurements. A theoretical analysis, using an equivalent circuit model
of a Li-ion battery, shows that NZIFs are temperature dependent in a way similar
to the ZIF and can therefore also be used as battery temperature indicator. To val-
idate the proposed method, impedance measurements have been performed with
individual LiFePO, batteries and with large LiFePO, battery packs tested in a full
electric vehicle under driving conditions. The measurement results show that the
NZIF is clearly dependent on the integral battery temperature and reveals a similar
behavior to that of the ZIF method. However, in contrast to the ZIF method, the
NZIF method makes it possible to optimally adjust the measurement frequencies
such that the highest SNR can be obtained and, therefore, accurate temperature
measurements are achieved.

In battery-powered applications, such as an EV, in which multiple batteries in-
side a pack are simultaneously monitored through the impedance, another disturb-
ing phenomenon occurs. This phenomenon is called crosstalk and is described in
Chapter 6. Performing impedance measurements simultaneously on each battery
in a pack introduces crosstalk interference in the surrounding batteries. This causes
impedance measurements in battery packs to be inaccurate. Experimental inves-
tigations on a battery pack showed that crosstalk is a linear phenomenon, which
is dependent on the measurement frequency, the relative position of the batteries
and the inter-battery spacing. However, it was found that crosstalk is indepen-
dent of the battery temperature and SoC. Furthermore, it has been shown that the
(N)ZIF is clearly dependent on crosstalk interference. Therefore, crosstalk interfer-
ence should be carefully considered in the development of battery packs. Based on
the experimental results and a proposed two-coil model with inductive coupling, a
transfer-function description has been developed in order to simulate the crosstalk
behavior. This model can be used as a supporting tool in the development of
impedance-based measurement systems in battery packs.
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In chapters 4 and 5, impedance-based temperature indication methods through
the (N)ZIF have been presented. So far, these methods were only applied to (com-
mercial) Li-ion batteries having two electrodes. For this reason, only the total bat-
tery impedance and, hence the (N)ZIF can be measured. However, to develop
advanced BMS, and to investigate the underlying behaviour of the individual elec-
trode impedances and (N)ZIF, it is of interest to distinguish between both electrodes
with the use of (micro-)reference electrodes ((M)REF). Favorably, (uW)REF make it
possible to measure the electrochemical characteristics and, thus, the (N)ZIF of
the individual electrodes. However, measuring the electrochemical impedance with
respect to (M)REF can lead to severe measurement artefacts, making a detailed
analysis of the impedance spectra complicated. In Chapter 7, a new method is de-
veloped in which high-frequency measurement artefacts can be compensated for.
A theoretical analysis, using equivalent circuit models of the measurement setups,
shows that if two different impedance measurements are averaged, the impedance
contributions from the measurement leads can be completely eliminated. The the-
oretical analysis is validated using Li-ion batteries with seven integrated pREF, all
having different impedances. The measurement results show that artefacts are
dominating for high-impedance PREF in the high-frequency range. However, these
artefacts can be fully compensated by averaging two separate impedance measure-
ments, as predicted by theory. This makes it easily possible to perform artefact-free
impedance measurements, even at high frequencies.

The compensation method described in Chapter 7 is advantageously used in
the study in Chapter 8 to accurately investigate the impedance and (N)ZIF be-
havior of the positive electrode (P) and the negative electrode (N). In Chapter 8,
(N)ZIF values of the total battery (Bat), P and N are extracted from the corre-
sponding impedance spectra in order to investigate what electrode is responsible
for the (N)ZIF behavior of Bat. It has been found that the impedance of both elec-
trodes are temperature dependent and that the (N)ZIF of Bat, P, and N all decrease
with increasing battery temperature. It also has been found that both individual
electrodes contribute to the Bat (N)ZIF and are therefore both responsible for its
behavior. Since P and N (N)ZIF are temperature dependent, impedance-based
temperature indication through (N)ZIF measurements essentially can also be per-
formed on the individual electrodes. For the investigated batteries, (N)ZIF values
of N are more sensitive to temperature changes in comparison to that of P, leading
to steeper N (N)ZIF curves than that of P, which favors the temperature indica-
tion accuracy. Furthermore, the electrode revealing the highest imaginary value
of the impedance in the inductive quadrant of the complex plane is the electrode
that dominates the (N)ZIF magnitude of Bat. For the investigated batteries, it was
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found that P revealed the highest imaginary values in the inductive area and the
magnitude of the Bat (N)ZIF of these specific batteries is therefore dominated by
P.

In summary, it can be concluded that impedance-based temperature indica-
tion, in particular the (N)ZIF method, is a valuable tool for temperature moni-
toring of Li-ion batteries. From the investigations described in this thesis, it can
favorably be concluded that (N)ZIF values essentially are chemistry, SoC and ag-
ing independent. In addition, key challenges, such as interference from electric
components in an EV and crosstalk interference in battery packs, which all consid-
erably disturb the (N)ZIF measurements, have been described and resolved. This
brings impedance-based temperature indication, in particular through the (N)ZIF,
one step closer to the application of sophisticated battery management systems.
Furthermore, a convenient and effective method has been developed to compen-
sate dominating high-frequency artefacts which are encountered with impedance
measurements on three-electrode Li-ion batteries. This method favorably enables
accurate investigations of the individual electrode impedances and the underlying
(N)ZIF behaviour. The (N)ZIF studies performed on the individual electrodes re-
vealed that both electrodes are responsible for the (N)ZIF behavior of the total
battery.

In this thesis, the (N)ZIF method is introduced, described and applied in a full
electric vehicle. In the performed investigations, interference from electric compo-
nents and crosstalk, are applied individually. Therefore, it is proposed to perform
future research on (N)ZIF measurements under the influence of all different disturb-
ing sources simultaneously. Furthermore, it would be valuable to further study the
(N)ZIF behavior as a function of (thermal) gradients. Electric vehicles are perfect
candidates on which these investigations can be performed because all disturbing
phenomena are present in these applications.






Samenvatting

oor een relatief hoge energiedichtheid, lange levensduur en lage zelfontlading
D zijn Li-ion batterijen de laatste decennia erg aantrekkelijk geworden om te die-
nen als energie-opslag medium. Li-ion batterijen zijn daarom uiterst geschikt voor
stationaire energie opslag en het voorzien van energie voor mobiele apparaten.
Voorbeelden van mobiele apparaten zijn mobiele telefoons, laptops, tablets, horlo-
ges en (hybride) elektrische voertuigen ((H)EV). Vooral door de oplopende (H)EV
verkoop wordt verwacht dat ook de verkoop van batterijen snel toeneemt.

Ondanks het feit dat Li-ion batterijen vele voordelen bieden, zijn er uitdagingen
in het monitoren en regelen van belangrijke batterijeigenschappen, zoals de ladings-
toestand (SoC), gezondheidstoestand (SoH) en temperatuur. De gevolgen van het
niet goed monitoren en regelen van deze eigenschappen kan leiden tot prestatie-
vermindering, snelle degradatie en, erger nog, tot brand en explosies. Daarom is
het van belang dat de toestanden in een veilig werkgebied gehouden worden, welke
gedefinieerd zijn door het voltage, de temperatuur en stroom. Een batterij mana-
gement systeem (BMS), waaronder begrepen het thermisch management systeem
(TMS), is de kritische component voor veilig en betrouwbaar batterijgebruik.

Het belangrijkste doel van dit proefschrift is om te onderzoeken of impedantie-
gebaseerde temperatuurmetingen, soms ook sensorless temperatuurmetingen ge-
noemd, kunnen worden toegepast als methode voor het monitoren van de tempe-
ratuur van Li-ion batterijen. Impedantie-gebaseerde temperatuurmetingen bieden
aanzienlijke voordelen ten opzichte van conventionele temperatuurmetingen. Bij-
voorbeeld, externe en/of geintegreerde hardware temperatuur sensoren zijn niet
vereist, er is geen thermische meetvertraging, de integrale temperatuur wordt ge-
meten van het actieve materiaal en impedantiemetingen kunnen bovendien ge-
bruikt worden om andere toestanden te schatten, zoals SoC en SoH. In het bij-
zonder wordt in dit proefschrift onderzoek verricht naar de geschiktheid van de
intercept frequentie als temperatuur indicator. De intercept frequentie is dan ook
de rode draad in dit proefschrift. Dit werk is tot stand gekomen door experimenten
en simulaties onder verschillende toestanden aan Li-ion batterijen uit te voeren.
Uiteindelijk leiden sensorless temperatuur metingen tot een beter ontwerp van een
efficiént BMS op het gebied van veiligheid, prestaties en betrouwbaarheid.

Xvii
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In hoofdstuk 2 wordt het werkingsprincipe van Li-ion batterijen uitgelegd. In
Li-ion batterijen bewegen Li* ionen tussen de positieve en negatieve elektroden
tijdens laden en ontladen. De processen die plaatsvinden tijdens (ont)laden gaan
gepaard met zekere inefficiénties en daarom wordt er warmte gegenereerd. De
warmte, die intern gegenereerd wordt, verplaatst zich van de binnenkant van de
batterij naar het buitenste batterijopperviak waar het gedissipeerd wordt naar de
omgeving. Omdat de warmte intern gegenereerd wordt, ontstaan thermische gra-
diénten, resulterende in temperatuur meet-complicaties en positie-afthankelijke ou-
dering. Wanneer de warmte niet voldoende gedissipeerd kan worden, of wanneer
batterijen misbruikt worden, kan thermal runaway ontstaan, wat leidt tot gevaarlijke
situaties. Vooral als een batterij in een batterij pakket andere batterijen ‘aansteekt’
kan het thermal runaway effect zich door het hele pakket verspreiden. Om die
redenen moeten zorgvuldige ontwikkelingsoverwegingen genomen worden op het
gebied van batterijen, modules en batterijpakketten om te allen tijden gevaarlijke
situaties te voorkomen en om de prestaties en levensduur te maximaliseren.

Vanwege de thermische gradiénten, die snel kunnen ontstaan tijdens gebruik, is
het snel en nauwkeurig meten van temperatuur een grote uitdaging. Voor het se-
lecteren van een goede temperatuurmeetmethode, zijn aspecten zoals meetbereik,
nauwkeurigheid, resolutie en kosten belangrijk om te overwegen. In hoofdstuk 3
worden verschillende bestaande temperatuurmeetmethoden, die geschikt zijn voor
Li-ion batterijen, uitgebreid aan de orde gesteld. Momenteel worden temperatuur-
meetmethoden zoals thermistors en thermokoppels veel gebruikt. De meer recent
geintroduceerde methoden, zoals impedantie-gebaseerde temperatuur indicatie en
door middel van fiber Bragg sensoren, worden momenteel onderzocht om te kij-
ken of deze geschikt zijn voor applicaties die van energie worden voorzien door
batterijen.

In hoofdstuk 4 is een nieuwe impedantie-gebaseerde temperatuurmeetmethode
geintroduceerd voor het meten van de interne (Li-ion) batterijtemperatuur. Door
middel van elektrochemische impedantie metingen, kan een zero-intercept frequen-
tie (ZIF) bepaald worden, die exclusief aan de temperatuur gerelateerd kan worden.
De ZIF is gedefinieerd als de frequentie waarbij het imaginaire deel van de impedan-
tie gelijk gesteld is aan nul (Z,,,, = 0), dat wil zeggen dat de fase tussen de stroom
en het voltage ook nul is. Een wiskundige analyse van een elektrisch equivalent
circuit, wat de prestaties van een batterij representeert, laat zien dat de ZIF daalt
als de temperatuur stijgt. Impedantie metingen aan herlaadbare en verschillende
soorten Li-ion batterijen zijn uitgevoerd om de voorgestelde temperatuurmeetme-
thode te verifiéren. De experimenten onthulden dat de ZIF een duidelijke afhan-
kelijkheid laat zien als een functie van temperatuur en in principe onafhankelijk is
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van de chemie, SoC en oudering. Deze impedantie-gebaseerde sensorless tem-
peratuurmetingen zijn daarom gemakkelijk en geschikt voor gebruik in een brede
doelgroep van stationaire en mobile applicaties, zoals hybride en elektrische voer-
tuigen. Echter, de gepresenteerde meetresultaten in hoofdstuk 4 zijn alle gemeten
onder evenwichtsomstandigheden in het laboratorium. Daarom is vervolgonder-
zoek nodig of de voorgestelde temperatuur meetmethode ook geschikt is voor het
gebruik in applicaties buiten het laboratorium, zoals (H)EV.

In hoofdstuk 5 worden onderzoeksresultaten beschreven waarin de in hoofd-
stuk 4 geintroduceerde ZIF is gebruikt om de batterijtemperatuur te meten in een
EV. De meetresultaten onthullen dat ZIF metingen ernstig verstoord worden door de
batterijstroom die door het gehele batterijpakket stroomt. Deze verstoringen ma-
ken het onmogelijk om de batterijtemperatuur nauwkeurig te monitoren. Daarom
is een nieuwe impedantie-gebaseerde temperatuurmeetmethode geintroduceerd
waarbij de integrale batterijtemperatuur gerelateerd wordt aan andere frequenties
dan de ZIF. Het grote voordeel van de voorgestelde non-zero intercept frequentie
(NZIF), is dat meetverstoringen vermeden kunnen worden. Dat resulteert in een
hogere signaal-ruisverhouding (SNR) en derhalve nauwkeurigere temperatuurme-
tingen. Een theoretische analyse van een equivalent circuit van een Li-ion batterij,
laat zien dat het NZIF temperatuur gedrag hetzelfde is als bij de ZIF. Om die re-
den kan de NZIF ook gebruikt worden voor het meten van de batterijtemperatuur.
Om de voorgestelde NZIF methode te valideren zijn impedantiemetingen verricht
aan individuele LiFePO, batterijen en aan grote LiFePO, batterijpakketten in een
EV tijdens bedrijf. De meetresultaten laten zien dat de NZIF inderdaad tempera-
tuur afhankelijk is op dezelfde manier als de ZIF. Echter, in tegenstelling tot de
ZIF methode maakt de NZIF methode het mogelijk de meetfrequenties optimaal
af te stellen zodat de hoogste SNR verkregen kan worden en derhalve ook meer
nauwkeurige temperatuurmetingen.

In applicaties waarbij de energie wordt geleverd door meerdere batterijen in
een pakket, kan zich nog een ander verstorend fenomeen voordoen. Dit fenomeen
wordt overspraak genoemd en is beschreven in hoofdstuk 6. Als impedantiemetin-
gen bij dezelfde frequentie en tegelijkertijd uitgevoerd worden aan batterijen in een
batterijpakket, dan verstoort dat de metingen aan de aangrenzende batterijen. Dit
resulteert in onnauwkeurige impedantiemetingen. Experimenteel onderzoek aan
een batterijpakket onthulde dat overspraak een lineair verschijnsel is en afhan-
kelijk is van de meetfrequentie, de relatieve positie van de batterijen en van de
afstand tussen de batterijen. Echter, de experimenten lieten ook zien dat over-
spraak onafhankelijk van temperatuur en SoC is. Verder werd geconstateerd dat
(N)ZIF waardes duidelijk beinvlioed worden door overspraak. De overspraak tussen
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batterijen moet daarom weloverwogen worden tijdens het ontwerp van een bat-
terijpakket. Gebaseerd op de experimentele resultaten en een voorgesteld model
met twee spoelen met inductieve koppeling, is een overdrachtsfunctie ontworpen
die het mogelijk maakt het overspraak verschijnsel te simuleren. Het model kan
vervolgens een ondersteunende functie bieden bij het ontwikkelen van impedantie-
meetsystemen aan batterijpakketten.

In hoofdstukken 4 en 5 zijn impedantie-gebaseerde temperatuurmeetmethoden
op basis van de (N)ZIF gepresenteerd. Tot op heden waren deze methoden slechts
gebruikt op (commerciéle) Li-ion batterijen met twee elektroden. Om die reden kan
alleen de totale batterij impedantie en ook (N)ZIF gemeten worden. Echter, om een
geavanceerde BMS te ontwikkelen en om het onderliggende gedrag van de indivi-
duele elektrode-impedanties en (N)ZIF te onderzoeken, is het interessant om beide
individuele elektrodes te onderscheiden met behulp van (micro-)referentie elektro-
des ((W)REF). (M)REF maken het mogelijk om de elektrochemische karakteristieken
en ook de (N)ZIF van de individuele elektrodes te meten. Echter, impedantieme-
tingen aan batterijen met (u)REF kunnen leiden tot ongewenste meetartefacten
welke een gedetailleerde impedantie-analyse onmogelijk maken. In hoofdstuk 7 is
daarom een methode ontwikkeld die het mogelijk maakt om ongewenste meetar-
tefacten bij hoge meetfrequenties te compenseren. Een theoretische analyse van
equivalente modellen van de meetopstelling laat zien dat als twee aparte metingen
worden uitgemiddeld, de bijdrage van de impedantie van de meetkabels geheel ge-
élimineerd kan worden. De theoretische analyse is gevalideerd met Li-ion batterijen
met zeven geintegreerde UREF, die allen een andere impedantie hebben. De ex-
perimenten onthulden dat meetartefacten dominant zijn als hoog-impedante UREF
gebruikt worden bij hoge meetfrequenties. Echter, de artefacten kunnen volledig
gecompenseerd worden door twee separate impedantie metingen uit te middelen,
zoals al voorspeld was op basis van de theoretische analyse. De voorgestelde me-
thode maakt het mogelijk ongewenste artefacten bij hoge meetfrequenties volledig
te compenseren.

De compensatiemethode beschreven in hoofdstuk 7 is gebruikt in hoofdstuk 8
om de impedantie en de (N)ZIF van de positieve elektrode (P) en de negatieve
elektrode (N) nauwkeurig te analyseren. In hoofdstuk 8 zijn (N)ZIF waardes van
de totale batterij (Bat), P en N verkregen van de corresponderende impedantie-
spectra om te bepalen welke elektrode verantwoordelijk is voor het gedrag van de
(N)ZIF van Bat. Uit de metingen bleek dat de impedantie van beide elektrodes
temperatuur-afhankelijk is en dat (N)ZIF waardes van Bat, P en N allemaal dalen
bij stijgende batterij temperatuur. Ook bleek dat beide elektrodes bijdragen aan de
Bat (N)ZIF en derhalve ook beiden verantwoordelijk zijn voor het gehele batterij-
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gedrag. Omdat P en N (N)ZIF waardes temperatuur-afthankelijk zijn, kunnen deze
in principe ook gebruikt worden voor impedantie-gebaseerde temperatuurindica-
tie. Voor de onderzochte batterijen bleek dat (N)ZIF waardes van N gevoeliger zijn
voor temperatuurveranderingen dan die van P. Daardoor zijn N (N)ZIF lijnen steiler,
wat de nauwkeurigheid van temperatuur monitoren ten goede komt. Verder is de
elektrode met de hoogste imaginaire waardes in het inductieve kwadrant van het
complexe vlak de elektrode die de (N)ZIF amplitude van de Bat domineert. Voor de
onderzochte batterijen had P de hoogste imaginaire waarde in het inductieve deel
en daarom wordt de (N)ZIF amplitude in dit specifieke geval gedomineerd door P.

Samenvattend kan geconcludeerd worden dat impedantie-gebaseerde tempe-
ratuurindicatie, in het bijzonder de (N)ZIF methode, een waardevol middel is om
de temperatuur van Li-ion batterijen te monitoren. Uit het onderzoek beschreven
in dit proefschrift kan geconcludeerd worden dat (N)ZIF waardes chemie, SoC en
oudering onafhankelijk zijn. Verder zijn uitdagingen, zoals verstoringen door elek-
trische componenten in een EV en overspraak, waardoor (N)ZIF metingen verstoord
worden, beschreven en opgelost. Dit brengt impedantie-gebaseerde temperatuur
metingen, in het bijzonder de (N)ZIF, een stap dichter bij het gebruik van gea-
vanceerde batterij management systemen. Verder is een handige en effectieve
methode ontwikkeld om ongewenste meetartefacten te compenseren welke ver-
schijnen bij impedantiemetingen aan Li-ion batterijen met referentie elektrodes.
Deze compensatiemethode maakt het mogelijk om nauwkeurig de impedantie en
het (N)ZIF gedrag van de individuele elektrodes te bestuderen. Uit de studies van
de (N)ZIF waardes van de individuele elektrodes bleek dat beide elektrodes verant-
woordelijk zijn voor het (N)ZIF gedrag van Li-ion batterijen.

In dit proefschrift wordt de (N)ZIF als nieuwe methode geintroduceerd, beschre-
ven en toegepast in een volledig elektrisch voertuig. Hierbij zijn de verstoringen
van elektrische componenten en overspraak, individueel onderzocht. Voorgesteld
wordt vervolgonderzoek uit te voeren waarbij de invloed van diverse verstoringen
op (N)ZIF metingen simultaan worden uitgevoerd. Ook is het waardevol om het
(N)ZIF gedrag verder te onderzoeken onder invloed van (thermische) gradiénten.
Elektrische voertuigen zijn perfecte kandidaten gebleken om dergelijk onderzoek
aan te verrichten, omdat hierin alle verstoringen reeds aanwezig zijn.
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Introduction

This introductory chapter starts with an overview of various energy sources
and explains the recent increasing demand for renewable energy. Subse-
quently, the history and evolution of the most important battery systems are
described. It turns out that the lithium-ion battery is nowadays the technol-
ogy of choice to power mobile applications and to serve as stationary energy
storage devices. The chapter is concluded with the scope and overview of
this thesis.



2 1. Introduction

1.1. General introduction

oday’s society is extremely dependent on energy. The supply and availability
Tof energy is taken for granted by many people in the developed countries.
For instance, in modern society it is easy to power electronic devices, heat up
or cool down buildings and drive vehicles. A recent report from the U.S. Energy
Information Administration [1] reveals that the world’s energy consumption will
increase in the coming decades. Countries with large economic growth, particularly
Asian countries, are mainly responsible for this increase in energy consumption.
Fig. 1.1 shows predictions up to the year 2040 for five different energy sources.
So far, the fossil fuels, such as coal, oil and natural gas are dominating due to
their long existence and to the scientific innovations that are based upon them.
Although new fossil fuel resources certainly will be found with advanced techniques
it is, however, inevitable that these non-renewable energy sources will deplete in
the future [2, 3]. Moreover, fossil fuels contribute to global warming by generating
greenhouse gases, which has a major environmental impact in the long term [2, 3].
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petroleum and other liquids

200 211,01

natural gas
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0 0
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Fig. 1.1: World energy consumption by source from 1990 - 2040. Adapted from Ref. [1].

The emission of greenhouse gases from fossil fuels can be strongly reduced by
using alternatives such as nuclear and renewable energy sources. However, both
sources have their challenges. For instance, the waste of nuclear energy can be
radioactive for thousands of years, and improper safety management can lead to
disastrous consequences. In that respect, renewable energy sources are safer and
cleaner. Examples of renewable energy sources are solar, wind, tidal and geother-
mal power. The challenge with renewable sources is that the energy output is
often non-continuous and that energy generation (completely) lacks at required
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moments. The reason is that these sources are highly dependent on time, location
and weather. Therefore, these systems would benefit from energy storage devices
in order to stabilize the output. Energy can, for example, be stored in a mechan-
ical, electrical, thermal or electrochemical way. The electrochemical methods, in
particular batteries, have drawn considerable attention in the last decades due to
the fact that these devices are highly efficient [4].

Batteries are currently popular devices to buffer energy that is generated from
renewable sources. These battery systems are better known as stationary energy
storage devices. In addition, batteries are also highly suitable for providing mobile
devices with energy. Examples of mobile devices are portable phones, laptops,
tablets, watches and (hybrid) electric vehicles ((H)EV). Especially the (H)EV market
requires many batteries since it is to be expected that (H)EV sales will tremendously
increase in the near future. The exact growth in market share of (H)EV is hard
to predict since this depends on factors such as costs, technology, infrastructure,
consumer acceptance and governmental regulations [5—7]. However, Bloomberg
New Energy Finance [8] made a prediction of (H)EV sales. A projection of these
sales is shown in Fig. 1.2.

If (H)EV batteries are charged with electricity generated by renewable energy
sources, the environmental impact of a (H)EV is much lower than the impact of
vehicles using combustion engines running on fossil fuels. In that respect, (H)EV
are excellent candidates to reduce greenhouse gas emissions. Evidently, the battery
plays a major role in the success of both stationary and mobile applications.

Projected annual sales Cumulative sales

500 million vehicles Electric vehicles would
account for 35% of all

new vehicle sales. v
400

Fig. 1.2: Number of projected EV sales per year. Adopted from Ref. [8].
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1.2. Batteries

atteries are devices that store energy in a chemical form and convert that en-
B ergy, when required, back into electricity. Battery technology is already evolv-
ing for hundreds of years. Some scientists believe that the first batteries were used
near Baghdad in the period from 250 BC to 250 AD for electroplating purposes, as
archaeologists found objects that could have been identified as batteries [9]. How-
ever, for other scientists the origin and purpose of these objects remains unclear
[10, 11].

In 1745-1746 Edwald Georg von Kleist and Pieter van Musschenbroek indepen-
dently invented the so-called Leyden Jar, which can store electric energy analogous
to a capacitor [12]. A few years later (1748) Benjamin Franklin constructed differ-
ent Leyden Jars in series to form a battery [13]. Nevertheless, it has been widely
accepted that the Italian pioneers Luigi Galvani and Alessandro Volta made the first
electrochemical cell known to humanity [14]. In 1791 Galvani published his hypoth-
esis that the electricity involved in the contraction of a frog’s muscle had an animal
origin [15]. Alessandro Volta opposed this and claimed that this effect originated
from the different metals Galvani used in his frog experiment. Triggered by Gal-
vani, Volta performed extensive experiments, which eventually led to the invention
of the battery at the end of 1799. As proof he constructed a ‘pile’ consisting of an
alternating sequence of two metals (zinc and silver) separated by clothes soaked
into an electrolyte. Volta sent a description of his invention to the Royal Society
of London in 1800 [16, 17]. Based on Volta's work, Michael Faraday established a
connection between chemical and electrical energy in the year 1834.

Volta’s invention induced a rapid evolution in battery technology. William Stur-
geon and John Daniell improved Volta’s design in 1830 and 1835, respectively [18].
In 1866, Georges Leclanché invented and patented a new system which was very
successful [19]. Leclanché used a positive electrode of a manganese oxide-carbon
mixture and a negative electrode of zinc. An aqueous ammonium chloride solution
served as the electrolyte. These batteries were used extensively to operate in teleg-
raphy networks. Itis interesting to notice that the present non-rechargeable batter-
ies, zinc-carbon or zinc-manganese dioxide (or alkaline) are based upon Leclanché’s
invention.

Six years earlier (1860) than Leclanché, Gaston Planté invented a battery based
on lead-acid chemistry [20]. This was the first rechargeable battery ever and be-
came extremely successful. The so-called lead-acid batteries have been used in
many applications, even in EVs more than a century ago, but are nowadays most
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popular for their usage as starter and auxiliary batteries in conventional vehicles.

In about 1890 the Swedish scientist Waldemar Junger and the American inven-
tor Thomas Edison independently introduced the nickel-cadmium and nickel-iron
battery [21]. Nickel-cadmium (NiCd) batteries had the advantage to be extremely
robust, both mechanically and electrically. Moreover, like the lead-acid battery,
NiCd and nickel-iron batteries are also rechargeable.

Effectively, not much innovation took place in the battery field for decades since
the systems based on the technology invented by Planté, Leclanché and Junger
were simply satisfactory for the technology at that time [14]. However, this situation
changed in the late 1960°, when the demand for portable (consumer) electronics
started to increase. The main problem was that the energy density of conventional
batteries was insufficient for the fast-evolving technology of portables. Fig. 1.3
illustrates the energy density of various battery technologies. It is clear that the
lead-acid and NiCd batteries offer very low energy densities. A new breakthrough
came in the late 1980° with the commercialization of nickel-metal hydride (NiMH)
batteries, although the research efforts already took place in the 1950° [22, 23].
NiMH batteries offer more storage capacity than their cadmium predecessors and
are environmentally friendlier due to the absence of cadmium. In the 19905, NiMH
batteries emerged as the technology of choice for (H)EVs [24-26].

Not much later after the market introduction of the NiMH battery, rechargeable
lithium ion (Li-ion) battery technology made its breakthrough. It was commercial-
ized by the Sony Corporation in 1991 [28]. As can be seen in Fig. 1.3, the energy
density of Li-ion batteries is higher than that of lead-acid, NiCd and NiMH. Due to
this high energy density the Li-ion battery is nowadays the technology of choice.
New Li-based concepts, such as lithium sulfur (Li-S) and lithium air (Li-O,), are
currently being investigated. These technologies have the potential to offer even
higher energy densities than Li-ion, as shown in Fig. 1.3. Although challenging key
issues still have to be resolved, it is to be expected that Li-S and, later, Li-O, tech-
nologies will take over Li-ion in the near future [29]. The energy density of these
advanced Li-technologies approaches even that of gasoline (Fig. 1.3).

In addition to the battery technologies described so far, a wide variety of both
chargeable and non-chargeable battery chemistries have been developed since
Volta introduced his initial invention. Examples of commercialized systems are high-
temperature sodium-sulfur (Na-S) and sodium-nickel chloride (Na-NiCl,) batteries.
These batteries are mainly used for stationary energy storage and mobile niche
applications [27, 30]. The energy densities of these systems are also shown in
Fig. 1.3.
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Fig. 1.3: The energy density for various battery chemistries compared with that of gasoline. Note that
the (low) efficiency of combustion engines is taken into account for gasoline. Adopted from Ref. [27].

1.3. Scope and outline of this thesis

ue to the high energy density, long cycle life and low self-discharge rate, Li-ion

batteries are nowadays the technology of choice to power both stationary and
mobile applications [31]. However, challenges are met in monitoring and controlling
the states of a Li-ion battery, such as State of Charge (SoC), State of Health (SoH)
and temperature [32, 33]. The consequences of poor monitoring and control can
lead to a decrease in battery performance, rapid degradation and, even worse, fire
or explosion. This would be detrimental for the success of battery-powered devices,
especially for (H)EV. Therefore, it is of high importance to keep the battery states
within their safe operating range, which is defined by voltage, temperature and
current limits. A Battery Management System (BMS), including a Thermal Manage-
ment System (TMS), is the critical component to monitor and control these states
in order to guarantee safe and reliable battery operation.

The main goal of this thesis is to investigate whether impedance-based temper-
ature measurements, sometimes referred to as sensorless temperature measure-
ments, can be applied as method for monitoring the temperature of Li-ion batter-
ies. Impedance-based temperature indication offers some advantages with respect
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to conventional temperature measurements. For instance, no external or internal
hardware temperature sensors are required, thermal measurement delay is short,
it measures an average/integral temperature of the active material, and impedance
measurements can also be used to determine additional states, such as SoC and
SoH [34-37]. In particular, the investigation of the suitability of the intercept fre-
quency as temperature indicator is the central topic in this thesis. Investigations
have been performed by both experiments and simulations on Li-ion batteries un-
der various conditions. In the end sensorless temperature measurements facilitate
the design of an efficient BMS in terms of safety, performance and reliability.

Chapter 2 explains the working principles of Li-ion batteries. Due to various
internal resistances, batteries generate heat during operation. It is explained that
heat is generated in the interior and transferred to the environment at the surface.
Therefore, it is likely that thermal gradients develop inside batteries during opera-
tion. If the developed heat cannot be sufficiently transferred to the environment,
the battery temperature continues to increase, which may lead to dangerous situa-
tions and in the worst case induce so-called thermal runaway. In these rare thermal
situations, a sophisticated BMS should act preventively and shut-down the corre-
sponding battery or battery module. If that is not effective other safety devices
should prevent dangerous scenarios becoming worse.

Temperature sensors are required in order to accurately control the battery tem-
perature within a well-defined range. Chapter 3 introduces various existing temper-
ature measurement techniques for Li-ion batteries. It explains both the traditional
and novel temperature measurement methods applied to Li-ion batteries. This
Chapter also discusses the impedance-based temperature measurements, which
are a key topic in this thesis.

In Chapter 4, the as-denoted zero-intercept frequency, a parameter to indicate
battery temperature, is introduced and discussed. A simple mathematical model is
developed and used to predict the behavior of the intercept frequency as a function
of temperature. Laboratory measurements under well-controlled conditions are
performed to validate the model. Moreover, the influence of the zero-intercept
frequency on SoC and cycling are investigated experimentally.

In Chapter 5, the zero-intercept frequency is applied in order to indicate battery
temperature under real driving conditions in EV. The measurement results reveal
that the zero-intercept frequency is not suitable for temperature indication in this
particular application due to measurement interference from the electric compo-
nents. Therefore, a non-zero intercept frequency is introduced, which makes it
possible to avoid dominating interference and, therefore, making temperature in-
dication in battery-powered applications far more accurate in comparison to zero-
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intercept-frequency measurements.

Besides interference from the electric components in EV, also so-called crosstalk
interference disturbs impedance measurements. Crosstalk interference occurs when
impedance measurements are performed simultaneously in battery packs and at the
same frequency, resulting in measurement inaccuracies. In Chapter 6, crosstalk in-
terference in battery packs is introduced and discussed comprehensively by means
of experiments and modeling on battery packs.

In Chapter 7, three-electrode measurements, with the help of reference elec-
trodes, are reported and discussed. Reference electrodes enable to measure the
voltage and impedance of the individual electrodes. However, since impedance
measurements with reference electrodes can be heavily subjected to measurement
artefacts, measurement results cannot always be accurately analyzed. Therefore,
Chapter 7 discusses three-electrode measurement artefacts and describes a new
and effective solution to compensate high-frequency artefacts.

Chapter 8 is devoted to the impedance contributions and intercept frequency
behavior of the individual electrodes by using reference electrodes. In this chapter,
the proposed compensation method described in chapter 7 is used for accurate
impedance analysis.
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Working principle of Li-ion
batteries

In lithium-ion batteries Li* ions shuttle between the positive and negative
electrodes upon charging and discharging. Unfavorably, the processes dur-
ing (dis)charging occur with certain inefficiencies and heat is therefore gen-
erated. This heat flows from the electrode materials to the battery surface at
which it is dissipated to the environment. Since heat is generated internally,
thermal gradients develop, resulting in temperature measurement complica-
tions and position-dependent aging. When the heat cannot be sufficiently
dissipated, or when the battery is under abusive conditions, thermal run-
away may occur, which leads to dangerous situations. In particular, if a
battery inside a battery pack induces thermal runaway to adjacent batter-
ies, it can propagate through the complete battery pack. Therefore, careful
design considerations need to be taken on single-battery, module, and pack
level in order to prevent dangerous situations and to maximize performance
and lifetime.
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14 2. Working principle of Li-ion batteries

2.1. Introduction

ithium batteries are able to convert chemical energy into electrical energy by

means of electrochemical reduction and oxidation (redox) reactions. In Li-ion
batteries, these reactions are reversible, which means that the opposite, i.e. con-
version of electrical energy into chemical energy, is possible as well, making them
so-called secondary batteries. In that respect, secondary batteries are different to
primary batteries, in which the stored chemical energy is irreversibly converted to
electrical energy. In this overview only Li-ion batteries are considered, whose com-
ponents and working principles, including thermal considerations, are described in
this Chapter.

2.2. Components and working principles

schematic overview of a Li-ion battery is shown in Fig. 2.1. It shows five
A main components displayed in different colors. At both outer sides, the current
collectors are shown on which the active electrode materials are coated. In com-
mercial Li-ion batteries, aluminum and copper are typical materials for the positive
and negative current collectors, respectively [1]. The current collectors serve as a
substrate for the electrode materials and for conducting electrons.

>
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Fig. 2.1: Schematic representation of a Li-ion battery.
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The negative and positive electrode materials are intercalation materials that
function as a host for lithium ions. An overview of common electrode materials
used for Li-ion batteries is shown in Table 2.1. A separator between both elec-
trodes prevents electrical contact but enables ions to pass through. The battery
is filled with a lithium-salt-containing non-aqueous electrolyte that facilitates ionic
conduction.

Table 2.1: Common battery electrode materials. Modified from Refs. [2, 3].

Average Theoretical
. voltage specific .
Materials vs. LijLi*  capacity Advantages Disadvantages
[V] [mAh/g]
Positive electrodes
. Cost and resource
LiCoO, 3.8 274 Sg:f;’r?ance' High  imitations of Co,
9 low capacity
High capacity, High  Safety, cost and re-
LiNig gC0g.15Alg.05s0, 3.7 279 voltage, excellent  source limitations of
rate performance Ni and Co
: Cost and resource
. High voltage, mod- A X
LiNiy/3Mny/3Co430, 3.7 278 erate safety |(I:I’c\;lltatI0nS of Ni and
Low cost and abun-
. dance of Mn, high Limited cycle life,
LiMn2 04 4.1 148 voltage, excellent low capacity
rate performance
Excellent safety, cy-
cling, and rate capa-  Low volage, capac-
LiFePO,4 3.45 170 bility, low cost and ity and energy den-
abundance of Fe, sity
low toxicity
Very high capacity Poor cycle life and
Li-S 2.2 1672 abl%dar?ce of% ' rate performance,
low voltage
Negative electrodes
. Inefficiencies due to
Graphite (Cg) 0.1 372 Ia'gnﬁ danctyde life, solid electrolyte in-
terface (SEI) growth
Good cycling and High voltage, low
Li4TisOq> 1.5 175 efficiencies, zero  capacity/energy
strain material density
Rapid degradation
- Extreme high capac- due to large elec-
LizzSis 0.4 4200 ity at low potentials  trode  expansion,
SEI layer growth
High capacity at Dendrite  growth,
Lithium metal 0 3860 very low potential, limited Coulombic
flat potential curve efficiency
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As shown by the red arrow in Fig. 2.1, Li* ions leave the positive electrode,
enter the electrolyte and intercalate into the negative electrode during charging.
At the same time, electrons leave the positive electrode and flow into the negative
electrode through the outer electric circuit. Upon charging the positive electrode is
being oxidized and the negative electrode reduced. In this case energy is required
from an external source and the battery converts electrical energy into chemical en-
ergy that is stored inside the electrodes. This process reverses upon discharging,
as indicated with the black arrows in Fig. 2.1. The corresponding partial electro-
chemical reactions for a C¢/LiMeO, battery are represented by

i charge . .
LiMeO, = Li;xMeO, + xLit +x&© (0 < x < 0.5) (2.1)
discharge
and
) charge )
Ce +yLit +ye = Li, Ce (0<y<1, (2.2)
discharge

for the positive and negative electrode, respectively. Note that x is limited to 0.5
to reversibly cycle the positive electrode without causing rapid capacity loss. The
overall reaction for the total battery is then given by

charge

LiMeO, + Cq Lin6 + Li;.,MeO, , (2.3)

discharge

where x and y are the stoichiometric coefficients of the positive and negative elec-
trode, respectively. The abbreviation Me stands for a transition metal, which in
commercial batteries normally is Cobalt (Co) combined with or without for example
Nickel (Ni), Manganese (Mn), or Aluminum (Al) in different ratios [4-6]. Graphite
(Ce) is a typical intercalation material that is generally used for negative electrodes
in commercial Li-ion batteries [7-9]. More common Li-ion battery electrode mate-
rials with their specific electrode characteristics are listed in Table 2.1.

A charged battery experiences a chemical driving force due to the difference
in chemical potentials between the two electrodes. This can be expressed as the
standard Gibbs free energy change (AG). Under equilibrium conditions the chemical
driving force is balanced by an electrostatic driving force, that is equal to —nFV. The
balance between the chemical and electrical forces can then simply be expressed
as

AG = —nFV , (2.4)

where n is the number of electrons involved in the charge-transfer reaction (+1
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for Li*), F is the Faraday constant, and V is the voltage difference between the
electrodes [10-13]. Eqg. 2.4 readily makes it possible to calculate the Electromotive
Force (EMF) of the battery if AG is known from the overall reaction in Eq. 2.3. The
EMF is defined as the battery voltage under equilibrium conditions. Frequently,
this voltage is also referred to as the Open-Circuit Voltage (OCV) or Open-Circuit
Potential (OCP) *.

The electrode voltage under equilibrium conditions is dependent on the used
host material and the lithium concentration in the active material. These depen-
dencies imply that the voltage can either increase or decrease upon lithium inter-
calation.

2.3. Thermal considerations

Ithough Li-ion batteries are very efficient devices [3, 14], lithium (de-) interca-

lation in both electrodes and all associated processes do not occur with 100%
efficiency. These processes results in heat generation when the battery is in op-
eration. The generated heat flows through the materials to the battery surface, at
which it is dissipated to the surroundings. The characteristics of these processes
are described in this Section.

2.3.1. Heat generation

Due to various reasons the voltage at the battery terminals deviates from the EMF
atagiven SoC [15, 16]. This voltage difference is better known as the overpotential
(npae) @nd can be defined as

Mbat = Voar — Vogr » (2.5)

where V., is the voltage at the terminals and ;% is the EMF. The EMF can be exper-
imentally determined by various methods along the complete SoC range. Methods
such as (dis)charging at very low currents, interpolation between the charge and
discharge voltage curve, voltage relaxation and extrapolation to zero current have
been used [17-19]. From Eq. 2.5, it can be seen that n,,; is negative during dis-
charging and positive during charging. Similarly, the overpotentials of the individual
electrodes (1,0 and 1,.,4) can be defined. In this thesis n,,,; is defined to be posi-
tive during charging and negative during discharging. For the negative electrode it
is defined to be the opposite.

LOCV or OCP are popular terms but can occur under non-equilibrium conditions as well, while the EMF
is only defined under equilibrium conditions.
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The total overpotential is induced by various processes occurring in a battery,
such as the charge-transfer reactions at the electrode/electrolyte interfaces (1.;)
[20], diffusion and migration of Li-ions across the electrolyte (n,,;) [21], diffusion
and migration of Li-ions in the electrodes (1) [22], and the Ohmic losses (nq) [23].
Therefore, the total overpotential can also be expressed as

Npat = Vbar — Vbeaqt =TNct T Ney Mg +Naq - (26)

Note that the charge-transfer processes, diffusion and migration and Ohmic losses
occur in both the positive and negative electrodes.

The battery overpotential multiplied with the current results in an irreversible
heat power, which is given by [24-27]

qn = Npacl (1) (2.7)

or alternatively

qr = I1(t)*R, (2.8)

where I represents the battery current and R the total internal battery resis-
tance. From Eq. 2.8, it can clearly be seen that if the battery current and/or the
resistance increases, more irreversible heat is generated. To minimize these ther-
mal losses, it is thus a key issue to keep the battery resistances as low as possible.
Generally, these resistances increase during cycling and calendar aging and this
consequently leads to more heat generation during the battery life [28-30].

In addition to the irreversible heat source resulting from resistances, a reversible
heat source is present due to changes of the reaction entropy [31-33]. Entropic
heat generation can be either endothermic or exothermic and depends on the di-
rection of the electrode reactions and SoC. The entropy change (AS) can be derived
from the enthalpy change (AH) and Gibbs free energy change [34, 35]. After further
derivations, it is represented by

vl
AS = nF (ﬂ) , (2.9)

oT

ép

where T is the battery temperature, ¢ is the reaction progress, or more specifically
the SoC, and p is the pressure. Generally, the entropy change is experimentally ob-
tained by potentiometric or calorimetric measurements [36]. Since these methods
usually require long measurement times, alternatives have been developed, such
as electrothermal impedance spectroscopy (ETIS) [37] and an advanced measure-
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ment protocol that reduces the measurement time for recording entropy profiles
[38]. Once the entropy change is known, the reversible heat generation (qg) can
be calculated, according to

TAS

qs = _In_F . (210)

Although the entropic heat is sometimes neglected [39-41] or adopted as a constant
average value [42—44], its contribution can be significant and, therefore, should be
considered for thermal modeling purposes [25, 35, 45]. Entropic heat generation
or absorption can be present at both electrodes, and its magnitude differs for the
various electrode materials. Battery electrodes can be selected such that the en-
tropic contributions of both electrodes cancel each other out [46]. In this perfect
electrode match, entropic contributions on the total battery cannot be measured.

Two additional heat generation mechanisms are described in the literature: en-
thalpy-of-mixing and phase-change terms. Enthalpy-of-mixing represents the heat
effect that occurs during the generation or relaxation of concentration gradients.
The phase-change term stands for the heat effect due to phase transformations
[33, 47]. However, these two terms are often neglected since their contributions
are minor to the two previous heat generation terms [45, 48].

2.3.2. Heat conduction

The heat generated by the processes described above flows through the materials
of the battery by conduction. This only occurs when temperature differences are
present, i.e. thermal gradients. The corresponding heat flux (¢.,,4) in the isotropic
materials, that results from thermal conduction can be defined as [49-51]

Geona = —kVT , (2.11)

where k = k(x,y, z) is the thermal conductivity and VT the temperature gradient.
Eq. 2.11 is also called Fourier's Law for heat conduction. It can be seen that «
is a function of location in the battery. Note that Eq. 2.11 contains a minus-sign;
therefore, it can be inferred that heat flows from high to low temperatures. Values
for k have been investigated for common battery materials and reported in the
literature [44, 52]. These parameter values can be used as input for thermal models.

2.3.3. Heat dissipation
Assuming a battery operating in an environment at a lower temperature than the
battery itself, the heat dissipates from the surface to the surroundings. This occurs
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by both convection and radiation. Convective (q..n») and radiative (q,.4) heat
exchange are represented by [49-51]

Geonv = RA(T = Tg) , (2.12)

and

Qrad = GEA(T4 - T;) ’ (2.13)

respectively, where h is the heat-transfer coefficient, A the surface area of the
battery, T the battery surface temperature, T, the ambient temperature, o the
Stefan-Boltzmann constant and e the emissivity (0 < € < 1) of the surface material.
h depends on factors such as natural or forced convection, location, geometry,
surface roughness and the medium that surrounds the battery. In order to increase
the heat transfer from the battery surface to the surrounding environment various
external cooling methods can be applied. Examples are air cooling [53-55], liquid
cooling [56, 57], phase-change materials [58—61], heat pipes [62—64], specially
designed heat sinks [65—67], pool-boiling fluids [68], or a combination of these
methods.

In addition to external cooling, that only removes heat from the surface of the
battery, internal cooling has also been used. For internal cooling either microchan-
nels or small heat pipes are integrated into the battery [69-72]. Internal cooling
can be more effective than traditional cooling since undesirable increase in tem-
perature and thermal gradients are easier to control. In addition, internal cooling
favorably prolongs battery life and is safer. Despite these advantages, internal cool-
ing is more difficult to apply since the standard internal battery construction must
be changed significantly.

2.3.4. Heat balance

Now that heat generation and dissipation principles are known, it is possible to
define a simple but convenient heat balance equation in order to calculate the
temperature evolution of batteries. Considering a uniform battery temperature, the
heat balance equation can be defined as

daT
meE =dqin — Yout » (214)

where m is the mass and C,, the specific heat capacity of the battery. g;,, that in-
cludes all heat-generating processes, can be defined based on the theory described
above, as
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Qin = qy + qs - (2.15)

qou: TEpresents the heat dissipation from the battery to the environment, which can
be defined with the theory above as

Aout = Y9conv + 9rad - (216)

Substantial research on thermal modeling has been conducted with this gen-
eral heat equation [35, 73-79]. The main advantage of this model is the simplicity
to predict temperature evolutions and to integrate this into a TMS. An example of
simulation results using this model is shown in Fig. 2.2. Both experimental (dotted
curves) and simulated (dashed and solid curves) temperature evolution are shown
for discharging a Li-ion battery at three C-rates. Moreover, the model has been
simulated with (solid curves) and without the entropic term (dashed curves). It can
be seen that the model without entropic term can only predict the global temper-
ature behavior. Including the entropic term into the model leads to a much better
modeling accuracy.

26 T T
w0 0.20 C, experimental

w100 C, experimental E
w0 2.00 G, experimental ,

251 ——-0.20 C, Sim. without AS ¥

===1.00 C, Sim. without AS

----- 2.00 C, Sim. without AS

24} — 020 C, Sim. with AS

—1.00 C, Sim. with AS J

——2.00C, Sim. with AS 7

T/°C

Q,,/An

Fig. 2.2: Example of temperature evolution of a 7.5 Ah cylindrical battery during discharge for three
C-rates at an ambient temperature of 20°C. Adopted from Ref. [35].

Due to the simplicity of this general thermal model, there are some shortcom-
ings, such as the assumption that the whole battery has a uniform temperature.
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In reality, the temperature varies spatially and, therefore, this heat-balance equa-
tion must be extended to a two or three-dimensional heat equation. The three-
dimensional heat equation is defined as [80]

ar
pCp=r = V- (kKIT) + Qin (2.17)

where p is the material density. The density of the heat-generation power Q;,, =
Qin(t,x,v,2) is now a function of location due to the temperature-dependent en-
tropic term (see Eq. 2.10 and 2.15). Note that the total heat-generation power g;,,
in the heat-balance equation (Eq. 2.14) can be obtained by integration of Q;,, with
respect to the volume (V) of the battery, i.e.

ain(®) = [ Qun(t, 3y, 2)dxdydz (2.18)
14

The heat dissipation at each point of the outer surface is written as boundary con-
dition in the form

-7 (kVT) =h(T =T, +oe(T*-Tg) , (2.19)

where at the left-hand side VT represents the temperature gradient and 7 the unit
(outer) normal vector at the boundary, and the right-hand-side terms describe con-
vection and radiation, accordingly. Using this model, thermal gradients in three
dimensions can be simulated and validated with respect to measurements. These
models still rely on detailed experiments since the measured overpotentials or re-
sistances are required to calculate the heat generation. Therefore, thermal models
have to be coupled to other physical models that are able to simulate all heat losses
of all battery processes [40, 81, 82]. However, these multiscale physical models
are computationally elaborate and are not very well-suited to integrate into sophis-
ticated BMS and TMS [83].

2.4. Temperature gradients

emperature gradients develop as a result of internal heat generation, thermal
Tconduction, and heat dissipation in individual batteries, on module, and pack
level. The development of temperature gradients in battery packs is a key issue that
cannot be underestimated because gradients can lead to serious complications. One
of these complications is temperature monitoring of a battery. Under extreme con-
ditions, such as over(dis)charge, high current loads, or short-circuiting, substantial
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heat is generated internally. Therefore, monitoring the surface temperature under-
estimates the maximum temperature of batteries. Thermal simulation examples on
a cylindrical 7.5 Ah battery at a 6 C-rate discharge are shown in Fig. 2.3. It can
be seen that the temperature in the battery core is significantly higher than at the
surface. Additional monitoring of the internal temperature therefore provides more
accurate information, which can improve the performance, life-time and safety of
Li-ion batteries.

Other complications, resulting from temperature gradients, are current density
distributions and local SoC differences [84]. Temperature gradients cause spatially
varying electrochemical impedances and, therefore, current density distributions.
SoC inhomogeneities are a result of both non-uniform current density distributions
and the temperature dependence of the EMF. These effects lead to local aging
differences and hence to global aging of batteries [85]. Moreover, it was found that
batteries perform differently in presence of a temperature gradient in comparison
to a uniform temperature which has the same average value [86].
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Fig. 2.3: Examples of thermal simulations of a 7.5 Ah cylindrical battery under a 6C-rate discharge;
natural convection (a) and forced convection (b). Adopted from Ref. [87].

Apart from temperature gradients inside individual batteries, temperature gradi-
ents will also develop in battery packs, in which multiple batteries are connected in
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series and/or in parallel. Simulation examples of temperature gradients in a battery
pack can be seen in Fig. 2.4 for two different types of air cooling. Temperature
gradients in battery packs result in unbalanced (dis)charge currents for parallel-
connected batteries [88, 89]. In addition, batteries far away from the cooling inlets
operate at higher temperatures than batteries close to the cooling inlets, which can
be seen in Fig. 2.4a. Using different or modified cooling methods, temperature gra-
dients may be reduced, which is shown in Fig. 2.4b. Both unbalanced (dis)charge
currents and different operating temperatures result in unequal aging phenomena
among batteries in a pack.

Temperature /C
42,2565

39.9744
37.6923
35.4102
331281
30.8460
28.5639
26.2818
23.9997

_——

Air out
Airin

Temperature /C
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31.9516
30.8155
29.6794
28.5433
27.4072
26.2711
25.1350
23.9989

Air out

Fig. 2.4: Examples of thermal simulations of a Li-ion battery pack, containing 12 180 Ah batteries, at
the end of 1C-rate discharging, using forced convection with one-directional air flow (a) and forced
convection with two-directional air flow (b). Modified from Ref. [90].

Generally, high C-rates and low ambient temperatures lead to high temperature
rise and large thermal gradients [91]. At high C-rates, stronger cooling is therefore
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necessary to not exceed the maximum specified temperature. Stronger cooling
results in a lower temperature rise; however, larger temperature gradients develop
[87, 92, 93]. This effect can clearly be seen in Fig. 2.3. Under natural convection
(Fig. 2.3a), the surface temperature is far higher than under forced convection
(Fig. 2.3b). However, the thermal gradient in the case of forced convection is much
larger than under natural convection. The cooling method has a large influence on
this particular behavior. For example, tab cooling leads to a more homogeneous
temperature behavior than surface cooling [94]. Therefore, surface cooling can lead
to higher capacity losses than tab cooling. In terms of temperature control, internal
battery cooling is even more superior to tab cooling [95]. However, internal cooling
is much more complicated and increases the mass of the battery and, therefore,
decreases the specific energy density.

Because of all above-mentioned reasons, it is highly important to give careful
consideration to the design of the TMS. On the one hand, it must be designed such
that batteries do not exceed the maximum and minimum specified temperatures
and, preferably, operate in the optimal working temperature range. On the other
hand, it has to keep the temperature difference between individual batteries and
modules inside a pack as low as possible. Literature suggests that the optimal
temperature range, i.e. an appropriate balance between performance, battery life
and safety, lies within approximately 20°C to 40°C with a maximum temperature
gradient of 5°C [96—101]. Note that, however, the operating temperature can be in
a range between -30°C and 60°C. Furthermore, a TMS should be reliable, low-cost,
compact, light-weight and easy to maintain [100].

2.5. Thermal issues and safety devices

n Section 2.3 it is explained that the battery temperature is determined by the

heat balance between the generated and dissipated heat. If the generated heat
cannot sufficiently be dissipated, the battery temperature continues to increase,
which can lead to failures and dangerous situations. Although the relative number
of failures associated with Li-ion batteries is limited, some published incidents re-
lated to fires and explosions have raised concerns about the overall safety [102].
Moreover, faults and misuse during manufacturing and operation can cause internal
and external short-circuits, over(dis)charge or overheating that, if uncontrolled, can
lead to thermal runaway, venting, fire and/or explosion of Li-ion batteries [103].
These events result in hazardous situations and obviously are detrimental for the
battery market.
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Fig. 2.5: Self-heating rates of Li-ion batteries. Self-heating rate during a forced thermal ramp test (a);
Self-heating rate of 18650 batteries measured by Accelerating-Rate-Calorimetry (ARC) for different
chemistries (b); Self-heating rate of Sony batteries measured by ARC at different SoC (c). Note that in
(c) an offset is shown for easier comparison. For details of this figure see Refs. [104, 105].
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The worst-case thermal scenario is that of thermal runaway, which can occur
under insufficient cooling or abusive conditions and can easily lead to fire or explo-
sions. Although Feng et al. [106] extensively described thermal runaway to occur in
six stages, it is more frequently described by a three-stage process [103, 104, 107-
112], that can best be explained by Fig. 2.5a [104, 109]. This figure shows ex-
perimental results of the self-heating rate of a battery, divided into three stages.
In this experiment, an external source adds heat to the battery until the moment
the onset temperature is reached. At the onset temperature the self-heating rate is
equal or larger than a certain threshold value and no external heat from the source
is added to the battery. From this point onwards, reactions inside the battery are
exothermic and self-induce an increase in temperature.

It is known that at temperatures around 90°C the Solid Electrolyte Interphase
(SEI) starts to decompose exothermically. Consequently, this induces electrolyte
reduction at the exposed negative electrode surface. This reaction sequence be-
comes even more significant at 120°C (stage 1). At stage 1 the separator can also
start to melt, leading to a sudden voltage drop, thereby further increasing the heat
generation. In stage 2 heat generation increases more rapidly (acceleration) by
both electrolyte reduction and oxidation at the negative and positive electrodes, re-
spectively. At this stage gas venting or even release of smoke may occur. Further
internal heating brings the process into stage 3 in which high-rate electrode reac-
tions cause the temperature to increase extremely fast, ultimately leading to the
as-denoted thermal runaway. This is mainly caused by positive electrode material
decomposition, producing oxygen gas which reacts exothermically with the organic
materials in the battery [113]. The results of this process are high-rate venting,
possible flames and explosions. Any intervention or strong cooling at this stage
most probably does not inhibit thermal runaway anymore.

Thermal runaway phenomena are a function of various properties, such as elec-
trode materials, cell design and electrolyte composition [114]. For example, it has
been found that the self-heating rate of Li-ion batteries is strongly dependent on the
chemistry [104, 105, 115-117]. An example of the self-heating rate for different
chemistries is shown in Fig. 2.5b [104]. From this figure it is obvious that batter-
ies with LiCoO, electrodes are thermally less stable than Li-ion batteries with for
example LiFePQ, electrodes. Experiments also revealed that the self-heating rate
is dependent on the SoC [104, 105, 118, 119]. Generally, the onset temperature
decreases with increasing SoC. An example of this behavior can be seen in Fig. 2.5¢
[105], which also shows the battery voltage during the experiment. These results
indicate that the electrodes become thermally less stable when the SoC increases.
Furthermore, the voltage shows a sharp drop at temperatures around 125°C. This
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voltage drop corresponds to the melting of the separator. In addition, it has been
found that the thermal stability of the electrodes is dependent on the particle size
because the active surface area with smaller particles is larger and, therefore, has
more contact area between the electrode and electrolyte [120, 121].

To prevent dangerous situations such as thermal runaway, the BMS should mon-
itor the voltage, current and temperature. In case of failure the BMS can intervene
preventively. However, a BMS cannot always protect batteries against abusive con-
ditions, such as short-circuiting, penetration and external heating. Therefore, safety
devices are additionally integrated in or on Li-ion batteries. These devices have to
minimize the impact of hazardous situations. Many safety devices have been inves-
tigated, ranging from simple safety vents and fuses to shutdown separators, exotic
electrolytes and special electrode coatings. A comprehensive review of safety de-
vices is written by Balakrishnan et al. [122].

Hazardous situations arise if the BMS or other safety devices cannot prevent a
battery from thermal runaway. This situation becomes even worse if this occurs
in a battery pack because a single battery can trigger other batteries inside the
pack to a runaway incident [123—-125]. A simulation example of thermal runaway
propagation through a battery module is shown in Fig. 2.6 [125]. In this example,
the first battery is penetrated with a nail in order to initiate thermal runaway. This
triggers the neighboring battery and then continues to propagate up to the last
battery.

To prevent thermal runaway propagation through a complete battery pack, vari-
ous designs have been investigated. Examples are thermal isolations or conductive
heat sinks between batteries, stronger cooling, reducing energy in the battery and
spacing between adjacent batteries [125—-128]. Moreover, it has been found that
cylindrical batteries are less prone to thermal runaway propagation than, for ex-
ample, pouch-type batteries due to the smaller contact areas and large air gaps
between the battery covers [124]. It was also found that for cylindrical batteries
the electrical connections become more pronounced [124]. A parallel connection
leads to stronger propagation due to heat transfer through the module and an
electrical short at the location where thermal runaway is initiated.

Evidently, careful design considerations have to be taken in order to prevent
thermal runaway in a single battery and propagation through a complete battery
pack. Once the battery pack is being used in an application, it is important that all
batteries inside @ module or pack are monitored, not only for performance purposes,
but more importantly also for safety purpose.
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Fig. 2.6: Simulation example of thermal runaway propagation in a battery module, containing six
25 Ah batteries. Adopted from Ref. [125].
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Temperature indication
methods for Li-ion batteries

Temperature measurements for Li-ion batteries are of high importance for
control and safety purposes. However, due to thermal gradients, which might
quickly develop during operation, fast and accurate temperature measure-
ments can be rather challenging. For a proper temperature measurement
method selection, aspects such as measurement range, accuracy, resolution,
and costs of the method are important. This Chapter gives a comprehensive
overview of the various temperature measurement methods that can be used
for temperature indication of Li-ion batteries. At present, traditional tempera-
ture measurement methods, such as thermistors and thermocouples, are ex-
tensively used. The more recently introduced methods, such as impedance-
based temperature indication and fiber Bragg-grating techniques are under
investigation in order to determine if those are suitable for large-scale intro-
duction in sophisticated battery-powered applications.
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3.1. Introduction

n this Chapter, various battery temperature indication methods are discussed,
I ranging from the well-known traditional methods to the novel ones, which are
currently being investigated. Key characteristics such as measurement range, accu-
racy, resolution (in temperature, space, time) and costs are important for a proper
sensor selection. Moreover, in situ temperature measurements are attractive for
safety and controlling purposes since temperatures in the battery core are, gener-
ally, higher (see Chapter 2). These unequal temperature distributions increase the
challenges in developing and selecting temperature sensors for Li-ion batteries.

The literature described in this Chapter is restricted to temperature measure-
ment methods and sensors for Li-ion batteries. The corresponding analogue or
digital circuits are not discussed, as well as methods to determine the thermal bat-
tery properties, such as thermal conductivity and heat capacity. Thermometers that
do not output electrical signals suitable for BMS, such as glass tube or bimetallic
thermometers, are also not reported.

3.2. Thermo-resistive devices

hermo-resistive devices are devices whose resistance changes as a function of
temperature. This property makes these devices highly suitable for temperature
measurements and are discussed in this Section.

3.2.1. Thermistors

Thermistors, or thermally sensitive resistors are solid semiconductor devices of
which the electrical resistance changes rapidly as a function of temperature [1].
Thermistors may have positive or negative temperature coefficients; if the thermis-
tor has a negative temperature coefficient (NTC), the resistance decreases when the
material temperature increases. This behavior is shown in Fig. 3.1 (curves a, b and
¢) [2], in which it can be seen that NTC behavior is nonlinear, making temperature
indication somewhat challenging. For thermistors that have a positive temperature
coefficient (PTC) this behavior is the other way around, i.e. the resistance increases
with increasing temperature. The thermistors with NTC properties, typically made
of transition-metal oxides, are usually used for temperature measurements. Ther-
mistors with PTC properties can also be used for temperature measurements but
are also frequently used as protection devices to reduce electric currents when the
system reaches too-high temperatures.
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Thermistors have the advantages of being inexpensive, highly sensitive to tem-
perature changes (see Fig. 3.1), applicable across a considerable temperature range
(-55 to 200°C), available in different forms, and can be very small [2]. Due to the
small size, it is possible to respond quickly to temperature changes. In addition,
a four-terminal contact is not required since thermistors have a high resistivity,
which saves cable space and costs. Although thermistors had a reputation of be-
ing unstable, the stability improved over the years by new techniques, reaching
good long-term stability [3—7]. Using specific provisions with the measurement
instrumentation, errors of < 1 mK can be reached [8], although the accuracy in
commercial applications often results in the order of + 1°C [9].

To measure the temperature by using a thermistor, a small well-defined current
can be applied at a level at which no or negligible self-heating appears. A voltage
measurement across the thermistor can then be used for temperature indication.
Conversion to temperature can be performed with the help of lookup tables or by
solving equations that approximate the resistance curve. However, other methods,
such as those applying linearization techniques, can also be used.

1000 ,
Thermisior a, R25 = 100 Q
Thermistor b, R25 = 1 kQ
Thermistor ¢, R25 = 5 kQ

Platinum d, 100 Q at 0°C
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600 \ \
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Fig. 3.1: Resistance as a function of temperature of three thermistors (a,b and c), and a Platinum
(Pt100) resistance temperature detector (d). Adopted from Ref. [2].

Due to the above-mentioned advantages, thermistors are one of the most-used
temperature sensing devices for many applications [10]. For example, the Toy-
ota Prius and Honda Civic Hybrid are using thermistors in order to measure battery
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temperature [11]. Thermistors are also extensively used to monitor battery temper-
ature in other mobile devices, such as cellphones, laptops and powerbanks [12].
At present, many Li-ion batteries and battery packs can be purchased, including
thermistors or protection circuits. Moreover, component and system suppliers fre-
quently deliver products with thermistors as battery temperature sensors.

NTC Thermistor

Fig. 3.2: Example of a 73 Wh laptop battery pack with 10 kQ NTC thermistor. Note that a piece of tape
is normally present to fix the thermistor onto the batteries but this was removed for clarity.

For the present practical applications thermistors can be placed on the surface,
the terminals, or close to a battery. In the example of Fig. 3.2, a thermistor is
placed in the gap between two adjacent cylindrical batteries in such a way that it
contacts both batteries. This arrangement only measures the surface temperature
of these two batteries, whereas the remaining batteries are not monitored, which
can lead to dangerous situations if one of the other batteries becomes overheated.
However, for these types of mass-produced applications, costs should be minimized,
and thus the number of sensors including wiring, connections and installation should
be reduced as much as possible. Through extensive experiments and/or modeling,
it is possible to reduce the number of sensors, while still accurate temperature
indications can be obtained [13].

Thermal investigations during the design of the battery pack should also reveal
hot spots. At the corresponding 'hot’ locations, a thermistor can be placed in order
to indicate the maximum surface temperature. However, temperature gradients
and possible hot spots at other locations on or inside the battery are unlikely to
be detected; therefore, the indicated temperature can strongly deviate from the
maximum temperature.

Although thermistors are extensively used in practical applications, the use of
thermistors for research purposes is limited. NTC thermistors with an accuracy of
+ 1°C were used to measure the surface temperature of cylindrical 18650 batteries
[14] and on three different pouch-type batteries [15]. To validate a thermal model,
non-specified thermistors have been used to monitor the temperature inside the
mandrel of cylindrical 28650 batteries [16]. This study indicates that thermistors
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can be used within the chemical environment of a battery for experimental pur-
poses. Moreover, a mass-produced thermistor was used by Debert et al. [17] to
measure the temperature of a battery module. The thermistor was placed in an
interstice in the module and the data are compared to model simulation results.
Grosch et al. [18] developed a new low-cost PTC thermistor that can be easily pro-
duced with printing techniques. The accuracy of this new thermistor is somewhat
lower in comparison to commercially available NTC thermistors and thermocouples.
However, it was concluded that the present design can be improved by sensor
maodifications and more accurate calibrations. Using this new thermistor, either the
system cost can be reduced or more thermistors can be used at the same cost.

3.2.2. Resistance Temperature Detectors

Resistance Temperature Detectors (RTD) are devices containing metallic conduc-
tors of which the electrical resistance increases as a function of temperature. In
essence, any metal could be used for an RTD device, but the choice is limited due
to considerations such as cost, temperature coefficient of the resistance, ability to
resist oxidation, manufacturing constraints, and stability [9]. Materials used for the
metallic conductors in RTD can be copper, silver, nickel, gold, and platinum, of
which the last one is the most frequently used, as it offers more advantages than
the others. The resistance increase of a platinum RTD is shown in Fig. 3.1 (line d)
[2]. This figure shows that a platinum RTD is less sensitive to temperature changes
than NTC thermistors. However, unlike thermistors, platinum RTD show a linear
dependence on temperature, which makes these very convenient for use in an ap-
plication. Other advantages of platinum RTD are the excellent stability, accuracy
(approaching 1 mK), and wide temperature operating range of -260 to 960°C [19].
RTD can be offered as inner-coiled, outer-wound, or thin-film device. Thin-film RTD
have the advantage to be less expensive, more robust, and smaller with respect to
the inner-coiled and outer-wound RTD. Due to the small size, thin-film RTD have
faster response times.

The type of Platinum RTD is often indicated with the abbreviation 'Pt’ followed
with a number, e.g. Pt100. The number indicates the resistance at 0°C. Hence, a
Pt100 is a platinum RTD with a resistance of 100 Q at 0°C. The most common plat-
inum RTD have a temperature coefficient of resistance (TCR) of 0.00385 Q/(Q-°C).
The TCR indicates the average resistance change per °C across a temperature range
from 0 to 100°C and can be seen as sensitivity parameter. In other words, the re-
sistance of the most common platinum RTD changes 0.38% per °C. Furthermore,
there are two performance classes (Class A and Class B) for Pt100 RTD, which in-
dicate accuracy. The accuracy of Class A is approximately twice as high as the
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accuracy of Class B.

Using RTD, temperature measurements can be performed similarly as with ther-
mistors, i.e. a small current of < 1 mA can be applied at a level at which self-heating
can be neglected and a voltage drop is measured across the RTD [20]. Subse-
quently, the voltage can be converted to temperature. However, using an RTD in
a branch of a Wheatstone bridge on which a constant voltage is applied is possible
as well. Although a four-wire connection is preferred for the most accurate mea-
surements, two- and three-wire connections can also be used. However, the two-
and three-wire connections are more prone to measurement errors due to cable
resistances.

In comparison to thermistors, RTD are more frequently used for Li-ion battery
research purposes. Various authors used one or more commercial Pt100 elements
to measure battery surface temperatures during (dis)charging [21-26]. Interest-
ingly, all these measurements were used for thermal model validation purposes. A
particular reason why these authors selected Pt100 RTD for their experiments is
unknown. Moreover, from these authors only Daud et al. [23] indicate that Class A
Pt100 RTD were used for surface temperature measurements. Furthermore, Day et
al. [27] used Pt100 RTD to measure battery temperature and to control a cryostat
apparatus for differential thermal analysis.

Pt1000 RTDs with sizes 2.3 mm * 2.0 mm * 0.9 mm were used by Wang et
al. [28] for temperature measurements inside and at the surface of a coin-type
battery. The internal RTD was positioned between both electrodes, separated by
two insulation diaphragms. The RTD sensing the internal temperature was con-
nected to copper foil, utilized as measurement leads. Both the sensor and foil were
covered by a 50 um thick polyimide insulation to prevent electrical contact with
other parts and also to prevent reactions with the electrolyte. It appeared that
the charge capacity reduced tremendously by introducing an internal RTD. This has
been attributed to the relative large size of the sensor in comparison to the coin-
type battery. It is expected that such a large capacity reduction is absent when the
sensor is used in large-scale batteries. However, the used internal RTD provides
a more representative temperature than the RTD at the surface of the coin-type
battery.

Recently, a self-heating Li-ion battery has been introduced that is able to rapidly
self-heat at temperatures below 0°C [29-32]. The principle of self-heating is based
on an insulated nickel foil, having an electrical resistance, which is integrated be-
tween the electrodes of a battery. When a current is applied under freezing cir-
cumstances, the battery current flows through the resistive nickel foil, generating
heat internally and heating the battery. The advantage of this construction is that
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the nickel foil can be used both for heating and as an RTD to measure the internal
battery temperature [30, 31]. The authors showed that the nickel foil has a linear
resistance increase in a temperature range from -40 to 60°C, making it suitable
and convenient for internal battery temperature indication [30, 31]. However, this
method requires an extra terminal on the battery and integration of the nickel foil,
which increases cost and reduces the specific battery capacity. On the other hand,
in comparison to platinum RTD, nickel advantageously has a higher sensitivity and
obviously a lower material price.

Flexible thin-film micro RTD for internal battery temperature measurements
were developed by Lee et al. [33]. The authors claim that these sensors can
be easily mass-produced, measure the temperature accurately and have very short
response time due to their limited size. The working principle of this sensor is
based on a 200 nm thick layer of gold deposited on a substrate of which the resis-
tance changes as a function of temperature. A photograph of this thin-film device
is shown in Fig. 3.3. The sensor resistance shows linear behavior in a temperature
range between -20 to 90°C over three consecutive cycles. However, the linearity
has not been quantified and the stability for more than three cycles, as well as
the calendar stability, have not been shown, which is of considerable importance
if these sensors are used inside batteries. The authors integrated two thin-film
micro-sensors into a pouch-type battery at different positions, including a thermo-
couple at the surface, and compared the temperature development of the battery.
The thin-film micro-sensors showed faster response times and higher temperatures
than the thermocouple at the surface. The same research group [34-36] continued
this work with adding a voltage and current probe to the same sensor, making it
a three-in-one sensor. The authors reported that temperature measurements with
this sensor can be performed with an accuracy of better than 0.5°C and a response
time less than 1 ms [36].

Using Electrical Resistance Tomography (ERT), the temperature of a battery can
be obtained by relating the measured ERT resistivity to temperature. ERT is a
technique to measure and visualize cross-sectional conductivity distributions within
its sensing region [37, 38]. Hong et al. [39, 40] used ERT at the metal surface of
Li-ion batteries and were able to map surface- and internal temperature profiles.
The temperatures obtained with ERT were, however, not verified against a sufficient
number of calibrated surface and internal temperature sensors. Moreover, a metal
surface and a large array of properly-attached sense electrodes with corresponding
cabling is required in order to measure temperature with this method; this is shown
in Fig. 3.4. Furthermore, the battery SoC influences the ERT measurement data,
which implies that the ERT temperatures must be compensated. Although this
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Fig. 3.3: Flexible micro-temperature sensor developed by Lee et al. [33].

method is practically somewhat complicated, a three-dimensional temperature map
of the battery can favorably be obtained.

(a) (c)
Electrode
FPC

(b) (d)

Fig. 3.4: Schematic (a-c) and real (d) representation of a Li-ion battery with ERT sensors shown in
various viewing angles. The yellow dots indicate the sense electrodes, which are attached to a
so-called flexible printed circuit (FPC), serving as measurement cable. Adopted from Ref. [40].

3.3. Thermocouples

hermocouples are devices working on the basis of the Seebeck effect, which is
Tcalled after the inventor Thomas Johann Seebeck [41]. The Seebeck effect is
the generation of an electromotive force (EMF) by subjecting two different (semi)
conductors to a temperature gradient. In Fig. 3.5, an illustration of the thermo-
couple measurement principle is shown [42]. It can be seen that two dissimilar
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metals (Metal A and B) are connected at one end. This is the so-called measure-
ment junction, which is located at the temperature measurement position. At the
other end, an EMF can be measured due to a temperature difference across the
dissimilar metals. The generated EMF is proportional to the temperature difference
between the warm and cold sides. As shown in Fig. 3.5, a measurement device
cannot simply be connected to a thermocouple since this introduces another dis-
similar metal junction with the measurement cables. To compensate for this effect,
a so-called reference junction must be introduced that has a known temperature.

Thermocouple Metal A

Metal B

i vT

Fig. 3.5: Illustration of the working principle of a thermocouple. Modified from Ref. [42].

T

Thermocouples have become the industry standard because of the low costs,
robustness, size and temperature range [9, 20, 43]. The sensitivity and response
time are adequate for most applications as the dimensions can be made very small.
Although better accuracy can be reached, it is typically within 1 or 2°C, and is there-
fore moderate. Small additional drawbacks of thermocouples are the requirement
of reference-junction compensation, sensitivity to corrosion, and that the cables
cannot simply be extended. Furthermore, the EMF is a nonlinear function of tem-
perature, making it complicated to obtain accurate temperature readings [43]. The
sensitivity to corrosion is caused by the dissimilar metal junction. For this reason,
thermocouples may need protection and maintenance. These properties make them
somewhat unsuitable for long-term battery temperature measurements.

The number of material combinations used for thermocouples is numerous.
Each combination has its own temperature and voltage characteristics. However,
only eight types are standardized and regularly used, which are listed by for exam-
ple Childs et al. [9] and Tong [20]. The most common types of this selection are
the so-called J-, T- and K-types, of which the last one is most popular. Although
these three are commonly used, the standardized E-type would be very suitable
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for battery temperature measurements due to the high EMF output in comparison
to the other types. The EMF measured at the cables can be directly converted to
temperature with help of a lookup table or by using a mathematical function. No
power source is required and, therefore, self-heating is not an issue, such as in the
case of thermistors or RTD.

It can be concluded that, among the available literature on battery temperature
measurements, commercial thermocouples are numerously used. The reason is,
most likely, because scientific measurement devices are often equipped with ther-
mocouple input channels. As expected, the vast majority of authors is using the
common K-type or T-type thermocouples in order to measure battery temperature.
N-types [44—46], J-types [47, 48] or E-types [49] are used less frequently. About
27% of the scientific contributions using thermocouples for temperature measure-
ments did not precisely indicate what type they used. Therefore, measurement
details partly remain unknown, making it impossible to accurately reproduce the
measurement results reported in the literature.

As with thermistors and RTD, commercial (micro) thermocouples are also used
to measure the internal battery temperature [14, 50-63]. Although these measure-
ments are useful for quantifying the internal temperature, either specially designed
batteries with integrated sensors must be made, or a hole must be drilled into an
existing (commercial) battery to insert a sensor. This leads to complicated battery
designs, and this is therefore less suitable for practical battery-powered applica-
tions. In addition, the integrated sensors should be chemically inert and may not
react with or dissolve into the electrolyte. For that reason, sensors are some-
times coated with parylene [57, 64] or polyimide [28]. Remarkably, most of the
thermocouples used for internal temperature measurements are not coated with a
protective layer, or at least the authors did not report that. Therefore, it is expected
that these sensors show instabilities or malfunctioning on the long term.

Some specially designed thermocouples for in situ temperature measurements
are worthwhile to shed some light on. For example, Mutyala et al. [65] used flexible
thin-film thermocouples integrated into a battery to measure the internal temper-
ature. A K-type thermocouple was sputtered onto a glass substrate and, later,
transfered to a thin copper foil. The transferring process and end result are shown
in Fig. 3.6. After insulating with polyimide, the thermocouple was integrated into
a pouch battery. The measurement results performed with these integrated flexi-
ble thin-film thermocouples are promising, but duration experiments are yet to be
proven.

For spatial internal battery temperature measurements, a thin-film thermocou-
ple matrix was developed by Martiny et al. [67]. Nickel and Copper were used as
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Fig. 3.6: Process used by Mutyala et al. [65] to make sputtered K-type thermocouples on a copper
strip.

dissimilar materials for the thermocouple matrix and sputtered onto a Kapton® foil.
A final coating of parylene C was applied for protection. Fig. 3.7 shows a photo-
graph of a prototype sensor. The resulting sensor had a thickness of less than
27 pm and has been integrated into a laboratory-scale pouch battery. The sensor
had no large influence on battery performance at a C/9 cycling rate, but the protec-
tive coating damaged during battery assembly and, subsequently, caused instability
due to corrosion. Zhang et al. [57, 64] and Lee et al. [33, 34] also used pary-
lene for their internal sensors. Although Lee et al. [35, 36] switched to polyimide
in their last reports with an unmentioned reason, they did not report any damage
or instability of parylene. Nevertheless, the first thermocouple matrix design was
improved by using Kapton® foil as cover instead of parylene C [66]. Although
Kapton® increased the sensor thickness to 54 pm, it both improved the thermal
stability and created a more homogeneous sensor as the substrate was Kapton® as
well. However, the improved version also encountered stability issues, and hence
is not suitable for internal battery temperature measurements. The next step is to
make stability improvements by using polyimide. In addition to stability issues, this
sensor has a relatively large footprint area and, consequently, may reduce the ca-
pacity of the battery. However, the sensor has the advantage of measuring internal
and spatial-varying temperatures.
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Fig. 3.7: Photograph of a prototype thermocouple matrix on a 2 cm x 6 cm substrate, attached to a
measurement setup. The two measurement points for internal battery temperature measurements are
circled in red. Adapted from Ref. [66].

3.4. Fiber Bragg-grating sensors

iber Bragg Gratings (FBG) are deployed along the length of an optical fiber

(see Fig. 3.8) and are used to manipulate the behavior of light. The so-called
Bragg gratings are inscribed into the core of an optical fiber by applying UV-light,
creating a permanent change in refractive index [68]. These Bragg gratings will act
as a wavelength-selective mirror. When a spectrum of light propagates through the
fiber core, light with a specific wavelength is reflected back, while the remaining
part of the spectrum is transmitted nearly unaffected. This effect is schematically
shown in Fig. 3.8a. The wavelength of the reflected signal, which is called the Bragg
wavelength (15), has been defined as

/’lB = 2neffA , (3.1)

where n,; is the effective core index of refraction and A the period of index mod-
ulation or grating spacing [69]. A change in n.sr and/or A will result in a shift in
the reflected Bragg wavelength. The measurement of this wavelength shift, re-
sulting from external influences, is the basis for FBG sensors [70]. Illustrations of
two types of external influences on the Bragg wavelength are shown in Fig. 3.8b-c.
When a fiber is compressed or stretched (Fig. 3.8b), the grating spacing changes,
which leads to a shift in the Bragg wavelength. A shift in Bragg wavelength can also
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be observed for temperature changes (Fig. 3.8c). This can be mainly attributed to
a temperature-dependent refraction index. The influence of thermal expansion is
very small and, thus, grating spacing changes may be neglected; the index changes
are by far the most dominant effect [71].
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Fig. 3.8: Working principle of a fiber Bragg-grating sensor (a), FBG sensor under influence of strain
(b), and FBG sensor under the influence of heat (c).

FBG sensors are becoming increasingly popular due to advantages such as small
size, light weight, passive nature, immunity to electromagnetic and radio-frequency
interference, high sensitivity, and long-term reliability [72]. In addition, the Bragg
wavelength shifts linearly with temperature, and FBG signals can be multiplexed
[73]. Multiplexing implies that multiple FBG can be inscribed into a single optical
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fiber, which makes it possible to perform measurements at different locations along
the fiber length.

The temperature range of an optical fiber strongly depends on what materials
are used. Black et al. [74] listed various optical fiber and coating materials includ-
ing the corresponding temperature ranges. Silica, the most standard material, can
withstand temperatures from -273 up to 1190°C before softening occurs. How-
ever, the protective coatings have limitations. For example, acrylate, the standard
optical fiber coating, is stable within a temperature range of -40 to 85°C. Poly-
imide can be used as an alternative, making the temperature range larger (-190
to 385°C). Furthermore, the strong chemical resistivity makes it ideal for internal
battery temperature measurements. In a temperature range of approximately 20
to 60°C, measurement accuracies of + 0.4 to + 0.2°C have been obtained with FBG
sensors [73, 75]. A typical value for temperature sensitivity is a wavelength shift of
10 pm/°C [69, 71].

Although optical FBG sensors already were investigated in electrochemical sys-
tems such as PEM fuel cells [76, 77], Yang et al. [78] were the first who investi-
gated this type of sensors in Li-ion battery technology. Three coin-type batteries
were used at which the temperature was measured with FBG at both flat surfaces.
In addition, the temperature was measured on the flat and lateral face of an as-
denoted columnar (cylindrical) battery. The calibration of the FBG sensors showed
a linear response in the temperature range from 0 to 60°C. Through these calibra-
tion measurements, a typical sensitivity of 10 pm/°C was found. It was concluded
that FBG temperature sensors show an adequate thermal response in comparison
to thermocouples. However, this was not quantified, although the operation of FBG
sensors on Li-ion batteries was demonstrated successfully for the first time. After
this contribution, research activities with optical FBG sensors in the field of Li-ion
batteries increased.

Others followed quickly with temperature and strain measurements on Li-ion
batteries using FBG sensors [79-81]. For example, Nascimento and co-workers
[81] applied FBG sensors on a cylindrical 18650 Li-ion battery. A single fiber, with
two inscribed Bragg gratings (2 cm apart), was used for temperature measure-
ments at two locations on the battery. An additional fiber was attached along the
longitudinal axis to monitor variations in strain. The measurement results indicated
that temperature and strain evolutions are higher at a high C-rate (1.33 C) in com-
parison to a low C-rate (0.25 C). In addition, it was found that at the highest C-rate,
temperature differences between the two inscribed FBG are marginal (0.5°C).

The same research group [82] continued their work by investigating FBG tem-
perature measurements at Li-ion pouch-type batteries. Two optical fibers, inscribed
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with two Bragg gratings, were used for internal and external temperature measure-
ments. The silica optical fiber was tested for its chemical resistivity in a LiPFg salt-
containing electrolyte. After two weeks of storage in the electrolyte, it was found
that only a very small amount of Si was dissolved, indicating that this fiber type
is not sensitive to the electrolyte. Between a temperature range of 10 to 35°C,
an average sensitivity of 8.40 and 10.255 pm/°C for the external and internal FBG
sensor were obtained, respectively. It was concluded that optical FBG tempera-
ture sensors are able to detect temperature changes at multiple locations, both
internally and externally, with a superior response rate. However, these FBG sen-
sor measurements were not verified against temperature measurements with other
(commercial) sensors. Therefore, the same group [83] compared FBG temperature
measurements with that of commercial K-type thermocouples. The corresponding
schematic experimental setup is shown in Fig. 3.9 [83]. Fig. 3.9a shows the ther-
mocouple and FBG connections to the battery. It can be seen that only one optical
fiber is required for temperature measurements at three different locations (red
dashes on blue line) on the battery surface. Fig. 3.9b shows the equipment used
and how it is connected. In this particular study, it was found that the response
rate of FBG sensors is approximately 1.2 times faster than that of the used thermo-
couples. Moreover, in the middle measurement position, the difference between
the peak temperatures of FBG and thermocouples reaches up to 5.7°C at a C-rate
of 8.25. The difference is attributed to the slower response of thermocouples in
comparison to FBG sensors. At high C-rates fast thermal evolutions occur which
cannot be fully followed by thermocouples. For these reasons, the authors con-
cluded that FBG sensors are a better choice in comparison to thermocouples for
real-time monitoring of battery surface temperatures.
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Fig. 3.9: Locations of thermocouples and FBGs on surface of battery (a) and schematic overview of
experimental setup (b). Adapted from Ref. [83].
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FBG sensors were also used to monitor temperature and strain in battery packs
for enhanced safety in a study by Meyer et al. [80]. Every single battery in the
pack, containing 96 batteries, was monitored with an FBG temperature sensor on a
predetermined hot spot. Thermistors were used as default temperature sensors and
fixed to the terminal of every fourth battery. Clear differences were found between
the thermistors and FBG sensors. During fast charging, a maximum temperature
difference of 15°C was reported between the warmest and coldest battery. The
relative accuracy of the FBG sensors was determined to be + 0.05°C, whereas
that of the thermistor was only = 1°C. From the results, it was concluded that the
integration of FBG sensors on every single battery considerably improves safety, as
the BMS can be provided with far more accurate measurement information.

After using FBG sensors in order to measure diffusion processes [84] and inter-
calation stages [85] through strain, the team of Raghavan et al. [86] embedded
FBG sensors for accurate internal monitoring of battery states. The results have
been published in a twofold paper [86, 87]. Investigations published in the first
version [86] revealed that the seal integrity, capacity retention, and projected cy-
cle life of batteries with embedded FBG sensors are highly comparable to batteries
without FBG sensors. It was also shown that batteries with embedded sensors
could be integrated into existing modules and that the corresponding system costs
are in the range of a few hundreds of U.S. dollars, which is comparable with the
conventional system costs. Therefore, this work established the possibility of em-
bedding FBG sensors in large-format Li-ion batteries as a low cost, field-deployable
option for internal state monitoring. Their second paper [87] focuses on using the
measurements obtained from the embedded FBG sensors for SoC and SoH moni-
toring at different temperatures. It is shown that the SoC can be estimated with an
error of less than 2.5% by using the strain measured by FBG sensors.

Similar work with embedding FBG sensors in coin-type batteries was performed
by Fortier and colleagues [88]. During experiments the authors found that the
harsh FBG sensor unfortunately cuts through the cathode and separator. This is-
sue has been solved by using extra layers of separator material around the FBG
sensors. However, Raghavan et al. [86] did not encounter this problem. A pos-
sible explanation can be that the used electrode stack was thicker and, therefore,
more deformable. Thus, care should be taken with embedding FBG sensors in small
electrode stacks.

Recently, an FBG sensor was used by Amietszajew et al. [89] to measure the
internal temperature of a commercial 18650 high-energy battery. To protect the
FBG sensor against electrical, chemical and mechanical stress, it was placed in
an aluminum tube. The aluminum tube was then fully sealed with a fluorinated
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ethylene propylene heat-shrink. The sensor assembly was inserted in the center of
the battery. Thermocouples were used to measure the battery surface and ambient
temperatures. In addition to the temperature sensors, a lithium metal reference
electrode was used. Using the FBG sensor, thermocouple and reference electrode,
it was possible to obtain the thermal and electrochemical responses of the battery.
From the measurement results, it was found that the battery can be charged with
a 6.7 times higher C-rate than specified by the manufacturer, without exceeding
the electrochemical and thermal safety limits. Therefore, this study shows the
high value of possible performance optimization by integrating internal temperature
sensors and the application of reference electrodes.

It is remarkable to see that none of the authors showed calibrations and mea-
surements with FBG temperature sensors for temperatures below 0°C, which is a
critical range in Li-ion battery operation. Obviously, the application of FBG sensors
in the field of Li-ion batteries is quite recent and still requires thorough investi-
gations, particularly for long-term (in situ) measurements and in the application.
As FBG sensors offer great advantageous, these can be seriously considered as
temperature and strain sensors to measure states in battery-powered applications.

3.5. Differential-voltage technique

ifferential-voltage (dV /d Q) analysis is a useful method to investigate Li-ion bat-

teries. The differential voltage can simply be obtained by taking the derivative
of the voltage with respect to the capacity. Usually, dV /dQ analysis is used in order
to examine phase transitions, (de-)intercalation mechanisms or aging phenomena
[90-96]. However, in a recent conference publication of Tripathy et al. [97], a
method similar to dV/dQ analysis is presented to measure the average internal
battery temperature. This temperature is obtained by both measurements and cal-
culations.

At every measured sample, a change in battery voltage (AV) is calculated. A
so-called effective resistance can then be obtained by dividing AV with the current.
Subsequently, the generated heat is calculated by multiplying the effective resis-
tance with the current squared. In addition, the conductive and convective heat are
obtained by straightforward equations. Finally, if all data are collected, the internal
temperature can be calculated.

The authors [97] compared the obtained average internal temperature with
surface temperature measurements from K-type thermocouples at various currents
and ambient temperatures. Under all conditions, larger internal temperatures were
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found in comparison to surface temperatures. However, this recently presented
method is not yet verified against internal temperature measurements with accu-
rately calibrated sensors. For that reason, measurement accuracies are not given.
In addition, the used equations for which thermal parameters are required are
somewhat simple and the real temperature evolution can therefore be underesti-
mated.

Hande [98] also developed a method in which a voltage difference is required
to estimate the internal battery temperature. The voltage difference is determined
after applying a 2 s current pulse. A so-called series resistance can then be calcu-
lated by dividing the voltage difference with the applied current. It was shown that
the obtained series resistance decreases as a function of temperature; therefore,
the series resistance can favorably be used as a measure for internal battery tem-
perature. This is similar to the impedance-based temperature indication methods
(Section 3.6). Hande [98] applied this method to measure the internal tempera-
ture of lead-acid and NiMH batteries. However, the accuracy of the method has not
been validated since the internal battery temperature has not been measured with
commercial temperature sensors.

3.6. Impedance-based temperature measurements

lectrochemical Impedance Spectroscopy (EIS) is a non-destructive technique

for characterizing the behavior of electrochemical systems [99, 100]. The
impedance of a battery can be obtained by voltage or current excitations (typi-
cally sinusoidal) and, simultaneously, measuring the response. The ratio between
input and output gives the (complex) impedance that can be defined as

V(jw)
Ijw)’
where Z is the (complex) impedance, V the voltage, I the current, w the angular
frequency and j the imaginary unit satisfying j2 = —1. When these measurements
are performed at various frequencies an impedance spectrum of the battery can
be obtained. Note that the magnitude of the applied excitation signal should be
sufficiently small to guarantee a linear response, but not too small to prevent a
poor Signal-to-Noise Ratio (SNR).

Z(jw) = (3.2)

EIS is frequently used for extracting kinetic and transport properties of electrode
materials, aging studies, modeling purposes and determination of SoC and SoH
[101-113]. However, EIS can also be used to measure the internal battery tem-
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perature by relating impedance parameters, such as the phase shift, real part, or
imaginary part to the temperature. In that case, it is often referred to as impedance-
based temperature indication or sensorless temperature indication. In the past five
years, investigations on this subject gained substantial interest since impedance-
based temperature indication offers significant advantages with respect to conven-
tional temperature measurements. For instance, no external or internal hardware
temperature sensors are required, thermal measurement delay is short, it measures
an average/integral temperature of the active material, and EIS measurements can
also be used to determine additional states, such as SoC and SoH [114-117]. On
the other hand, it also has some challenges, such as the possible SoC and aging
dependence of the impedance and, moreover, the sensitivity for interference, such
as (dis)charge currents and crosstalk signals [118, 119]. These dependencies and
the interference can considerably influence EIS-based temperature indications.

A number of impedance-based-related temperature indication methods have
been presented. For example, Champlin [120] patented a method to determine
internal battery temperature by performing EIS measurements and calculating time
constants of RC-circuits, accordingly. These time constants can be readily used
to determine the internal battery temperature. Details of the method, such as
measurement accuracy and sensitivity to (dis)charge currents are, however, not
revealed.

Srinivasan et al. [114] reported that a correlation exists between the phase shift
of the impedance and the internal temperature at any frequency between 40 and
100 Hz. This correlation is demonstrated at a frequency of 40 Hz for three different
batteries in a temperature range of -20 to 66°C. For all batteries, a decreasing phase
shift is found with increasing temperature and, moreover, this behavior is essentially
SoC independent. In Fig. 3.10a an example of the phase shift is shown as a function
of temperature. The authors point out that this unique relationship does not hold for
frequencies below 30 Hz since the SoC independence is not guaranteed below these
frequencies. In a successive publication of the same group [121], the phase-shift-
method was used for real-time temperature monitoring of a 53 Ah Li-ion battery.
The phase shift, that was related to the temperature of the negative electrode,
was measured under charge and discharge currents below a 1 C-rate. For various
conditions, it was demonstrated that the negative electrode temperature deviates
from the measured surface temperature.

Schwarz and co-workers [122] also related the phase shift to the internal battery
temperature. However, instead of using batteries with common graphite negative
electrodes, they used batteries with titanate negative electrodes. In addition, a pro-
totype Printed Circuit Board (PCB) was developed that can directly be connected
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to the used batteries, enabling online temperature estimation through the phase
shift. The PCB was first used for phase-shift calibration measurements at a fre-
quency of 1 kHz in a temperature range between 0 to 40°C. These measurements
showed a clear temperature dependence of phase shift and, moreover, a small
SoC dependence as well. After calibration, the authors measured the internal bat-
tery temperature using the PCB through two approaches. In the first approach, a
SoC-specific calibration line, and in the second approach, an averaged calibration
line was used to indicate the temperature. An average deviation in temperature
of 2.08°C and 2.48°C was found with the first and second approach, respectively.
Although these deviations are relatively large, a method for impedance-based tem-
perature indication in battery-powered applications was realized with compact elec-
tronics. Furthermore, the authors did not (dis)charge the batteries during phase
shift measurements. This implies that the batteries were measured under equilib-
rium conditions.

Phase shifts under non-equilibrium conditions were measured by Zhu and col-
leagues [123]. The authors increased the EIS measurement complexity by measur-
ing the impedance during the relaxation time after a sequence of current pulses.
The phase shift at a frequency of 10 Hz was favorably selected as temperature
indicator for a 30 Ah LiFePO, battery, since it was found to be SoC independent.
Remarkably, Srinivasan et al. [114] noted that SoC independence below 30 Hz
cannot be guaranteed. This suggests that optimal frequency selection depends on
the battery type. The measurement results of Zhu and colleagues [123] revealed
that the phase decreases exponentially with increasing relaxation time. Appropriate
equations were developed in order to correct the phase shift as a function of relax-
ation time. Using these expressions, impedance-based temperature measurement
errors lower than 1°C can be obtained.

Impedance-based temperature indication can also be performed by relating the
real part of the impedance to the internal battery temperature. Schmidt et al. [115]
were the first who demonstrated this concept and found an intrinsic relationship be-
tween real part and the temperature at a frequency of 10.3 kHz for a 2 Ah pouch
battery. In Fig. 3.10b, an example of the real part as a function of temperature
can be seen, measured at various SoC values. At isothermal conditions this mea-
surement concept can determine temperature within £ 0.17°C and + 2.5°C for
known and unknown SoC, respectively. In addition, it was shown that tempera-
ture gradients do not have a considerable influence on the measurement accuracy
at the investigated frequency of 10.3 kHz. Therefore, the indicated temperature
under gradient conditions reflects the average battery temperature. However, it
should be noted that the influence of thermal gradients on impedance spectra in
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Fig. 3.10: (a) Phase shift (at 40 Hz) as a function of temperature averaged over 20%, 50% and 80%
SoC measured on a 4.4 Ah battery [114]; (b) Real part of the impedance (at 10.3 kHz) as a function of
temperature, shown for various SoC of a 2 Ah pouch-type battery [115]; (c) Imaginary part of the
impedance (at 300 Hz) as a function of temperature, averaged over all measured SoC of a 2.6 Ah
cylindrical battery [124]; (d) Intercept frequency as a function of temperature shown for various SoC
of a 2.3 Ah cylindrical battery [117].

the low-frequency range can be large [125, 126]. Similar to Zhu and colleagues
[123], Schmidt et al. [115] performed impedance-based temperature indication
during the relaxation time after current pulses. However, no equations were used
for corrections. The obtained impedance-based temperature was directly used as
indicator for the internal battery temperature. Maximum deviations of 23% be-
tween internal and surface temperatures where found, indicating the complexity of
measuring temperature gradients.

Richardson an co-workers [116, 127] advantageously used the real part of the
impedance at a frequency of 215 Hz as an input parameter for thermal models. In
a later contribution [128], the imaginary part, priorly related to the internal temper-
ature by Spinner et al. [124], was used since it was found to give superior results
in comparison to the real part. An example of the imaginary part as a function
of temperature is shown in Fig. 3.10c. The purpose of this unique combination of
impedance-based temperature indication and thermal modeling was used for esti-
mating non-uniform internal temperature distributions in cylindrical batteries. Also
in these contributions EIS measurements were taken during the relaxation time in
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order to avoid measurements under DC-currents, providing more accurate results.

A different approach of impedance-based temperature indication was developed
by Raijmakers et al. [117] and, later, demonstrated again by Ranieri and colleagues
[129]. Instead of using a particular frequency to determine, for example, the real
part, imaginary part, or phase change, the frequency at zero imaginary value is
used for internal battery temperature indication. For several battery chemistries
and capacities, it was found that this frequency decreases as a function of temper-
ature and can therefore be used as a temperature indicator. An example of this
behavior is shown in Fig. 3.10d at various SoC values. It was found that the inter-
cept frequency is essentially SoC and, moreover, aging independent, which favors
on-board battery temperature indication. The method of the intercept frequency
has been further developed to a non-zero intercept frequency (NZIF) [118]. Us-
ing an NZIF, it is possible to avoid undesirable (current) interference from electric
systems in battery-powered applications, such as EV. This offers great potential to
increase the SNR and, consequently, to determine temperatures more accurately.
In addition to interference from electric systems, EIS measurements can be prone
to crosstalk interference in battery packs [119]. This may result in inaccurate EIS
measurements and, consequently, inaccurate temperature indications. Therefore,
careful design considerations should be taken to develop impedance-based tem-
perature indication methods for battery packs.

Further complications can be met in selecting excitation frequencies and/or e.g.
real part, imaginary part, phase shift, or intercept frequency to obtain optimal mea-
surement accuracies. In order to investigate these issues, a comparison and accu-
racy analysis of impedance-based temperature estimation methods was performed
by Beelen et al. [130, 131]. It was shown that jointly selecting these parameters
results in more accurate temperature indications in comparison to all previously
discussed individual methods. A detailed study was performed to find a frequency
that reveals maximum temperature sensitivity and minimum SoC dependence. In
addition, both the real and imaginary part are used with a certain weight to obtain
optimal accuracy. This new approach results in an absolute average bias of 0.4°C
and average standard deviation of 0.7°C for a 90 Ah battery. However, these in-
vestigations were conducted for a battery that resides under equilibrium conditions
in a laboratory. Therefore, it would be interesting to perform the same analysis on
batteries under non-equilibrium conditions in real applications.

It can be concluded that the presented impedance-based temperature indication
methods are valuable tools for temperature monitoring of Li-ion batteries. However,
high DC (dis)charge currents, interference from electric components, crosstalk in-
terference, SoC and aging dependencies make it challenging to implement. Most of
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the research on this subject was performed under laboratory conditions, although
applied (dis)charge currents [132—-134], and the application in an operating EV
[118] also were shown. However, more research efforts on the implementation of
impedance-based temperature indication are necessary in order to obtain a clear
understanding how accurately and fast impedance-based temperature indication
can be performed. (H)EV would be perfect candidates for these investigations as
these applications combine all disturbing ingredients, such as high load currents,
electric and crosstalk interference, varying SoC, and aging/cycling influences. In
addition, the uncertainty of impedance-based temperature indication increases as
the battery temperature increases [124, 128]. This limits the measurement range
and, therefore, puts challenges on monitoring high temperatures and to guarantee
safe operation.

Obviously, the measurement uncertainty is also dependent on the used mea-
surement equipment. Since common electrochemical measurement equipment is
not suitable for on-board applications, several authors presented proof-of-concept
PCBs that can perform these on-board electrochemical measurements [118, 122,
129, 135—-137]. By integrating the PCB functionalities into a small chip, batteries
inside a battery pack can be monitored for voltage, impedance and temperature
by a single device, enabling accurate SoC, SoH, and temperature measurements at
individual battery level.

3.7. Models

esides direct temperature measurement methods, (thermal) models may be
B used to perform temperature predictions of Li-ion batteries. By using models,
the number of sensors can be reduced, which saves costs, space and possible mal-
functioning of hardware sensors. Essentially, models can be divided into two main
groups: (i) electrochemical/first principle/numerical models [47, 138-140] and (ii)
equivalent-circuit (EQC) models [59, 62, 141-144]. The numerical models, based
on a set of appropriate mathematical equations, have been successfully applied to
accurately calculate the thermal behavior of Li-ion batteries. However, numerical
models require strong computational power and are therefore less suitable to be
integrated into BMS applications for temperature estimation. For that reason, com-
putationally intensive models can be reduced to simplified numerical models that
are less accurate but significantly reduce computational times [145—-147]. Alterna-
tively, EQC models can be used, which have simple constructions and enable fast
calculations. Obviously, due to the simple EQC model construction, thermal simula-
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tions are less accurate in comparison to numerical models. Moreover, the accuracy
of models does not only depend on the model complexity but also on the underlying
parameter values, some of which are difficult to quantify [148, 149].

Thermal models are critically described in various review articles [150-153] and
in Section 2.3. An overview and discussion of these models would be redundant
and is therefore not given in this Section.

3.8. Thermal imaging and liquid-crystal thermogra-
phy

nfrared (IR) thermal imaging and liquid-crystal thermography are used to mea-
I sure and visualize the surface temperature of objects. IR thermal images can
be produced with infrared cameras. Infrared cameras are non-contact devices that
can detect thermal radiation with special infrared detectors and convert it into an
electric signal [154]. The electric signal can then be processed to thermal im-
ages or videos. Although surface temperatures advantageously can be obtained,
IR thermal imaging is not straightforward in its use. A multitude of factors, such
as radiation from objects under investigation, radiation from the atmosphere, and
radiation from surrounding objects can influence IR images and therefore its in-
terpretation [155]. For thermal imaging on Li-ion batteries, these issues can be
solved to a large extend by e.g. coating the surface of the battery with a dull black
paint and covering the battery surroundings with black material [15, 24, 156—159].
These measures increase the emissivity of the battery surface and surroundings,
effectively eliminating reflections. In addition, the IR camera can be placed at an
angle of 45° with respect to the battery in order to eliminate the radiation emit-
ted or reflected by the camera and operator [160]. After accurate calibration within
typically 0 to 120°C, thermal sensitivities between 0.03 and 0.09°C can be obtained
with 2% accuracy [15, 159]. Depending on the measurement setup, spatial reso-
lutions of 0.1 - 0.3 mm can be achieved [157, 161, 162]. A recent specific review
on IR thermal imaging of electrochemical systems, including batteries and fuel cells
can be found in Ref. [163].

As with IR thermal imaging, so-called Thermochromic Liquid Crystals (TLC) also
make it possible to measure surface temperatures. TLC are organic molecules that
change color as a function of temperature in a predictable and repeatable man-
ner [164]. The method of using TLC in order to measure temperature is called
liquid-crystal thermography. To measure temperature, surfaces can be coated with
TLC material, which is commercially available in the form of adhesive sheets. The
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color evolution can then be recorded by video cameras, and processed with image-
processing software. However, before usage, careful calibration is necessary to
determine the color-temperature relationship [165].

TLC operate in a particular bandwidth that can be defined as the range at which
light in the visible spectrum actively is reflected back. Beyond both sides of the
bandwidth, TLC are transparent. When TLC pass through their bandwidth, they
reflect visible light from long wavelengths (red) to short wavelengths (blue) with
increasing temperature [166, 167]. This behavior is opposite in comparison to
methods such as IR thermal imaging, which typically show high temperatures in
red and cold temperatures in blue colors. Various TLC bandwidths are commer-
cially available, ranging from narrowband (typically 0.5 to 4°C) to wideband (typi-
cally 5 to 30°C) bandwidths [166]. Measurement uncertainties vary with bandwidth
and measurement setup properties, such as lighting and viewing angles, illumina-
tion sources, TLC coating thickness and hysteresis effect in TLC [168, 169]. For
bandwidths of 5 and 10°C uncertainties of + 0.1 to 0.3°C and 0.2 to 0.4°C can be
achieved, respectively [168].

Thermistors

b)

Fig. 3.11: Schematic view of a pouch-type battery surface, with five attached TLC sheets, all having a
different range and a bandwidth of 5°C (a) and temperature profiles measured by TLC sheets without
cooling (left) and with cooling (right) at a current of 300 A (b). Cooling causes the temperature profile
to invert. Note that red colors are low temperatures and green/blue colors high temperatures.
Adapted from Ref. [170].

a)

Giuliano and co-workers [170] used liquid-crystal thermography to visualize tem-
perature and temperature gradients of a pouch-type battery that was assembled in
a stack. Five TLC sheets with an individual bandwidth of 5°C were attached to the
surface of a single battery. All five TLC sheets had a different starting temperature,
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resulting in a total bandwidth of 25°C. A schematic view of a battery with these five
TLC sheets is shown in Fig. 3.11a. Using TLC with individual bandwidths of 5°C leads
to higher temperature measurement accuracies. After calibrations, a measurement
accuracy of £ 0.5°C was confirmed. The liquid-crystal-thermography results are
shown in Fig. 3.11b. The left-hand side is without cooling and right-hand side with
cooling conditions. It can be seen that the fourth TLC sheet from the left is the
active sheet, indicating that the surface temperature is between 40 and 45°C. The
gradient from the top to the bottom of the battery is perfectly visualized by the TLC
sheets. Note that in this case red colors indicate low temperatures and green/blue
colors high temperatures. Using image-processing software the temperature can
be quantitatively obtained.

IR thermal imaging and liquid-crystal thermography provide very useful, accu-
rate, and visual measurements on surface temperatures that cannot be obtained
with the previously reviewed measurement techniques, such as thermistors, ther-
mocouples and impedance-based methods. Advantageously, IR thermal imaging
and liquid-crystal thermography can be used for qualitatively and quantitatively
indicating temperature distributions on battery surfaces and for verifying thermal
simulations, making them ideal for research purposes. However, at present these
techniques are not suitable for indicating the temperature in commercial battery-
powered applications since IR thermal imaging and liquid-crystal thermography are
delicate, non-practical and expensive in its use.

3.9. Conclusions and outlook

ccurate temperature measurements must be performed to prevent dangerous
Asituations and to maximize the performance and lifetime of Li-ion batteries.
However, due to thermal gradients inside batteries, which might quickly develop
during operation, fast and accurate temperature measurements can be rather chal-
lenging. Therefore, a proper temperature measurement method should be selected,
particularly in terms of measurement range, accuracy, resolution, and cost. In this
chapter, various temperature measurement methods for Li-ion batteries have been
reviewed. The traditional ones, such as thermistor, RTD, or thermocouple methods,
can be used for local surface or local internal temperature measurements. Although
these traditional methods can be used for internal measurements as well, it is im-
portant that (i) the battery cycle life and performance should not be affected; (ii)
the temperature measurement devices should be insensitive to the chemical envi-
ronment of the battery materials; and (iii) the temperature measurement devices
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should be compatible with the assembly process, especially in series-produced bat-
teries. Based on the reviewed literature, it can be concluded that not all traditional
methods meet these requirements. Recent improvements on the traditional meth-
ods have been proposed, and are promising for accurate (internal) temperature
measurements. At present, the traditional methods are mature, extensively used
for Li-ion battery temperature sensing, and favorable in terms of costs.

Fiber Bragg-grating temperature sensors also measure local temperatures but
can easily be multiplexed in one single optical fiber, making temperature mea-
surements possible at multiple locations. By multiplexing, a large number of ca-
bles and connections can be saved, especially with respect to traditional methods.
However, the method of fiber Bragg-grating temperature sensing applied to Li-ion
batteries is still in an early development stage, which also holds for the impedance-
based temperature methods. The impedance-based methods have the advantage
of measuring the average internal battery temperature without intrusion of hard-
ware temperature sensors and cables. In addition, as the temperature is measured
through the impedance, thermal measurement delays are short. Moreover, the
impedance can be advantageously used for measuring other states, such as SoC
and SoH. Given that both fiber Bragg and impedance-based methods are in a rela-
tively early development stage, they have been proven to be successful only under
laboratory conditions. However, there is still room for improvement on the per-
formance outside the laboratory and for the measurement hardware. Therefore,
further development on long-term temperature measurements in battery-powered
applications is necessary and also expected.

Imaging methods, such as IR thermal imaging and liquid-crystal thermography
provide very useful and accurate measurements on surface temperatures that can-
not be obtained with measurement techniques such as thermistors, thermocouples
and impedance-based methods. IR thermal imaging and liquid crystal thermog-
raphy are ideal for research purposes, as thermal models can be easily verified.
However, at present these techniques are not suitable for indicating the temper-
ature in commercial battery-powered applications, since IR thermal imaging and
liquid crystal thermography are delicate, non-practical, and expensive.
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Zero-intercept frequency as
temperature indication
method

A new method is proposed to measure the internal temperature of (Li-ion) bat-
teries. Based on electrochemical-impedance-spectroscopy measurements, a
zero-intercept frequency (ZIF) can be determined, which is exclusively related
to the internal battery temperature. The ZIF is defined as the frequency at
which the imaginary part of the impedance is zero (Z;, = 0), i.e. where the
phase shift between the battery current and voltage is absent. The advan-
tage of the proposed method is twofold: (i) no hardware temperature sen-
sors are required anymore to monitor the battery temperature and (ii) the
method does not suffer from heat transfer delays. Mathematical analysis of
an equivalent electrical circuit, representing the battery performance, shows
that the ZIF decreases with rising temperatures. Impedance measurements
on rechargeable Li-ion batteries of various chemistries were conducted to ver-
ify the proposed method. These experiments reveal that the ZIF is clearly de-
pendent on the temperature and, essentially independent of State-of-Charge
(SoC) and aging. These impedance-based sensorless temperature measure-
ments are therefore simple and convenient for application in a wide range of
stationary, mobile and high-power devices, such as hybrid- and full electric
vehicles.

Parts of this chapter have been published in Journal of Power Sources 247, (2014) 539-544 [1].
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4.1. Introduction

attery temperature measurement methods based on electrochemical impedance
B spectroscopy (EIS) measure the integral battery temperature without the intru-
sion of hardware sensors and thermal delay. As already explained in Section 3.6,
EIS is a non-destructive technique to characterize electrochemical systems. It ap-
plies a harmonic voltage/current signal to the battery and analyzes the respective
current/voltage response at various frequencies.

After performing EIS measurements, various diagnostic plots can be made. In
particular, the complex plane is very instructive and may reveal a sloping line at low
frequencies, a number of (depressed) semicircles at mid frequencies, and a vertical
line at high frequencies. Although a lot of research on characterizing Li-ion batteries
already has been conducted, the relation of the various processes to the specific
parts of the spectrum is not trivial [2—4]. It is generally accepted that the high-
frequency semicircle can be attributed to the surface layer on the active electrode
material [5-12] and that the mid-frequency semicircle can be attributed to the
electrical double layer and electrochemical charge-transfer reaction, occurring at the
electrode/electrolyte interface [5, 6, 8—12]. Sloping lines are generally attributed
to diffusion processes. It has been reported that the high-frequency semicircle of
commercial Li-ion batteries is almost independent of SoC, whereas the temperature
has a large influence [3, 6, 8].

In the high-frequency region the impedance of a battery is generally dominated
by its inductive behavior. This has been attributed to the porosity of the electrodes
[13], the electrode geometry of spirally wound batteries [14], or the conductive
path formed by the terminals, connectors and electrodes [15, 16]. As the porosity
and electrode geometry hardly change upon cycling, the inductance is expected to
remain more or less constant [4]. The inductance of commercial Li-ion batteries
was found to be independent of SoC [8] and temperature [3, 8]. The frequency at
the intercept with the real axis was also reported to be independent of both SoC
and aging of Li-ion batteries [17, 18]. Although it is known from literature that this
frequency changes as a function of temperature [3] and is independent of SoC and
aging, the relation between these has never been investigated in detail.

In this chapter, earlier work is extended [19], in which the concept of measuring
battery temperature through the zero-intercept frequency (ZIF) was introduced.
The ZIF is defined as the frequency at which the impedance in the complex plane
intersects the real axis, i.e. where Z,,,, = 0. In other words, the ZIF is the frequency
(fy [Hz]) or angular frequency (w, = 2rf, [rad s]), at which the phase shift
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between voltage and current is zero. The ZIF can be measured in a straightforward
manner by four-point impedance measurements. The advantage of measuring at
relatively high frequencies is that these impedance measurements are less sensitive
to variations in battery load currents. This is due to the fact that the ZIF is beyond
the frequency range where the main electrochemical storage reactions of batteries
take place.

4.2. Theoretical considerations

schematic representation of a Li-ion battery is shown in Fig. 4.1a. Such a
battery consists of two electrodes which are attached to a current collector
(Cu and Al in case of Li-ion) and are separated by a separator which is impreg-
nated by a Li-salt-containing electrolyte. It is generally considered that a Solid
Electrolyte Interface (SEI) is formed at the surface of the negative electrode and a
surface film at the positive electrode. All these layers contribute to the overall bat-
tery impedance. A comprehensive equivalent network model can be constructed,
as shown in Fig. 4.1b, to simulate the overall impedance where L represents the
inductances and R, the ohmic series resistances of the connections, electrodes,
electrolyte, and separator. The outer parallel capacitors and resistors represent the
electrical double layer capacitance (Cy4;), and the charge-transfer resistance (R,;) of
the positive and negative electrode, respectively. Two more RC-elements represent
the impedance of the (SEI) surface layers. The individual capacitors (C,) are added
to model diffusion in both electrodes. This detailed circuit is rather complicated for
an analytical analysis and is, therefore, reduced to the circuit shown in Fig. 4.1c.
In this reduced circuit a single RC-chain is combined with an inductance, a series
resistance, and a diffusion capacitance. This single RC-chain, comprising R;, and
Crin, describes the combined charge-transfer kinetics, double-layer capacitances,
and surface-layer behavior of both electrodes.
The impedance of the equivalent circuit shown in Fig. 4.1c can easily be derived
from the impedances of the separate elements, according to
1 .
Zp =R, ZC:jw_C' Z;, =joL. 4.1)
The total battery impedance (Zg,;) is then given by

Rkin + 1
1+ jwRkinCrin  JwCq

Zgat = JoL + Rs + (4.2)

The imaginary part of Eq. 4.2 is calculated as
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Fig. 4.1: Schematic representation of a Li-ion battery (a), comprehensive equivalent circuit (b), and
simplified equivalent circuit (c).

_ (Crin +Ca) CrinRigin@® +1

Zim = wL
o de (Cliianzcian + 1)

(4.3)

The ZIF (wy) can be calculated by equating Eq. 4.3 to zero. This results in the
following bi-quadratic equation

Calw3 (C2, Ry + 1) — (Cyin + Cq) CrinRE w3 — 1=

(4.4)
C2inR2,CaLlwd + [Cal — (Chin + Ca) CrinREip] w3 —1=0.

If the parameters of the lumped circuit take finite positive values, then Eq. 4.4, in
general, has four (complex) roots. However, since the ZIF cannot be complex and
must have a positive value, the only relevant solution of Eq. 4.4 has the following
form
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o ({ch ~ (Cun + Ca) ckinR,%mr L1 )0'5
2LC4CRinRim LCqCiinRin
05 (4.5)
Cal = (Cyin + Ca) CrinRiiy
2LCaChinREin

Eqg. 4.5 shows that w, is a function of Ry;,. The ZIF, f; = w,/ (27), is plotted as
a function of Ry, in Fig. 4.2. f; reveals a sigmoid-shaped curve enclosed between
two limiting lines. The lower and upper limit, which are shown as dashed lines in
Fig. 4.2 are mathematically derived from Eq. 4.5 when R,;,, approaches zero and
infinity, respectively.

f, [Hz]

f, [Hz]

fo = L -20-10 0O 10 20 30 40 50
2w/ LCy Temperature PC]

R, [Q]

kin

Fig. 4.2: Intercept frequency as a function of Ry;, with the upper and lower limits (dashed lines)
mathematically derived from Eq. 4.5. Inset: theoretical dependence of f, as a function of
temperature. C4 = 1 F, Cxin = 0.01 F, L =7 nH, 0 < Ry, < 0.02 Q, A = 400,000 QlE;=10K
mol?, R, = 8314 Jmol K1, 253 < T < 323 K.

It is generally accepted that Ry;,, reveals an Arrhenius behavior [10, 17], which
can be given by

E, )
—=A,exp|——=—= ), (4.6)
Rem P p< R,T
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where 4, is the pre-exponential factor, E, the activation energy, R, the gas con-
stant, and T is the absolute temperature. When R,;,, is substituted in Eq. 4.5, an
expression for f; is obtained as a function of temperature. The result is plotted
in the inset of Fig. 4.2 and reveals that a decreasing ZIF is theoretically expected
at higher temperatures. This makes the ZIF suitable for temperature indication of
the battery. In the following Sections this theoretical statement will be checked
experimentally and ready-to-use algorithms will be developed.

4.3. Experimental details

hree batteries have been investigated experimentally: a pristine high-power

2.3 Ah LiFePO4 ANR26650 cylindrical battery (A123 Systems), pristine and cy-
cled 7.5 Ah cylindrical ultra-high power Li(NCA)O, batteries (GAIA Akkumulatoren-
werke GMBH). All batteries have graphite negative electrodes. All pristine batteries
have been activated by (dis)charging these four times according to the specifica-
tions of the manufacturers. Charging and discharging is performed using Maccor
automated cycling equipment (Model 4200). The impedances were measured in the
galvanostatic mode with an Autolab PGSTAT30 (Metrohm Autolab) in the frequency
range of 0.01 Hz - 30 kHz, using 50 frequencies logarithmically distributed. The
current amplitude was set to 200 mA RMS. During all measurements the batteries
were located in climate chambers (Maccor, model MTC-010). Measurements were
conducted at -20, -10, +10, +30, and +50°C. Before conducting measurements
at a predefined temperature, 3 hours of rest have been applied to reach thermal
equilibrium. Five SoC values have been investigated, ranging from 100% to 20%
in steps of 20%. The ZIF has been determined by interpolating the imaginary part
of the impedance spectrum to Z;,,, = 0.

4.4, Results and discussion

ig. 4.3 shows the impedance spectra of a pristine NCA battery at -10°C and
Fvarying SoC in the complex plane. The total impedance varies considerably
with SoC, especially the large semicircle in the low-frequency region. On the other
hand, the small semicircle and the inductive tail at higher frequencies show only a
small dependence on SoC. This becomes more clear in Fig. 4.4, where the same
impedance results are plotted in a Bode diagram. Since all phase lines cross 0 at
the same frequency, it is evident that the ZIF is the same for all SoC.

Fig. 4.5 shows the impedance spectra of a pristine NCA battery at a SoC of
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Fig. 4.3: Impedance spectra of a pristine NCA battery measured at -10°C and varying SoC.
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Fig. 4.4: Impedance results of Fig. 4.3 represented in a Bode plot.

60% and five different temperatures. As expected, the large semicircle increases
significantly at lower temperatures. It can also be seen that the small semicircle
exhibits a similar behavior as the large semicircle and that the whole impedance
curve is shifted to the left as the temperature increases, indicating a decreasing
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ohmic resistance. Furthermore, it can be noticed that the inductive characteristics
remain more or less constant. From the phase lines in the Bode plot of Fig. 4.6 it
can be seen that the ZIF clearly changes as a function of temperature.
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Fig. 4.5: Impedance spectra of a pristine NCA battery measured at 60% SoC for five different
temperatures.
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Fig. 4.6: Impedance results of Fig. 4.5 represented in a Bode plot.
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Fig. 4.7: Zero-intercept frequency as a function of temperature for a pristine NCA battery.
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Fig. 4.8: Zero-intercept frequency as a function of temperature for a pristine LiFePO,4 battery.

It is evident that the ZIF decreases with increasing temperature. Plotting the ZIF as
a function of temperature for a pristine NCA battery (Fig. 4.7) and LiFePO, battery
(Fig. 4.8), an exponential behavior is found for both chemistries, which is essentially
independent of SoC. These measurement results confirm the model described in
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Section 4.2. The ZIF for the LiFePO, battery are, however, about five times larger
than those of the NCA battery, as can be expected for different sizes and chemistries
(see Eq. 4.5). From these results, it can be concluded that a similar ZIF dependence
on the temperature is found to be independent of battery chemistry, dimension and
storage capacity.

(b)
—e— Pristine T=10°C
—e— Cycled T=10°C
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Fig. 4.9: Voltage discharge curves upon cycling an NCA battery (a), and impedance spectra of a
pristine and cycled NCA battery at 60% SoC and 10°C.

An interesting question is how battery aging influences the ZIF. In order to
investigate this, a 7.5 Ah NCA battery has been cycled for about 600 times. Some
of the voltage discharge curves are shown in Fig. 4.9a. About 25% of the storage
capacity is lost and the discharge overpotentials are significantly increased after 600
cycles, indicating a major impedance increase. Fig. 4.9b shows, as an example, the
impedance of the pristine and cycled NCA battery at 10°C and 60% SoC. In line
with the voltage discharge curves (Fig. 4.9a), it can be seen that the impedance of
the cycled battery at low frequencies has dramatically increased. In this particular
case, there is no significant increase in series resistance, i.e. increase in IR drop.
According to Eq. 4.5 an increase in series resistance, however, should not influence
the ZIF as a function of temperature, because it is not present in this equation
and therefore has no influence on the temperature indication. The spectra at high
frequencies did not change upon cycling, indicating that the ZIF is independent
of aging. This conclusion is confirmed in Fig. 4.10, where the ZIF is plotted as a
function of temperature for both the pristine and cycled battery. This figure proves
that the ZIF did not change upon cycling.
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Fig. 4.10: Measured zero-intercept frequency as a function of temperature for a pristine and cycled
NCA battery at 60% SoC.

4.5. Conclusions

he ZIF, i.e. the frequency at which the phase shift between voltage and current
T is zero, is extracted from impedance spectra of a Li(NCA)O, and a LiFePO, bat-
tery and related to the internal battery temperature. A theoretical analysis based
on a simple equivalent electrical network model revealed that the ZIF is expected
to decrease with increasing temperature. Experiments confirmed this finding and
additionally showed that the ZIF does not depend on SoC. Measurements on a cy-
cled NCA battery showed that the ZIF remains stable during cycling. Additional
measurements were conducted on 60 Ah LiFePO4 prismatic batteries. These mea-
surements gave similar results to those of the NCA and LiFePO, batteries. The pro-
posed temperature indication method is therefore readily applicable to batteries of
different chemistries, dimensions and storage capacities. However, the presented
measurement results are all measured under equilibrium conditions in the labora-
tory. Further investigations need to reveal if the proposed temperature indication
method is also applicable in battery-powered applications outside the laboratory,
such as hybrid- and full electric vehicles.




94 References

References

[1] L. H. J. Raijmakers, D. L. Danilov, J. P. M. Van Lammeren, M. J. G. Lammers,
and P. H. L. Notten, Sensorless battery temperature measurements based on
electrochemical impedance spectroscopy, J. Power Sources 247, 539 (2014).

[2] M. Mohamedi, H. Ishikawa, and I. Uchida, In situ analysis of high tempera-
ture characteristics of prismatic polymer lithium - ion batteries, J. Appl. Elec-
trochem. 34, 1103 (2004).

[3] D. Andre, M. Meiler, K. Steiner, C. Wimmer, T. Soczka-Guth, and
D. Sauer, Characterization of high-power lithium-ion batteries by electrochem-
ical impedance spectroscopy. 1. Experimental investigation, J. Power Sources
196, 5334 (2011).

[4] J. Li, E. Murphy, J. Winnick, and P. A. Kohl, Studies on the cycle life of com-
mercial lithium ion batteries during rapid charge — discharge cycling, J. Power
Sources 102, 294 (2001).

[5] M. Levi, K. Gamolsky, D. Aurbach, U. Heider, and R. Oesten, On electro-
chemical impedance measurements of Li, Co, , NiygO, and Li, NiO, intercala-
tion electrodes, Electrochim. Acta 45, 1781 (2000).

[6] S. Rodrigues, N. Munichandraiah, and A. K. Shukla, AC impedance and state-
of-charge analysis of a sealed lithium-ion rechargeable battery, J. Solid State
Electrochem. 3, 397 (1999).

[7] T. Momma, M. Matsunaga, D. Mukoyama, and T. Osaka, Ac impedance anal-
ysis of lithium jon battery under temperature control, J. Power Sources 216,
304 (2012).

[8] P. Suresh, A. Shukla, and N. Munichandraiah, Temperature dependence stud-
ies of a.c. impedance of lithium-ion cells, J. Appl. Electrochem. 32, 267 (2002).

[9] S. S. Zhang, K. Xu, and T. R. Jow, Electrochemical impedance study on the
low temperature of Li-ion batteries, Electrochim. Acta 49, 1057 (2004).

[10] L. Liao, P. Zuo, Y. Ma, X. Chen, Y. An, Y. Gao, and G. Yin, Effects of temper-
ature on charge/discharge behaviors of LiFePO, cathode for Li-ion batteries,
Electrochim. Acta 60, 269 (2012).

[11] X.-Y. Qiu, Q.-C. Zhuang, Q.-Q. Zhang, R. Cao, P-Z. Ying, Y.-H. Qiang, and S.-G.
Sun, Electrochemical and electronic properties of LiCoO, cathode investigated
by galvanostatic cycling and EIS, Phys. Chem. Chem. Phys. 14, 2617 (2012).

[12] J. Gomez, R. Nelson, E. E. Kalu, M. H. Weatherspoon, and J. P. Zheng, Equiv-
alent circuit model parameters of a high-power Li-ion battery: Thermal and
state of charge effects, . Power Sources 196, 4826 (2011).

[13] N. Hampson, S. Karunathilaka, and R. Leek, The Impedance of Electrical
Storage-Cells, 1. Appl. Electrochem. 10, 3 (1980).


http://dx.doi.org/10.1016/j.jpowsour.2013.09.005
http://dx.doi.org/10.1007/s10800-004-2459-5
http://dx.doi.org/10.1007/s10800-004-2459-5
http://dx.doi.org/10.1016/j.jpowsour.2010.12.102
http://dx.doi.org/10.1016/j.jpowsour.2010.12.102
http://dx.doi.org/ 10.1016/S0378-7753(01)00821-7
http://dx.doi.org/ 10.1016/S0378-7753(01)00821-7
http://dx.doi.org/10.1016/S0013-4686(99)00402-8
http://dx.doi.org/10.1007/s100080050173
http://dx.doi.org/10.1007/s100080050173
http://dx.doi.org/ 10.1016/j.jpowsour.2012.05.095
http://dx.doi.org/ 10.1016/j.jpowsour.2012.05.095
http://dx.doi.org/ 10.1023/A:1015565404343
http://dx.doi.org/ 10.1016/j.electacta.2003.10.016
http://dx.doi.org/10.1016/j.electacta.2011.11.041
http://dx.doi.org/ 10.1039/c2cp23626e
http://dx.doi.org/10.1016/j.jpowsour.2010.12.107
http://dx.doi.org/10.1007/BF00937331

References 95

[14] F C. Laman, M. W. Matsen, and J. A. R. Stiles, Inductive Impedance of a
Spirally Wound Li/Mos2 Cell, J. Electrochem. Soc. 133, 2441 (1986).

[15] J. Y. Song, H. H. Lee, Y. Y. Wang, and C. C. Wan, Two- and three-electrode
impedance spectroscopy of lithium-ion batteries, J. Power Sources 111, 255
(2002).

[16] B. Savova-Stoynov and Z. B. Stoynov, Analysis of the inductance influence
on the measured electrochemical impedance, J. Appl. Electrochem. 17, 1150
(1987).

[17] W. Waag, S. Kabitz, and D. U. Sauer, Experimental investigation of the lithium-
ion battery impedance characteristic at various conditions and aging states and
its influence on the application, Appl. Energy 102, 885 (2013).

[18] Y. Zhang and C.-Y. Wang, Cycle-Life Characterization of Automotive Lithium-
Ion Batteries with LiNiO, Cathode, ]. Electrochem. Soc. 156, A527 (2009).

[19] J. Van Lammeren, M. Lammers, L. Raijmakers, D. Danilov, and P. Notten, Sen-
sorless battery cell temperature measurement, in Fachtagung Kraftw. Batter.
(Aachen, 2013).



http://dx.doi.org/Doi 10.1149/1.2108430
http://dx.doi.org/ 10.1016/S0378-7753(02)00310-5
http://dx.doi.org/ 10.1016/S0378-7753(02)00310-5
http://dx.doi.org/10.1007/BF01023598
http://dx.doi.org/10.1007/BF01023598
http://dx.doi.org/ 10.1016/j.apenergy.2012.09.030
http://dx.doi.org/10.1149/1.3126385




Non-zero-intercept frequency
as temperature indication
method

A new impedance-based approach is introduced in which the integral bat-
tery temperature is related to other frequencies than the zero-intercept fre-
quency (ZIF). The advantage of the proposed non-zero-intercept frequency
(NZIF) method is that measurement interference, resulting from the current
flowing through the battery (pack), can be avoided at these frequencies. This
gives a higher signal-to-noise ratio (SNR) and, consequently, more accurate
temperature measurements. A theoretical analysis, using an equivalent cir-
cuit model of a Li-ion battery, shows that NZIFs are temperature dependent
in a way similar to the ZIF and can therefore also be used as a battery
temperature indicator. To validate the proposed method impedance mea-
surements have been performed with individual LiFePO, batteries and with
large LiFePO, battery packs tested in a full electric vehicle under driving con-
ditions. The measurement results show that the NZIF is clearly dependent
on the integral battery temperature and reveals a similar behavior to that of
the ZIF method. However, in contrast to the ZIF method, the NZIF method
makes it possible to optimally adjust the measurement frequencies such that
the highest SNR can be obtained and therefore accurate temperature mea-
surements.

Parts of this chapter have been published in IEEE Transactions on Industrial Electronics, 63, (2016)
3168-3178 [1].
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5.1. Introduction

n Chapter 4, a new method is introduced in which a zero-intercept frequency

(ZIF) is used to determine the integral battery temperature [2]. This method is
designed to determine the temperature under electronically non-disturbing condi-
tions. In applications such as (H)EV, the electric motor and other components draw,
however, large currents from the battery (pack) over a wide range of frequencies,
which may overlap with the frequencies (ZIF) of interest. In order to avoid dominat-
ing interfering currents in an electronically disturbing environment, the ZIF method
has been further developed by presenting a temperature measurement method
which is based on a non-ZIF (NZIF). The NZIF is defined as the frequency at which
the imaginary part of the battery impedance is equal to a non-zero constant, leading
to higher or lower frequencies than the ZIF, j.e. in either the inductive or capacitive
part of the impedance spectrum.

Moving from ZIF toward NZIF determination makes it possible to perform EIS
measurements in a frequency range where the external interference is relatively
low. This offers great potentials to increase the signal-to-noise ratio (SNR) and,
consequently, to determine the temperature much more accurately. In this Chapter,
the EIS measurement interference and the NZIF method are addressed in detail
and supported by experimental data. To show the strength of the NZIF method,
experiments are performed on both individual batteries under laboratory conditions
and large battery packs, powering an EV under real driving conditions.

5.2. Theoretical considerations

quivalent circuit models comprising inductive, resistive, and capacitive elements
E can be used to simulate the battery impedance [3-5]. A simple, but very conve-
nient equivalent-circuit model for a theoretical analysis is shown in Fig. 4.1c (Sec-
tion 4.2). Given this circuit, the total battery impedance (Eq. 4.2) and the ZIF
(Eqg. 4.5) can be derived, as shown in Section 4.2.

For the analytical analysis of the NZIF, Eq. 4.3 (Section 4.2) needs to be rear-
ranged to an algebraic equation of degree 4 in terms of w. This results in

Calw? (CEinREin@? + 1) = (Cin + Ca) CinREpw?® — 1
—Cqw (C21yR2@? +1) Ziyy =0 .

kin

(5.1)
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From Eq. 5.1, it is convenient to define two functions (4 (w) and ¢ (w)) as

A(w) = LCuw? (C21R2y0? + 1) — (Cyin + Cg) CinRE;w? — 1 (5.2)

and

g(@) = Cao (CiinRiimw® + 1) , (5.3)
accordingly. Given Egs. 5.2 and 5.3, an implicit function (#£) can be defined from
Eq. 5.1 as

H (0, Zim) = A(®) = Zimg(w) - (5.4

A first-order Maclaurin series approximation can be used to solve the (N)ZIF (w) as
a function of Z,,,,, according to

dw

Zim » (5.5)

Zim=0

where w, is the ZIF defined in Eq. 4.5. The derivative term at the right-hand side of
Eqg. 5.5 can be determined by differentiating the implicit function in Eq. 5.4, which
finally yields [6]

dw
dZim

_ g(wo)
A (wo)

(5.6)

Zim=0

where

n (CUO) = 2‘UOLCd (CI%ianiinw(Z) + 1) + Zw(?;LCdCI%ianzcin (5 7)
—2wo (Ckin + Cq) CkinRiin »

which is the derivative of Eq. 5.2 with respect to w calculated at w,.

When the Arrhenius relationship from Eq. 4.6 is used and substituted for all
Ryin in the above equations, Eg. 5.5 can be plotted as a function of temperature for
various values of Z,,,,. A typical example of such a plot is shown in Fig. 5.1. Since
this is only an example to show the NZIF behavior, the y-axis scale is not shown
because f;,,; values are dependent on the battery type, where f,,; = w/(2n) is
the intercept frequency for any value of Z,,,. It can be seen that the ZIF (f;)
decreases with increasing temperature, which is in line with previous investigations
(Chapter 4) [2]. Furthermore the f,, curve, which is the NZIF calculated at Z;,,, =
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Fig. 5.1: Example of the (N)ZIF behavior as a function of temperature for Z;,, values 0, +0.2 mQ and
-0.2mQ. C4 = 1 MF, Cip = 0.01 F, L =7 nH, A, = 400,000 Q1, E, = 10 kI mol', Ry = 8.314 ]
mol! K1, 253 < T <323 K.

+0.2 mQ, shows similar behavior, indicating that the NZIF can also be used as a
battery temperature indicator. However, the frequencies for this line are distinctly
higher than the frequencies for the ZIF. The f_, , curve, which is the NZIF calculated
at Z;,, = —0.2 mQ, also shows similar behavior, corresponding to lower frequencies.
This theoretical analysis clearly shows that the frequency band, which is used for
sensorless temperature indication, can be varied over a wide frequency range, when
replacing the ZIF by the NZIF.

5.3. Experimental details

n order to investigate the (N)ZIF as a function of temperature, laboratory ex-
I periments have been conducted with prismatic 90 Ah LiFePO, (Thundersky TS-
LFP90AHA) batteries. The impedance spectra were collected in the galvanostatic
mode using printed-circuit boards (PCB) developed by NXP Semiconductors. A sim-
plified circuit diagram of the PCB connected in parallel to a battery is shown in
Fig. 5.2a. An alternating current is generated through the battery by opening and
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closing a switch (Fig. 5.2a) with a pulse-density-modulated (PDM) signal of a sine
wave (Fig. 5.2b). The AC voltage response of the battery can then be measured
through a low-pass filter in order to calculate the complex impedance.

LPF — ADC

Resistor

Battery

switch A POM [e—ro  Sine
r generator

@

Applied Sine wave

—— PDM signal

0.8

0.6

Amplitude

0.4

0.2

(b) -0.2

Time

Fig. 5.2: Simplified measurement scheme of a printed-circuit-board assembled in parallel to a battery
(a) and a schematic representation of a pulse-density-modulated (PDM) signal (blue line) of a sine
wave (red line) (b).

The impedances were measured at twenty five logarithmically distributed fre-
quencies in the range of 10 to 5000 Hz with a sine-wave current of 100 mA RMS. The
ZIF and NZIF are determined by interpolating the imaginary part of the impedance
to Z;, = 0 and Z;,,, > 0, respectively.

All battery impedance measurements were conducted at a constant temperature
of -20, -10, +10, +30 and +50°C using climate chambers (Maccor MTC-010). The
State-of-Charge (SoC) has been controlled in all experiments at 20, 40, 60, 80
and 100%. Before the impedance measurements were started the batteries were
allowed to equilibrate for 4 hours at the various temperatures. Automatic cycling
equipment (Maccor 4200) was used to (dis)charge the batteries.

In order to investigate the (N)ZIF in a full EV under driving conditions [7-9],
the EIS spectra for three selected 90 Ah prismatic LiFePO, batteries were recorded
during test drives on a public road. The installed batteries were identical to the
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individual batteries investigated under the temperature-controlled laboratory con-
ditions described above. During the test drives impedances were measured at
predetermined frequencies with a 1 s time interval. In addition to the impedance
measurements the current flowing through the battery pack was measured simul-
taneously.

In order to more accurately analyze and quantify the interfering currents result-
ing from the electric components in the EV, the battery pack current was recorded
at a much higher sampling rate (100 kHz) on a vehicle test bench (dynamometer).
A current sensor with a current range of = 500 A was used to record the pack
current.

5.4. Results and discussion

5.4.1. ZIF for LiFePO, batteries

In Chapter 4, it is shown that the ZIF for small-size Li-ion batteries can be related
to the integral battery temperature. Fig. 5.3 shows the ZIF (f;) as a function of
temperature for a large-capacity (90 Ah) LiFePO, battery measured under labora-
tory conditions. It can be concluded that f, decreases with increasing temperature
and that this relationship is essentially independent of SoC, indicating that this spe-
cific battery characteristic is generic. Moreover, the measurements presented in
Chapter 4 have shown that it also holds for both small and large-capacity Li-ion
batteries and that it is aging independent. The only difference is that the present
high-capacity LiFePO, batteries show significantly lower ZIF-values. This is shown
in Fig. 5.4, where ZIF (f;) measurements are plotted as a function of battery ca-
pacity. This figure illustrates that the ZIF is lower for high-capacity batteries than
for low-capacity batteries.

5.4.2. EV measurement setup
An electric research vehicle has been used to measure the battery impedance and
pack current under driving conditions [7-9]. The battery pack of this EV is com-
posed of 91 prismatic LiFePO, batteries in series. A photograph of one of the three
battery modules is shown in Fig. 5.5, which in this case consists of a series as-
sembly of 28 batteries. Each battery is monitored by a conventional cell board
(Elithion). These conventional cell boards (see Fig. 5.5a) are all connected to the
Battery Management System (BMS) of the EV.

The designed PCBs to measure the impedance are rigidly connected to the ter-
minals of three selected batteries, as indicated in the inset of Fig. 5.5. In order
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Fig. 5.3: ZIF (f,) as a function of temperature for a prismatic 90 Ah LiFePO,4 battery at various SoC
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Fig. 5.4: ZIF (f,) as a function of the battery storage capacity.

to accurately measure the impedance it is very important that the PCB is properly
connected to the batteries and that a four-point measurement set-up is applied.
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Fig. 5.5: One of the battery pack modules in the EV: example of a conventional monitoring cell board
(a), proof-of-concept PCB measuring the impedance (b)-(d), and PCB measuring the total pack current
across a shunt resistor (e). The inset shows a proof-of-concept PCB assembled on the terminals of a
90 Ah LiFePO,4 battery to measure the impedance characteristics.

The current flowing through the battery pack is measured by a similar PCB as used
for the impedance measurements. This PCB measures the voltage across a shunt
resistance of 100 uQ (Fig. 5.5e). The shunt is connected in series with the battery
pack.

5.4.3. ZIF measurements in EV

To demonstrate the concept of measuring the ZIF in a battery-powered application,
the impedance is sequentially measured at 300 and 400 Hz with a time interval of
1 s during a test drive on a public road. Since the batteries in the EV were at a
temperature of about 20°C during the test drive, it is expected according to Fig. 5.3,
that the ZIF is between 300 and 400 Hz. Therefore, these two measurement fre-
quencies were selected in this case. Fig. 5.6 shows the results obtained for a single
battery in the battery pack for about 20 min. The pack current is shown in Fig. 5.6a,
where a negative current refers to a discharge current upon driving and a positive
current to regenerative braking, i.e. corresponding to the battery charging process.
Fig. 5.6b shows the correspondingly measured imaginary parts of the impedance.
The 300 Hz results (red symbols) generally generate negative imaginary values
while the 400 Hz results (blue symbols) generally reveal positive imaginary values
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(note the minus sign in the y-axis label). However, obviously the results at both
frequencies are highly scattered when the pack current is high. On the other hand,
the impedance results show much less dispersion when the pack current is rela-
tively low. The large spread in these impedance results cannot be attributed to
temperature variations as the battery (pack) temperature hardly changes on this
time scale, as confirmed by other measurements. These results therefore suggest
that the pack current powering the EV significantly interferes with the impedance
measurements.
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Fig. 5.6: Battery pack current (a), imaginary impedance at 300 Hz (red symbols) and 400 Hz (blue
symbols) (b) and interpolated ZIF f,-values (c) as a function of measurement time during an EV test
drive. The two blue arrows indicate the presence of large outliers outside the graph with values
(4.80 s, -8884 Hz) and (12.73 s, -23000 Hz).

The dispersion in impedance becomes even more apparent in Fig. 5.7, where the
measured values are plotted in the complex plane. Occasionally, large outliers and
even unrealistic negative values of the real part of the impedance can be found. The
largest outliers are found at 300 Hz and are even outside the scale of the figure, as
indicated by the arrow. The extremely deviating values are indicated in the caption
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of Fig. 5.7.
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Fig. 5.7: Sequentially measured impedances at 300 Hz (red symbols) and 400 Hz (blue symbols)
during a test drive. The red arrow indicates the presence of a 300 Hz outlier outside the graph at
Zre = 7.80 mQ and Z;;,, = 0.35 mQ.

The ZIF can be determined by interpolating the imaginary impedances at 300
and 400 Hz to Z;,,, = 0. The interpolated f,-values are shown in Fig. 5.6¢ and also
reveal quite some scatter and large outliers, even at unrealistic negative frequen-
cies. Obviously, using these raw data will lead to inaccurate temperature measure-
ments, unless sophisticated filtering techniques are applied. These results suggest
that interference, generated by the electronics of the EV, introduces large errors
in the measured impedance and, consequently, also in the ZIF. To investigate the
interference source in more detail, the battery pack current in the EV has been
investigated at a significantly higher sampling rate.

5.4.4. Battery pack current spectrogram

In order to identify and quantify the battery pack current interference in the EV, test-
bench measurements have been performed under laboratory conditions. The tests,
mimicking a driving situation, included three cycles of acceleration (to 50 km/h) and
deceleration (regenerative braking). Fig. 5.8a shows a typical example of the re-
sulting battery pack current profile measured for 2 min with a sampling frequency
of 100 kHz. This sampling frequency is much higher than that reported for the
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test drive shown in Figs. 5.6 and 5.7. Negative and positive currents in Fig. 5.8a
again refer to discharging (driving) and charging (braking), respectively. Discharge
currents up to 200 A have been measured, which corresponds to a C-rate of ap-

proximately 2.2. The current levels shown in Fig. 5.8a are very similar to those
shown in Fig. 5.6.
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Fig. 5.8: Pack current as a function of measurement time for three accelerating to 50 km/h and
regenerative braking cycles of the EV on a test bench (a), pack current spectrogram (b). The paired
horizontal lines in (b) indicate the measurement frequencies during the road tests at 300 Hz, 400 Hz,

1600 Hz and 2000 Hz. The colors indicate the amplitude of the current.

A spectrogram was calculated based on these current measurements by taking
a Fast Fourier Transform (FFT) with a moving window of 1 s (10° samples) and an
overlap of 75% (0.75 s). Since the measured data are not periodic, a Hanning win-
dow has been used. The spectrogram of Fig. 5.8b shows the current (indicated by
colors) flowing through the battery pack as a function of time and frequency. Note
that the time axis of Fig. 5.8a and Fig. 5.8b are the same. Obviously, when current
starts to flow the current amplitude increases rapidly across a frequency range from
5 Hz up to 1 kHz. Beyond 1 kHz no significant increase is visible. The red semicircles
found in Fig. 5.8b represent the electric motor speed, the lowest semicircle is the
base frequency and the upper ones are the corresponding harmonics. The spec-
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Fig. 5.9: Pack current as a function of measurement time for accelerating to 100 km/h with
subsequent regenerative braking of the EV on a test bench (a), pack current spectrogram (b). The
paired horizontal lines in (b) indicate the measurement frequencies during the road tests at 300 Hz,

400 Hz, 1600 Hz and 2000 Hz. The colors indicate the amplitude of the current.

trogram shows very similar behavior for acceleration and deceleration, resulting in
the characteristic symmetric semi-circles.

Additional measurements without regenerative braking have also been per-
formed. These measurements revealed that the current levels in the low frequen-
cies (f < 10 Hz) are lower compared to those found with regenerative braking.
At 110 s the power to the electric system of the car has been disconnected which
causes a relatively high current for a short period of time up to a frequency of
400 Hz. This event is also visible in the small peak current in Fig. 5.8a. After this
moment the current is zero.

In addition to the measurement shown in Fig. 5.8, a similar test-bench run
has been performed by accelerating the EV to a speed of 100 km/h with subse-
quent regenerative braking to standstill. The corresponding pack current is shown
in Fig. 5.9a. In this test-bench run the speed is twice as large and the pack cur-
rent reaches somewhat higher values than in the previous run. In Fig. 5.9b, the
calculated spectrogram of the pack current is shown. In this spectrogram one char-
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acteristic semicircle is visible during accelerating and decelerating the EV. Despite
the high motor speed and current, the amplitude of the pack current does not in-
crease significantly beyond a frequency of 1 kHz. Around 80 s the power to the
electric system of the EV was disconnected for 4.5 s and subsequently reconnected
again. At 88 s the power has been disconnected permanently. These events are
causing three peaks in current amplitude up to 400 Hz, which are clearly visible in
Fig. 5.9b.

From the results shown in the spectrograms of Figs. 5.8 and 5.9, it can be con-
cluded that the current extracted from or supplied to the battery pack in an EV is
highly dynamic over a wide frequency range, which is caused by both the accelerat-
ing and regenerative braking processes. In order to visualize this in more detail, a
current spectrum has been taken from Fig. 5.8 in the time interval between 14 and
15 s. The resulting Fig. 5.10 shows that the current decreases about two orders
of magnitude between 100 Hz and 1 KHz. The average current hardly changes
anymore at frequencies beyond 1 kHz.
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Fig. 5.10: Pack current as a function of frequency taken from the spectrogram shown in Fig. 5.8
between 14 and 15 s. The paired vertical lines indicate the measurement frequencies during the road
tests: (300 Hz, 400 Hz, 1600 Hz and 2000 Hz).

The EIS measurements presented in Fig. 5.6 and Fig. 5.7 were taken at 300 and
400 Hz. These frequencies are indicated by two paired horizontal (black) and ver-
tical lines in the spectrogram in Fig. 5.8b and Fig. 5.10, respectively. From these
figures it can be concluded that relatively high currents, of the order of 10 mA,
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are present at these two frequencies, as dictated by the driving process of the
EV. If, for example, a 100 mA EIS-excitation signal is applied for the impedance
measurements, this 10 mA current will give rise to considerable interference, re-
sulting in the poor SNR found in Fig. 5.6. It is therefore to be expected that much
more accurate impedance results can be obtained in a frequency range where the
current interference is relatively small. Considering Figs. 5.8b and 5.9b, selecting
1600 and 2000 Hz (see horizontal lines) as measurement frequencies is therefore
expected to be much more favorable. The current spectrum of Fig. 5.10 indeed
reveals that the interfering current is only about 1 mA under these frequency mea-
surement conditions, which is one order of magnitude lower in comparison to the
lower frequency measurements. Fig. 5.9b shows that selecting a set of frequen-
cies lower than 1600 Hz would not result in @ complete interference-free region.
Therefore, 1600 Hz is the minimum frequency to select in this particular applica-
tion. At the high frequencies the impedance shows a straight line in the inductive
area in the Nyquist plot, which is advantageous for linear interpolation to the NZIF.
Therefore, the newly selected frequency window can be larger, i.e. 1600-2000 Hz,
in comparison to the previous one, which was only 300-400 Hz.

Obviously, measuring the impedance characteristics at higher frequencies will
not lead anymore to the ZIF where the imaginary part of the impedance is per
definition zero. Therefore, the NZIF method is introduced in this contribution.

5.4.5. NZIF measurements
Fig. 5.11 shows the temperature dependence of the (N)ZIF of a 90 Ah LiFePO,
battery measured in various frequency ranges. The temperature of individual bat-
teries has been accurately controlled. For comparison the f, (dark blue) curve,
representing the ZIF interpolated at Z;,, = 0, is also included in Fig. 5.11. The
NZIF, interpolated at other values (i) of the imaginary part of the impedance, is
denoted by f;. For example, Z;, = 0.2 mQ refers to f;, (light blue curve) and
Zim = 0.8 mQ to f;g (magenta curve in Fig. 5.11). Every line shows the average
of five different SoC-values. It can be seen that higher interpolation values lead to
higher intercept frequencies, as already expected from the theoretical analysis in
Section 5.2. The temperature dependencies of all NZIFs are very similar to that of
the ZIF method. From this experimental verification, it can be concluded that in
case of significant interfering signals, the NZIF method is an excellent alternative
to determine battery temperatures at less noisy frequencies.

In line with the investigations presented in Chapter 4, additional EIS measure-
ments have also been conducted with Cobalt-based Li-ion batteries. The (N)ZIF
results gave similar dependencies as found with the LiFePO,4 system. Other EIS
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measurements confirmed that this also holds for batteries with smaller storage ca-
pacities and for aged batteries.
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Fig. 5.11: ZIF (f,) and NZIF (f;) for a prismatic 90 Ah LiFePO, battery as a function of temperature.

5.4.6. NZIF measurements in EV

In order to investigate the accuracy of the proposed NZIF-method under real driving
conditions, another test drive has been performed on a public road at the prese-
lected optimal frequencies of 1600 and 2000 Hz. The measurements at these two
frequencies have been performed in alternating intervals of 1 s. The results are
shown in Figs. 5.12 and 5.13. Fig. 5.12a shows that the dynamics in current are
of the same order of magnitude as shown in Fig. 5.6a, which indicates that both
measurements are comparable. Fig. 5.12b shows that the pack current hardly has
an influence on the imaginary values of the impedance. The results are now much
more stable and all values measured at 1600 Hz are lower than 0.65 mQ and at
2000 Hz, the values are all higher than 0.65 mQ (note the minus sign in the y-
axis label). Furthermore no outliers can be detected. This is also demonstrated
in Fig. 5.13, where the impedance is plotted in the complex plane. The results
indeed show far less spread in real and imaginary part in comparison to the re-
sults presented in Fig. 5.7. No negative real impedances and large outliers can be
detected, essentially indicating that the interfering currents do not influence these
NZIF measurements.
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Fig. 5.12: Battery pack current (a), imaginary impedance at 1600 Hz (red symbols) and 2000 Hz (blue
symbols) (b), and interpolated NZIF f, ¢s-values (c) as a function of measurement time during an EV
test drive.

The NZIF has been determined by interpolating the imaginary values of the
impedance between both frequencies to Z;,,, = 0.65 mQ. Fig. 5.12c shows these
interpolated NZIF (f; ¢5) results. These results clearly indicate that the NZIF-method
generates far more stable and, hence, accurate results and does not show any
outliers. From these results, it can be concluded that it is indeed useful to perform
EIS measurements at frequencies where the battery pack current amplitudes and,
consequently, the interference is relatively low. As a result, the SNR will become
higher and the temperature estimation more accurate. Obviously, the accuracy of
the final temperature indication is also dependent on the signal processing of the
raw data, the measurement device accuracy, and the magnitude of the battery
impedance. Without any additional signal processing, a 30-times improvement has
been achieved in terms of standard deviation by adopting the NZIF method instead
of the ZIF method in this particular application.
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Fig. 5.13: Sequentially measured impedances at 1600 Hz (red symbols) and 2000 Hz (blue symbols)
during a test drive.

5.4.7. NZIF measurements in EV under dynamic temperature
conditions

In Sections 5.4.3 and 5.4.6, measurement results of the ZIF and NZIF are shown
and discussed from test drives with an EV on a public road. Due to the relatively
short test periods in which the battery temperature is more or less constant, these
results are very well suited to investigate the differences between the ZIF and NZIF.
In order to see changes in battery temperature, another test drive was performed
of which the duration was 5.5 times longer in comparison to the test drives shown in
Figs. 5.6 and 5.12. For a fair comparison, the y-axes in Fig. 5.14 are the same as in
Fig. 5.12. In the test drive shown in Fig. 5.14, the same set of optimal frequencies
(1600 Hz and 2000 Hz) were used since it was concluded favorably that these are
promising for an accurate temperature indication, in contrast to the 300 Hz and
400 Hz frequencies.

In Fig. 5.14a, the drive current is plotted as a function of measurement time.
Negative and positive currents represent driving and braking, respectively. At time
t = 0 driving was started from the garage in which the EV was parked. After ap-
proximately 60 min, the EV was parked back in the garage for 6 min. Subsequently,
the EV went back on the road again for 20 min of driving. At ¢ ~ 90 min, the EV
was connected to a power plug in the garage in order to charge the battery pack
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Fig. 5.14: Battery pack current (a), imaginary impedance at 1600 Hz (red symbols) and 2000 Hz (blue
symbols) (b), interpolated NZIF f, cs-values (c), and temperature (d) as a function of measurement
time during an EV test drive.

with a current of 10 A (0.1 C-rate). Fig. 5.14b shows the imaginary impedances
measured at 1600 Hz and 2000 Hz. The NZIF, shown in Fig. 5.14c, is interpolated
at Z,,, = 0.65 mQ. As expected, the imaginary impedances and NZIF measurement
results are stable and not showing large outliers, in spite of the highly dynamic pack
current (Fig. 5.14a) generated by the electric components of the EV.

Fig. 5.14d shows the temperature developments as a function of driving time:
(i) the impedance-based temperature (Tg;s), which is calculated from f;, ¢, (i) the
temperature on the negative terminal of the battery (Ty.4), and (iii) the temper-
ature at the bottom surface of the aluminum container in which the battery pack
is assembled (T¢ontainer)- The two latter temperatures were measured by TSP-TH
NTC thermistors from Thorlabs. The temperature of all components at t = 0 is
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about 22°C. This is the ambient temperature in the garage where the vehicle was
parked. After starting driving, Tg;s and Ty, increase due to the heat generated
inside the batteries. However, the container temperature decreases since the out-
door temperature was 6°C lower than in the garage. After about 60 min of driving,
the container temperature quickly increases because the EV was parked back in the
garage for 6 min. After this resting period, the drive was continued. At approxi-
mately 90 min, the EV was parked back in the garage. This increased the container
temperature rapidly to a level similar to Tg;s and Ty.4. After parking the EV, no
considerable changes in temperature evolution can be seen anymore. That means
that the 10 A charge current does not further increase the battery temperature.

It can be concluded that Tg;s follows the development of Ty,  closely in this
experiment. Due to the low average current (0.3 C) and the large thermal mass
of the battery pack, the temperature increases slowly and therefore temperature
gradients in the battery core are expected to be relatively small. Generally, the
integral battery temperature Tg;s is somewhat lower than Ty, 4, which is measured
locally at the negative battery terminal. The reason for a lower Ty is that the
relatively cold container cools down the bottom of the battery pack. This cannot be
detected by a temperature sensor at the top of the pack where the negative terminal
is located. That also explains the local peak in Ty,, at 85 min, corresponding to
driving with a large current. More heat is developed at the terminals since the
current density there is relatively high. Obviously, the final temperature indication
is dependent on the post processing of the measurement data. A standard deviation
of + 1°C in the final indicated temperature has been achieved by using a simple
moving average filter with a window length of 36 samples.

5.5. Conclusions

t has been found that the zero-intercept frequency (ZIF) can be considerably
I influenced by interfering currents flowing through the battery pack under oper-
ating conditions of, for example, an electric vehicle (EV). This can make tempera-
ture determination based on the proposed ZIF-method inaccurate. The interfering
currents may disturb the impedance measurements in such a way that it is compli-
cated to apply the interpolated ZIF-method for temperature determination without
sophisticated filtering of the measurement data.

Based on the experiments performed with an EV, it has been concluded that
the battery pack current, at frequencies beyond 1 kHz, are about two orders of
magnitude smaller than at lower frequencies. This observation opened the way to
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propose the modified non-zero-intercept frequency (NZIF) method to measure the
impedance with significantly higher signal-to-noise ratios. The NZIF-method shows
a much more accurate temperature dependence in this application in comparison
to the ZIF-method and is therefore a more reliable temperature indication method.
Moreover, dependent on the electronic application and conditions, the NZIF-method
can be adapted to an optimal frequency range where the battery pack current is
low and hence improving the SNR.

Mathematical modeling and experiments with 90 Ah LiFePO, batteries revealed
that the NZIF show similar behavior in comparison to the ZIF as a function of
temperature. The proposed NZIF method is therefore very suitable to measure the
battery temperature under operating conditions in various electronic applications.
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Crosstalk interference

In order to provide the required power and energy for e.g. automotive appli-
cations, a multitude of batteries is assembled into battery packs. For safety
and control purposes it is of interest to equip every single battery with an Elec-
trochemical Impedance Spectroscopy (EIS) measurement system. However,
performing EIS measurements simultaneously on each battery in a pack at
the same frequency introduces crosstalk interference in the surrounding bat-
teries. This causes EIS measurements in battery packs to be inaccurate. Ex-
perimental investigations on battery packs showed that crosstalk is a linear
phenomenon which is dependent on the measurement frequency, the relative
position of the batteries and the inter-battery spacings. However, crosstalk is
independent of battery temperature and state of charge (SoC). Furthermore,
it has been shown that the (non-)zero-intercept frequency (N)ZIF is clearly de-
pendent on crosstalk interference. Based on the experimental results and a
proposed two-coil model with inductive coupling, a transfer-function descrip-
tion has been developed in order to accurately simulate crosstalk behavior.
This model can be used as a supporting tool in the development of EIS-based
measurement systems in battery packs.

Parts of this chapter have been published in IFAC-PapersOnline, 49, (2016) 042-047 [1].
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6.1. Introduction

n Chapter 5, it has been explained that currents flowing through a battery pack
I can considerably influence ZIF measurements. Subsequently, it has been shown
that NZIF measurements can be applied as an elegant alternative. However, in
battery-powered applications in which multiple batteries inside a pack are simulta-
neously monitored through the impedance, another disturbing phenomenon occurs,
which is called crosstalk. This Chapter demonstrates that crosstalk causes con-
siderable interference when performing EIS measurements on batteries within a
pack. When not properly dealt with, crosstalk yields inaccurate EIS measurements,
leading to inaccurate predictions of SoC, SoH and temperature (e.g. through the
(N)ZIF). After the demonstration of crosstalk between batteries in a pack, a pa-
rameter variation study was performed to determine the dominant parameters in-
fluencing crosstalk. For instance, the magnitude of the EIS current excitation, the
location of the batteries, and the distance between the batteries was varied. The
crosstalk dependence on temperature and SoC was also investigated. In addition,
(N)ZIF values were obtained with and without crosstalk interference.

The parameter study allowed to develop a crosstalk model on complete battery
packs in the form of a transfer-function matrix. The model and measurements gave
in-depth insight into crosstalk interference in battery packs, which can be used to
prevent or compensate crosstalk, enabling accurate EIS measurements in battery
packs.

6.2. Theoretical considerations

n this Section, the importance of analyzing crosstalk interference in battery packs
I is discussed. For automotive applications, multiple batteries are typically assem-
bled into a battery pack in order to obtain the required voltages and currents to drive
the vehicle. For analyzing crosstalk interference in a battery pack, an impedance
transfer-function matrix Z(s) is considered, satisfying

(6.1)

Vi(s) Z11(8) o Z1n(S)| |11(5)
V() |

Zp1(8) o Znn(S)] |In(s)

~
=Z(s)

where V;(s) and I;(s) are the output voltages and input currents, respectively, of
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battery i and Z;; are the transfer functions from battery [ to battery i. Furthermore,
the Laplace transform variable is given by s = ¢ + jw, where ¢ is the real part, w
the imaginary part, and j the imaginary operator satisfying j2 = —1. For ¢ = 0 and
excitation frequency w = 2xf, the impedances in matrix Z(s) can be interpreted as
frequency response functions from (sinusoidal) current input to (sinusoidal) voltage
output, which can be experimentally obtained by performing EIS measurements
[2, 3]. The diagonal terms in Z(s) represent the battery impedances and the off-
diagonal terms the crosstalk impedances from battery to battery.

For a pack that contains two adjacent batteries, a block diagram with corre-
sponding transfer-function matrix elements is shown in Fig. 6.1. To determine
Z11(s) and Z,,(s), sinusoidal perturbation currents I,(s) and I,(s) are applied,
respectively, and sinusoidal voltages V; (s) and 1, (s) are measured. However, since
1,(s) is coupled to V4, (s) through Z,,(s), and I,(s) to V;(s) through Z,,(s), the
measured voltages V; (s) and 1, (s) are influenced. This leads to undesired crosstalk
interference and consequently incorrect EIS measurements. From Fig. 6.1, it can
therefore be derived that when two adjacent batteries are perturbed with a current
of the same frequency f = w/(2m) simultaneously, an offset appears in the mea-
sured impedance, when compared to the impedance of each separate battery. This
offset is caused by the fact that the ‘obtained impedance’ from I,(jw) to V,(jw),
e, ,(jw) = Z5,(jw)l,(jw), is given by

2320) = 2 () + Zus () o (62)
which is not equal to the actual battery impedance Z,,(jw).
A5) > Z,,(s) 1)
> Z,1(5)
> Z15(s)
1,(s) NP Vz(5>)

Fig. 6.1: Multiple-input multiple-output block diagram of a battery pack with two adjacent batteries.




122 6. Crosstalk interference

The effect of this offset is clearly shown in Fig. 6.2, in which an example of a
battery impedance (f = 2.84 kHz) is shown without (blue circle) and with crosstalk
(red cross) interference. Note that Fig. 6.2 was produced while the batteries were
not electrically connected to each other, although the crosstalk would be the same
if they were. It should also be noted that there is no minus sign in the y-axis label
in this figure, unlike complex planes in the previous Chapters. To compensate for
the offset induced in simultaneous EIS measurements at the same frequency in a
battery pack, an in-depth experimental analysis and modeling approach is required,
which are the topics of the next Sections.

OF T T T ]
O Zyu(li=0,I,#0
X Z5(I, 1 #0)
0.5} 1
1t il
<) O Without crosstalk
E 15} 1
= With crosstalk
2t il
25} 1
3 L ) ) ) ) ) ) ) m
-0.5 0 0.5 1 1.5 2 2.5 3 3.5

Zre [mQ]

Fig. 6.2: Example of the offset in impedance induced by crosstalk interference at 2.84 kHz. The blue
circle represents a measurement without crosstalk interference and the red cross the result with
crosstalk interference.

6.3. Experimental details

o experimentally demonstrate that the off-diagonal terms of Z(s) can be nonzero
T and that crosstalk can interfere with other measurements, a test setup has been
assembled, which is shown in Fig. 6.3. The setup contains two 25 Ah rectangular
prismatic Nickel-Manganese-Cobalt (NMC) Li-ion batteries that have each been con-
nected to a PCB developed by NXP Semiconductors (see also Sections 5.3 and 5.4).
These PCBs are capable of perturbing the batteries with a sinusoidal current with
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a specified frequency and subsequently measure the induced voltage, from which
the impedance of the batteries is obtained. This implies that the PCB of battery 1
will apply current I, (s) and measure voltage V; (s), whereas the PCB of battery 2
will apply current I, (s) and measure voltage V; (s).

@D\
Nzl A

Battery 2

Fig. 6.3: Setup used for crosstalk measurements; two adjacent 25 Ah prismatic Li-ion batteries with
connected PCBs.

For investigating the superposition principle, and for battery position and spac-
ing, EIS measurements were performed at room temperature for twelve logarithmi-
cally distributed frequencies in the range of 10 to 5000 Hz. For this frequency range,
most of the measurements are located in the inductive part of the impedance spec-
trum, i.e. the part were the imaginary values and phase are positive. The batteries
have been perturbed with a sine wave current of 165 mA RMS.

In order to validate the temperature and SoC dependence of crosstalk impe-
dances, EIS measurements were performed at temperatures of -20, -10, 10, 30,
and 50°C, and at SoC values ranging from 20% to 100% in steps of 20%. For
these measurements, a frequency range of 10 to 5000 Hz with 25 logarithmically
distributed frequencies was applied. A Votsch VT4002 temperature chamber was
used for temperature control of the battery pack. Furthermore, a Kepco BOP 20-
20M bipolar operational power supply and amplifier was used to (dis)charge the
batteries. In addition, this power supply was used for AC current excitation to
investigate if the system is homogeneous (Section 6.4.1).

Typically, EIS measurements lead to results in complex numbers. Therefore,
these measurements are shown in either Bode plots or in the complex plane. In
this chapter, the Bode plot shows both the magnitude of the voltage, and the phase
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between voltage and current as a function of frequency. In the complex plane, the
imaginary part of the voltage (V) is plotted against the real part (V;,.) for every
measured frequency.

6.4. Results and discussion

n order to investigate crosstalk as a function of various parameters, EIS exper-
I iments have been conducted with the experimental setup shown in Section 6.3.
In particular, it will be investigated if crosstalk is a linear phenomenon and how it
behaves as a function of different parameters, such as battery position and inter-
battery spacing. Based on these experimental results and on physical knowledge,
a crosstalk model will be designed in Section 6.5.

6.4.1. Superposition

To investigate whether crosstalk interference is a linear phenomenon, it is experi-
mentally investigated whether the superposition principle holds. For superposition,
both homogeneity, i.e., F(ax) = aF(x), as well as additivity, i.e., F(x; + x;) =
F(x,) + F(x;) are required. These two properties will therefore be verified experi-
mentally below.

Homogeneity

In Fig. 6.4, the measured voltage amplitude across battery 2 (blue symbols) is
shown as a function of the input current in battery 1. Note that an AC current ex-
citation of 2 kHz was applied and an AC voltage response was therefore measured.
However, to check the homogeneity property the amplitudes of the AC signals are
shown. From Fig. 6.4, it can be observed that a linear approximation, shown by the
red line, fits the measurements accurately. The approximation accuracy in terms
of Root-Mean-Square-Error (RMSE) is 3 pV. Since the RMSE is extremely low, it can
favorably be concluded that the system is homogeneous.

Additivity

In Fig. 6.5, EIS measurement voltages across battery 2 for multiple different (mea-
surement) conditions are shown in the complex plane. The dark blue circles indicate
the case where an AC current was applied at 1, (s), while I, (s) = 0, and the result-
ing voltage 1, (s) was measured. Given the fact that I, (s) = 0, these measurements
have not been influenced by crosstalk interference from the EIS measurement in
battery 1. The cyan pluses in Fig. 6.5 indicate the case where an AC current at
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0.9 : T T T T - -
O Measurements
Linear approximation 1

0.8

0.5F 1

0.4r 1

|Voltage| [mV]

0.3f 1

0.1} 1

|Current| [A]

Fig. 6.4: Measured voltage amplitude at v, (s) as a function of current amplitude excitation in I, (s)
(symbols) at 2 kHz. A linear approximation of the measurements (line) is also shown.

I, (s) has been applied, while I,(s) = 0 and the resulting voltage V,(s) was mea-
sured. Since the measured voltage V,(s) is unequal to zero, this clearly indicates
that crosstalk between the two batteries is present. Finally, the green squares in
Fig. 6.5 indicate the case where both batteries were perturbed with an AC cur-
rent (I,(s),1,(s) # 0) and the voltage 1, (s) was measured. These measurements,
are clearly influenced by crosstalk and differ considerably from the measurements
without crosstalk (dark blue circles), especially at high frequencies.

To verify the additivity property, the cyan pluses in Fig. 6.5 are subtracted from
the green squares and the result is shown in red crosses. It can be seen that
the corrected signal (red crosses) is in perfect agreement with the measurements
without crosstalk. To quantify the error between the voltages without crosstalk and
the corrected voltages, the RMSE has been calculated to be 2.3 pV. Evidently, for this
system, the response to the sum of its inputs is the same as the summed responses
for the individual inputs. Therefore, it can be concluded that the additivity property
holds. Since it is experimentally proven that both the homogeneity and additivity
properties are valid, it can be concluded that the superposition principle holds. This
means that the system in consideration is linear, which is a favorable property for
modeling purposes.
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Fig. 6.5: Complex plane showing measured EIS voltages at v, (s) for different measurement conditions
to check the additivity property.

6.4.2. Battery position and spacing

In this Section, an experimental parameter variation study is performed in order to
investigate crosstalk interference as a function of battery position and in-between
spacing.

Position
In Fig. 6.6a-b, two typical battery positions (position A and B) used for battery packs
are shown. The EIS measurement results of positions A and B, under disturbing
and non-disturbing conditions are shown in the Bode diagram in Fig. 6.7. In this
diagram, it can be seen that the lines start to deviate from each other in the higher
frequency range, indicating increasing crosstalk interference. The dark blue solid
line with circles shows undisturbed EIS measurements in positions A and B. Current
was applied only in battery 2 for this measurement. Obviously, if current would
be applied in both batteries simultaneously, crosstalk signals will influence the EIS
measurements. However, the direction of influence is determined by the position
which is taken (position A or B) to perform the measurements. With respect to the
undisturbed measurement, the voltage magnitude and phase in position A (1,1, #
0) are larger, whereas the same measurement in position B (1,, I, # 0) gives smaller
results under crosstalk interference.

Although the magnitude and phase between positions A and B are different, the
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(a) Position A (b) Position B (c) Position C  (d) Position D

Fig. 6.6: Four different battery positions inside a battery pack.

deviation with respect to the undisturbed measurement is the same. This implies
that the degree of crosstalk interference in both positions is equal, but the sign
of the interference changes into the opposite direction. For EIS measurements
in position A that means that crosstalk interference adds up to the undisturbed
signal and for position B it subtracts. This suggests that crosstalk is caused by
inductive/magnetic coupling, as the sign of the interfering signal depends on the
direction of the magnetic field. Finally, the fact that the sign of the interfering
signal is different for positions A and B allows for averaging out the interfered
measurements, which leads to a non-disturbed signal (red crosses), as can be seen
in Fig. 6.7.

Two more positions which can be used for battery packs are shown in Fig. 6.6¢
and d. The EIS measurement results taken on these positions, including positions A
and B, are shown in the Bode plot of Fig. 6.8. It can be seen that the measurements
in position C and D with current perturbations in both batteries (red crosses) are
similar to the undisturbed measurements in position A and B with current perturba-
tion only in one battery (solid blue line with circles). For comparison, an interfered
measurement in position A is also shown (solid cyan line with pluses). From this
figure, it can be concluded that EIS measurements on batteries in positions C and
D are not affected by crosstalk. Hence, in order to avoid crosstalk interference in
battery packs, batteries can be ordered in positions C or D, if practically possible.
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Fig. 6.7: Measured voltage and phase at V', (s) for battery positions A and B shown in a Bode plot.

Spacing
In this Section, the influence of air spacing between adjacent batteries in positions
A and B (Fig. 6.6a and b) on the crosstalk will be discussed. Instead of plotting volt-
age measurement results, it is more convenient to show the crosstalk impedance for
these particular measurements. The crosstalk impedance is given by the Z,, (s) and
Z1,(s) terms in the block diagram in Fig. 6.1. In Fig. 6.9, a Bode plot is shown of the
measured transfer function Z,, (s) for three different spacings (0 mm, 30 mm, and
60 mm). In general, the impedance magnitude increases with frequency, indicating
that interfering crosstalk signals become more dominant at high frequencies, which
was also observed in the previous measurements. For frequencies lower than 50 Hz,
the measurement noise starts to dominate the measured crosstalk impedance, es-
pecially for the 30 mm and 60 mm spacing. The highest impedance magnitudes
were found for two adjacent batteries without any distance in-between (0 mm), as
the coupling is at maximum then. The phase is approximately 90 degrees across
the whole frequency range, which again indicates inductive behavior. That is in
agreement with the observation above that the interference might be caused by
inductive behavior of the battery. The measured crosstalk impedance in the Bode
plotin Fig. 6.9 is of high importance as it can be used for modeling purposes, which
will be discussed in Section 6.5.

In addition to measurements with air spacing between two batteries, measure-
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Fig. 6.8: Bode plot of the measured voltage and phase at v, (s) for battery positions A, B, C and D.
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Fig. 6.9: Measured transfer function Z,, in a Bode plot for three different spacing’s.

ments with dummy batteries in-between were performed. This gave similar results
as air spacing, indicating that in this particular situation the magnetic field is not in-
fluenced by these batteries. However, that might be different in other experimental
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setups.

6.4.3. Temperature and SoC dependence

For effective impedance-based state estimation, the crosstalk dependence on tem-
perature and SoC was investigated. Therefore, crosstalk impedance Z,; was mea-
sured at various temperatures and SoC. The temperature dependence of Z,, is
shown in Fig. 6.10a and the SoC dependence in Fig. 6.10b. Since all lines are
overlapping, it can be concluded that crosstalk impedance Z,, is independent of
temperature and SoC. The small deviations at high frequencies in Fig. 6.10a can be
attributed to PCB measurement inaccuracies. The PCBs were directly connected to
the batteries and, thus, also positioned in the temperature chamber. The various
temperatures slightly influence the PCB measurement output.

The temperature and SoC independence is another indication that crosstalk is
induced by inductive coupling, because the inductance of a battery is independent
of temperature and SoC [4, 5]. As the batteries in the pack are identical, it can be
assumed that crosstalk impedance 7, is similar to Z,;.
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Fig. 6.10: Magnitude of crosstalk impedance Z,, at various temperatures (a) and SoC (b).
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6.4.4. Intercept frequency

For impedance-based temperature indication through the (N)ZIF, it is interesting to
investigate the (N)ZIF without and with the influence of crosstalk. The results are
shown in Fig. 6.11, in which NZIF curves are plotted, interpolated to Z;,, = 0.1,
0.5, and 1.0 mQ. Due to measurement limitations of the setup, the ZIF (f;) could
not be determined accurately and has therefore been excluded. The results shown
in Fig. 6.11 are as expected, because higher interpolation values lead to higher in-
tercept frequencies, as also has been shown in Chapter 5 (Fig. 5.11). Furthermore,
NZIF values with crosstalk clearly deviate from NZIF values without crosstalk. Evi-
dently, the deviations between NZIF values without and with crosstalk interference,
depend on the interpolation value. High NZIF, interpolated at high Z;,,, show more
deviation than low NZIF. This is in accordance with the investigations above, where
it is shown that crosstalk is more dominant at higher frequencies. From these
results it is obvious that crosstalk interference influences (N)ZIF values. There-
fore, crosstalk should be considered carefully for temperature indication through
the (N)ZIF method applied to batteries in a battery pack. Possible solutions to
avoid crosstalk interference is to measure EIS sequentially, to measure each bat-
tery at different frequencies, position batteries such that crosstalk does not occur,
or use models that compensate the offset.

3000

—— Without crosstalk
—— With crosstalk

-20 -10 0 10 20 30 40 50
Temperature PC]

Fig. 6.11: Non-zero-intercept frequencies interpolated to Z;,,, = 0.1, 0.5, and 1.0 mQ, shown without
(blue) and with (red) crosstalk interference.
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6.5. Modeling and simulations

s mentioned in Section 6.2, obtaining the transfer-function in Eq. 6.1 requires
A modeling the impedance of the battery itself, as well as modeling the crosstalk.
In this Section, a model for the crosstalk will be provided. Note that crosstalk is
only present in batteries that are placed as indicated in Fig. 6.6a and b, meaning
that Z;;(s) = 0 if battery i and battery [ are placed as indicated in Fig. 6.6c and d.
In this Section, a model for the case that Z;;(s) # 0 will be proposed.

6.5.1. Model description

The measurement results discussed in Section 6.4 suggest that crosstalk interfer-
ence is induced by inductive coupling. Therefore, it is proposed to model this in-
ductive behavior using a 2-coil model, as shown in Fig. 6.12. In this figure, M,
denotes the mutual inductance between the coils i and [, which depends on the
coefficient of coupling k;; [6-8] that is given by

My = ky/LiLy, (6.3)

where L; and L; are the self-inductances of the two coils. The value 0 < k; < 1
indicates the amount of coupling, where k;; = 1 indicates a tightly coupled system
and k;; = 0 implies no coupling between L; and L,.

Fig. 6.12: The 2-coil model for modeling crosstalk interference.
The transfer function between current I; and voltage V; can be obtained from
the application of Kirchoff’s voltage laws to the right loop indicated in Fig. 6.12,
which yields

(Ri + Lis)Ii(s) —Mysli(s) =0, (6.4)
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while V; across resistor R; is given by Ohm’s law, i.e., V; = R;I;. Solving Eq. 6.4 for
I; and substituting this into Ohm’s law leads to a transfer function between V; and
I;, according to

Ml'ls

L; :
R—’is+1

Vi(s) =Zuy(®IL(s)  with  Zy(s) = (6.5)
From the measurements described in Section 6.4, the value of k;; in Eq. 6.3 only
depends on the distance between the batteries and the orientation of the batteries.
By assuming that the battery can be modeled as a circular coil, the variation of
magnetic field induced by this coil [9] can be described by
p = tolNel (6.6)
T 2(z2 4 a?)3/2’ '
where p, = 4m - 1077 is the vacuum permeability, N is the number of turns of the
field coil, a is the radius of the coil in meters, I is the current through the wire in
amperes, and z is the axial distance in meters from the center of the coil. Hence,
if the coefficient of coupling is considered to be influenced by the magnetic field, it
can be modeled by fitting an expression of the form

b

kit = ———=7
G ETORE

(6.7)
where a and b are constants to fit the measurement data (where b can be either
positive or negative depending on the orientation of the batteries), and d;; is the
axial distance between the centers of batteries i and [ in meters.

6.5.2. Model simulation
From the measurement data obtained from the experimental setup described in
Section 6.3, it has been observed that L, = L, = 20 nH and R, = R, = 1.5 mQ.
The resulting crosstalk model Z,;(s) has one zero at the origin and one pole at
s = —R,/L,, which can only be observed in a Bode diagram at higher frequencies
than the highest frequency that can be measured with the used experimental setup.
This means that the pole is not captured in the measurements and; therefore, the
transfer function can be assumed to be Z,,(s) = M,;s. Taking a = 3.95- 1072 m
and b = 8-10~° m3, a fit between the model and the measurements is obtained,
as shown in Fig. 6.13 for three different distances between the batteries. Note
that b is considered positive since the measurements are performed in position A
(Fig. 6.6a).

It can be observed that the model in Eq. 6.5 shows an adequate agreement
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Fig. 6.13: Measured and modeled transfer function Z,, in a Bode plot for three different spacings. Note
that the indicated spacing in the legend is the in-between spacing; not the center-to-center spacing.

with the measurements in the high-frequency range, but can be further improved
for the low-frequency range. Therefore, a phase-lag filter of the form

s+ 2nf;
Zfilter = ke <S i Zﬂf;) , (6.8)

is added to the model, where the gain k. = 1.1, f; = 450 Hz and f, = 150 Hz
provide a good fit with the measurements. This improved model, of which the
results are shown in Fig. 6.14, approximates the measurements better at lower
frequencies when compared to the simulations shown in Fig. 6.13.

In Fig. 6.15, the measured and simulated coupling coefficient is shown as a
function of center-to-center distance. The measured coupling coefficient (e.g. k)
can be obtained by substituting Eq. 6.3 into Eq. 6.5 and rewriting for k;;. Since Z,,
is known from measurements (see Fig. 6.9), k,; can be calculated, accordingly.
This k,, is denoted as the 'measured’ coupling coefficient and is shown in Fig. 6.15
by the symbols. The simulated coupling coefficient is obtained from Eq. 6.7 and
shown in Fig. 6.15 by the line. Both the measured and simulated coupling coeffi-
cients are determined at a frequency of 5 kHz, at which crosstalk is most present
because it is the highest measured frequency. The measured and simulated cou-
pling coefficients decrease exponentially with increasing distance, meaning that the
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Fig. 6.14: Measurements and simulations of the improved model in a Bode plot for three different
spacings. Note that the indicated spacing in the legend corresponds to the in-between spacing and not
the center-to-center spacing.

crosstalk impedance also decreases exponentially when the distance between the
batteries increases.

6.6. Conclusions

n this Chapter, the influence of crosstalk on EIS measurements in battery packs

has been investigated. Crosstalk is a phenomenon which appears when EIS
measurements in one battery interfere with the EIS measurements in surrounding
batteries. It has been investigated experimentally that crosstalk introduces inter-
ference that is homogeneous and additive, meaning that the superposition principle
holds and that the particular system in this study is linear, which is advantageous for
modeling purposes. Furthermore, a parameter variation study has shown that the
battery location and inter-battery spacing influence the amount of crosstalk. This
observation, together with the fact that batteries show inductive behavior in the
high-frequency range of the impedance spectrum, suggests that crosstalk is induced
by magnetic coupling of the batteries. It was found that spacing between batter-
ies attenuates the degree of crosstalk and that crosstalk signals become stronger
at increasing frequencies. Furthermore, it has been shown that crosstalk can be
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Fig. 6.15: Measured and simulated coupling coefficient at a frequency of 5 kHz as a function of the
center-to-center distance between batteries.

prevented if batteries are placed longitudinally with respect to each other.

Besides battery location and spacing, it can be concluded that crosstalk impedan-
ces are independent of temperature and SoC, which simplifies temperature indica-
tion in the presence of crosstalk. Furthermore, it can be concluded that the (N)ZIF
clearly deviates in the presence of crosstalk interference. As crosstalk is more
present at higher frequencies, high NZIF values deviate more in comparison to low
NZIF values. Therefore, crosstalk should be carefully considered for impedance-
based temperature indication systems applied in battery packs.

Based on the presented EIS measurements and a proposed 2-coil model, a
transfer-function description has been developed to model crosstalk impedance.
It has been shown that the coupling factor between two batteries is proportional
to the magnetic field between the 2 coils. This relation is most clearly visible at
higher frequencies, where crosstalk interference is strongest. The crosstalk model
can favorably be used for the development of EIS-based measurement methods for
state-of-charge, state-of-health and temperature indication in automotive battery
packs.

This study has shown that crosstalk can be prevented either by designing bat-
tery packs in which batteries are positioned in such a way that crosstalk does not
occur, or that crosstalk can be compensated by an EIS measurement algorithm.
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Two more options to prevent crosstalk are either to measure EIS at different fre-
quencies, or to measure EIS sequentially. However, taking EIS measurements at
different frequencies is not always advantageous from an accuracy point of view
and sequential measurements require more time to measure all batteries in packs
in comparison to simultaneous measurements.
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Compensating 3-electrode
impedance artefacts

In order to measure the electrochemical characteristics of both electrodes in-
side Li-ion batteries, micro-reference electrodes (UREF) have turned out to be
very useful. However, measuring the electrochemical impedance with respect
to uREF can lead to severe measurement artefacts, making a detailed analy-
sis of the impedance spectra complicated. In the work presented in this Chap-
ter, a new method is developed in which high-frequency measurement arte-
facts can be compensated. A theoretical analysis, using equivalent-circuit
models of the measurement setups, shows that if two different impedance
measurements are averaged, the impedance contributions from the measure-
ment leads can be completely eliminated. The theoretical analysis is vali-
dated using Li-ion batteries with seven integrated uREF, having all different
impedances. The measurement results show that artefacts are dominating
for high-impedance uREF in the high-frequency range. However, these arte-
facts can be fully compensated by averaging two separate impedance mea-
surements, as predicted by theory. This makes it easily possible to perform
artefact-free impedance measurements, even at high frequencies.

Parts of this chapter have been published in Electrochimica Acta, 259, (2018) 517-533 [1].
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7.1. Introduction

n Chapters 4 and 5, impedance-based temperature indication methods through

the (N)ZIF are presented. So far, these methods were only applied to (commer-
cial) Li-ion batteries having two electrodes. For this reason, only the total battery
impedance and, hence, (N)ZIF can be measured. However, for research purposes
and to develop advanced BMS, it is of interest to distinguish between both elec-
trodes with the use of reference electrodes (REF). Favorably, REF make it possible
to measure the electrochemical characteristics and, thus, the (N)ZIF of the individ-
ual electrodes.

REF have already been introduced in many studies [2—15]. However, in par-
ticular EIS measurements at three-electrode Li-ion battery systems are prone to
measurement artefacts [16—27]. These artefacts cause a divergence in impedance
spectra and, as a consequence, the analysis of the measurements becomes un-
reliable and inaccurate. Moreover, underlying physical phenomena can be hidden
by artefacts. Therefore, it is important to either prevent or to compensate these
artefacts as much as possible.

Many studies on EIS measurement artefacts in the field of Li-ion batteries focus
on the battery geometry and/or the position of the REF, since improper three-
electrode measurement setups are highly sensitive to artefacts. In general, it can
be concluded that EIS measurement artefacts can be prevented to a large extent
by using an appropriate cell geometry and REF position. Often these measurement
setups are based on Swagelok-type batteries in which perfect electrode alignment
can be realized and where the REF can be easily introduced coaxially with respect
to the electrodes [17, 19, 22, 23]. Obviously, these setups are suitable for small-
scale laboratory experiments. However, perfect electrode alignment and coaxially
positioning of REF is more complicated to realize in large-size (commercial) Li-ion
batteries, which are used in for example (H)EVs. Therefore, these batteries are of-
ten equipped with integrated micro-reference electrodes (UREF) [2, 4, 7, 9, 11, 28].

Not only the cell geometry and electrode positions, but also the REF impedance
and measurement equipment, like for instance cables, potentiostats, capillaries,
frits, etc. can lead to EIS measurement artefacts [16, 25, 29-35]. Obviously, the
input impedance of the measurement device should be selected high and the REF
impedance low [32]. Baker et al. [36] found by modelling and simulations that
artefacts are a function of the REF size, its surface resistance, the resistance of the
separator and both the working and counter electrodes. Furthermore, the length of
the measurement cables should be reduced as much as possible [25, 29], although
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this is sometimes difficult due to measurements which have to be performed at re-
mote locations, such as gloveboxes and temperature-controlled climate chambers.

A solution to suppress high-frequency artefacts caused by the measurement
equipment and the high-impedance REF, is to use so-called dual REF [30, 33, 34].
This is based on a second reference electrode which is carefully positioned in the
measurement setup and connected in series with a conventional REF through a
capacitor. Recently, another successful technique has been introduced in which
a capacitor bridge between the counter electrode (CE) and the REF is used to
suppress high-frequency EIS artefacts of three-electrode geometries [16]. The ca-
pacitor bridge balances the leakage current through the REF. However, it is not
straightforward to determine the compensating value of the capacitor for systems
using dual REF or capacitor bridges. The capacitance must be carefully aligned to
the measurement setup under consideration, which can lead to elaborate investi-
gations.

This Chapter presents a new method in which high-frequency EIS measure-
ment artefacts at three-electrode Li-ion batteries can be fully compensated by av-
eraging two individual three-electrode EIS measurements. Strikingly, this results
in artefact-free EIS measurements in the high-frequency range of the impedance
spectra, which is essential for e.g. characterizing the individual electrodes, for
modeling purposes, State-of-Health indication and impedance-based temperature
measurements [37-40]. The proposed method is similar to the method presented
by Hsieh et al. [32], in which they correct artefacts arising from a so-called voltage-
divider effect. However, their work was performed on solid-state electrochemical
devices in which the platinum REF impedance approaches the input impedance of
the measurement device. Moreover, Hsieh et al. [32] combined one two-point and
two three-point measurements in order to correct for the artefacts, which is not
required for the method presented in this work.

In this Chapter, models, including all electrode, device input, and lead impedan-
ces are systematically developed in order to provide a deeper insight into the mea-
surement artefacts of three-electrode Li-ion battery systems. It will be shown that
the lead impedances, which can significantly contribute to artefacts, can be easily
compensated by reversing the measurement device connections to the battery. In
addition, multiple uREF with various active tip areas are used to investigate the
influence of the REF impedance on the artefacts.

In order to experimentally show the artefacts and the strength of the proposed
compensation method, EIS measurements are performed with conventional elec-
trochemical measurement equipment on pouch-type Li-ion batteries with seven in-
tegrated UREF. The proposed compensation method is compared to the successfully
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applied capacitor-bridging method, applied by Battistel et al. [16]. Finally, it will
be shown that the impedance measurements can be accurately simulated by the
developed artefact models.

7.2. Theoretical considerations

IS measurements on three-electrode Li-ion batteries can be prone to artefacts.

Fig. 7.1 shows equivalent circuits which are used to derive models for simulat-
ing the impedances, including artefacts. Each equivalent circuit shows two (gray)
rectangles, which represent the measurement device and the battery. The mea-
surement device is highly simplified and consists of an ideal current source (8),
two input impedances (Z;,,), a voltage measurement (AV) and a ground (%). The
connections to the measurement device are indicated with common abbreviations
for electrochemical measurement equipment, i.e. WE for working electrode, CE for
counter electrode, RE for the (U)REF and S for the sense connection. The CE and
WE serve as current-carrying cables and RE and S as voltage-sense cables. This so-
called four-point measurement configuration guarantees accurate measurements,
although artefacts can still be present. The impedances of all measurement leads
(z%) are shown between the measurement device and the battery. The battery
is composed of impedances for the positive electrode (Z,), the negative electrode
(Zy) and the WREF (Z,zer).

Using the equivalent circuits in Fig. 7.1, it is possible to derive mathematical
models, which make it possible to simulate the measured (™) impedances of the
total battery (Z7,;), the positive (Z7'), and the negative electrode (ZJ}). It should be
emphasized that these measured impedances can deviate from the true impedances
for Zga:, Zp, and Zy. This depends on the input impedances (Z;,,) of the measure-
ment device, the lead impedances (Z}), and the UREF impedance (Z,rer)- Below,
all measurement configurations shown in Fig. 7.1 will be discussed and modeled,
including the configuration required to compensate for Z! in the three-electrode
measurement set-up.

7.2.1. Model assumptions

The equivalent circuits in Fig. 7.1 can easily be modeled by applying Kirchhoff’s cur-
rent and voltage laws. However, this approach makes it rather difficult to analyti-
cally investigate what elements are causing the measurement artefacts. Therefore,
another approach is adopted in this study. For completeness and for the reader’s
interest, the Kirchhoff-law approach applied to the circuits in Fig. 7.1 can be found



7.2. Theoretical considerations 143

Measurement device Measurement device
L L
Zin Zin Zin Zin
/A @ Vi /A @ Vi
WE S RE CE WE S RE CE
B B B Qe O Qv Qg B
|
s Voo usse \ [
% G i Ty
(a ) Battery (d ) Battery
Measurement device Measurement device
L L
Zin Zin Zin Zin
V. \av) Vi v @ Vi
WE S RE CE WE S RE CE
B Q0 B Qe Br O O D
Zurer v[ﬁ‘ac Zurer V’Eaz
Zp T T Zp
( b) Battery ( e) Battery
Measurement device Measurement device
L L
Zin Zin Zin Zin
v @ v, v @ v,
WE S RE CE WE S RE CE
O Qv Qv Qe Br Qv O+ Qe
Z,urir \ I Zyukir Yise:
T G | T G
(C) i Battery (f) i Battery

Fig. 7.1: Schematic equivalent circuits for EIS measurements at Bat (a), P (b), N (c), P with capacitor
bridge (d), P with reversed connections (e), and N with reversed connections (f).

in appendix A.

Fig. 7.1 shows that the battery excitation current (I5,;) flows between the CE
and WE connections of the measurement device and that the WE is connected to
ground. The voltage response is measured between the RE and S connections,
which are also connected to the ground through the input impedances Z;,,. Since
Z;n are input impedances, it is assumed that their magnitudes are relatively large
and equal. Therefore, it can be assumed that the currents through the S and
RE leads are much smaller than I5,.. For artefact-related modeling purposes it
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is, however, essential to also consider all lead and connection impedances. For
simplicity reasons, the lead and connection impedances of the WE (Z}V£), CE (Z¢£),
RE (ZFE), and S (Z7) are considered equal.

7.2.2. Battery impedance

Adopting the simplified equivalent circuit in Fig. 7.1a, it is easy to derive a model for
the measured battery impedance (Z%.,,). Therefore, it is first necessary to calculate
the voltage response AV across the positive electrode (P) and the negative electrode
(N), which is measured between the RE and S of the measurement device

AV =V, —V_, (7.1)

where V, is the voltage at the RE measured with respect to ground. It can be
expressed as

Z:
V, = Igqe (Zy +Zp + ZVF) ———, 7.2
+ Bat( N P l )Zin_i_Z{?E ( )
where Igq, (Zy + Zp + Z}'F) is the voltage across (Zy + Zp + Z]'E). However, since
V, is measured between two impedances (ZR¥ and Z;,,), a so-called voltage divider
is present and, therefore, the first term must be scaled with Z;,,/ (Z;,, + ZFF). Sim-
ilarly, V_, determined at S with respect to ground, can be calculated according to

Zin
V. =lggZlVE—— . (7.3)
Wz 73

Subsequently, ZZ,; can be calculated by

AV
Zhar =7 - (7.4)
Bat
Substituting Egs. 7.1 - 7.3 into Eq. 7.4 leads to
Zhar =K1 Gy +Zp) + Z}F (K1 — K3) (7.5)
where
Zin
K, = 7.
VU Zy +ZFF (7.6)
and
Zin
= 7.7
2 I+ 7y (7.7)
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K, and K, represent the as-denoted voltage dividers between the lead and input
impedances. Obviously, ZFE and Z7 in Egs. 7.6 and 7.7 are much lower than Z;,,.
Therefore, K, and K, converge to 1. The total measured battery impedance in Eq.
7.5 can then be simplified to

Zglat=ZN+Zp . (7.8)

From Eq. 7.8, it is obvious that the measured battery impedance is equal to the
summation of the P and N impedances under normal measurement conditions.
When the lead impedances ZRE and Z; are, however, not extremely small, K, and
K, will not converge to 1 anymore, resulting in battery impedances, which will now
be influenced by artefacts.

In Fig. 7.2a the connections how to measure the battery impedance are shown,
which is experimentally the most conventional measurement configuration. WE and
S are connected to the P of the battery, whereas the CE and the RE are connected
to the N of the battery.

7.2.3. Positive and negative electrode impedances
The equivalent circuit to measure the positive electrode impedance (Z}') with re-
spect to a reference electrode is shown in Fig. 7.1b. In this configuration, the RE
of the measurement device is connected to the pREF. The pREF impedance is now
connected in series with ZRE. This introduces an unbalance between RE and S
(AV) because the PREF impedance is only present in the RE branch. Due to this
unbalance, artefacts are likely to appear, which can be understood in more detail
by the following derivations.

The voltage response across P is measured between the RE and S. Considering
Zurer + Vo (EQ. 7.2) has to be modified into

Zin
Zin +Z1F + Zyppr

Vi = Igae (Zp + ZI'F) (7.9)

whereas the expression for V_ (Eq. 7.3) remains the same. Following a similar
derivation as for Z,,; (Eq. 7.5), ZF* can be represented by

ergn=K12p +Z{/VE (Kl_KZ) ) (7.10)

where

(7.11)
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Fig. 7.2: Cable connections to measure EIS at a three-electrode battery. Connections to measure Bat
(a), the P (b), the N (c), the P with capacitor bridge (d), the P with reversed connections (e), and the
N with reversed connections (f).

and

Z:
K, =—"—. (7.12)
Zin + 7;

When ZRE and Z3 are much lower than Z;,,, K, can be considered unity again. How-
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ever, K, in Eq. 7.11 now includes Z g, Which can be relatively large for small-sized
MREF in Li-ion batteries, as will be shown in Section 7.4, and may even approach
Zin- Zyurpr Can therefore not be neglected in this case. However, since K, still
converges to 1, Eq. 7.10 can be simplified to

M =K Zp +ZWE (K, — 1) . (7.13)

From Eqg. 7.13, it can be concluded that the lead impedance of the WE con-
tributes to Z7' if K, in Eq. 7.11 does not converge to 1. In other words, the unbal-
ance in the measurement setup caused by the PUREF results in contributions from
ZIVE, multiplied with the negative gain (K, — 1). Voltage divider K, is frequency-
dependent and always smaller than 1 (see Eq. 7.11). Especially in the moderate and
high-frequency range, this will cause strong deviations in the impedance spectra.
Particularly, the impedance spectra in the high-frequency range, which are nor-
mally inductive, will bend towards the opposite, capacitive, direction. Obviously,
this will lead to unfavorable artefacts in the impedance measurements of P, as will
be shown and discussed in detail in Section 7.4. Furthermore, it can be seen that
Zy obviously does not occur in the expression for Z7' (Eq. 7.13), indicating that
its magnitude is not relevant in this configuration. The measured impedance for
the negative electrode (Z}}') can be described in a similar way as for P, simply by
replacing Z, for Zp in Eq. 7.13. The corresponding equivalent circuit is shown in
Fig. 7.1c.

To experimentally determine the impedance of P with respect to uREF, RE of
the measurement device must be connected to PREF, as indicated in Fig. 7.2b.
The other cable connections can be the same as for measuring the total battery
impedance in Fig. 7.2a. The cable connections to measure N are shown in Fig. 7.2c.

7.2.4. Capacitor-bridge compensation

Battistel et al. [16] investigated the use of a capacitor bridge in order to compen-
sate measurement artefacts in three-electrode geometries. Since Eq. 7.13 shows
that artefacts can indeed be present, it seems to be a good solution to apply this
bridge method also in the case of three-electrode Li-ion batteries. An ideal ca-
pacitor bridge fully compensates the leakage current through pREF. That means
that the net current through pREF should be zero for all measurement frequencies.
Considering the equivalent circuit in Fig. 7.1d, the measured impedance of P in the
presence of a capacitor bridge (Z7';) can be derived. It can be seen that a capaci-
tor (Z.) is positioned between PREF and N. In this approach we only assume that
ideal capacitors are used. Hence, the current through the pREF is zero, making the
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voltage difference across Z, equal to the voltage difference across Z.. The current
flowing through the capacitor (1) can then be given by

Z
Ic = IBMZ—’Z . (7.14)

which leads to the following expression for V,

ZNZ;
V, = IBat% . (7.15)
Cc
Since the current through the UREF is zero, V, can also be expressed as
— WE Zin
Ve = Igas (Zp + Z'E) ——— . (7.16)

Zin + ZRE

Eliminating V, from Eq. 7.16 by using Eq. 7.15 this leads, after rearrangement, to
an expression for Z

Zin + ZRE

Ze=Zy2_L_ .
CT N+ ZVE

(7.17)

Using Eq. 7.17 the value of the capacitor bridge can be calculated according to

1
C = . 7.18
o 1Zc] (7.18)

where w is the angular frequency. Strikingly, from Eq. 7.17, it can be seen that
the impedance of the capacitor bridge does not depend on the impedance of the
MREF in the ideal situation. Furthermore, it can be seen that a large value for Z;,, is
more favorable, as a lower capacitance can be used for compensation. Obviously,
when the capacitor bridge is ideal, the measured impedance is equal to the true
impedance of the electrodes, i.e. Zp'. = Zp and Z} . = Zy.

Fig. 7.2d shows the cable connections for measuring the impedance of P with
respect to UREF in the presence of a capacitor bridge. These cable connections
are the same as without capacitor bridge (see Fig. 7.2b), except that a capacitor C
is now positioned between RE and CE in Fig. 7.2d to compensate for the leakage
current through PREF. In case of measuring N, a capacitor should be positioned
between RE and CE to fully compensate the artificial impedances.

7.2.5. Reversed-electrode impedances

In order to compensate for high-frequency artefacts arising from the measurement
leads, a new measurement concept will be proposed in which the cable connections
from the measurement device to the battery are simply reversed with respect to
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a standard configuration. The schematic equivalent circuit for this reversed con-
nection concept is shown in Fig. 7.1e. It can be seen that this measurement setup
reveals the same unbalance with respect to Fig. 7.1b, but now it is reversed. Z}
for the reversed configuration (Z7'.) can be derived similarly as for the standard
configuration. The resulting expression for Z3, in the reversed configuration then
becomes

70 =K, Zp+ (Zy +Z)E) (K2 — K1) (7.19)
where
Z:
K, = 5”‘ (7.20)
Zin+Z7 + Zyger
and
Zin
Ky=—+. 7.21
2 Zin +Z{QE ( )

As ZRE = 77 & Z;,, it can be seen from Eq. 7.21 that K, approaches 1. Eq. 7.19
can then be reduced to

R =Zp+(Zy+ZVE) A - Ky) . (7.22)

From Eq. 7.22, it can be concluded that both Zy and Z}Y* contribute to Z},
if K; does not converge to 1. This will again result in measurement artefacts.
Voltage divider K, is frequency-dependent and always smaller than 1. (Zy + ZF)
is multiplied with a small positive gain (1 — K;) and this product contributes to
73, especially at high frequencies. Particularly, the inductive tail will be extended
in the same direction. The effect explained in Section 7.2.3, in which impedance
spectra deviate to the opposite direction, can therefore be compensated by using
the reversed configuration. The measured impedance for the reversed N (Z},) can
be calculated similarly as for the reversed P (Z7',) by replacing Zp by Z and Zy by
Zp in EQ. 7.22. The corresponding electronic network scheme is shown in Fig. 7.1f.

Fig. 7.2e shows the cable connections to experimentally determine the impedance
of P vs UREF in the reversed cable connection set-up. In this configuration, WE
changes position with CE and S with RE in comparison to the standard configura-
tion (Fig. 7.2b). The connections to measure the reversed N impedance spectra are
shown in Fig. 7.2f.
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7.2.6. Lead-impedance compensation

The contribution of Z}VE (Egs. 7.13 and 7.22) can now easily be compensated by
averaging the standard and reversed configurations. Therefore, the measurement
artefacts contributing from the lead impedances can be fully compensated. Obvi-
ously, this does not work if the impedance of N is much larger than that of P (see
Eq. 7.22). However, in (commercial) Li-ion batteries the impedance of both elec-
trodes are of the same order of magnitude. Taking the average of Egs. 7.13 and
7.22 leads to

— 1 1
Zp =S {Zp + 28} = S {Zp A+ K) + Zy (1 - K1)} (7.23)
where
Z:
K, = = (7.24)
Zin +Z7 + ZyRrer
in which z7 = ZRE, If ZRE = 77 « Z;,,, K, can be reduced to
Zin
Ky=—"m (7.25)
VT Zin Z uREF

From Eq. 7.23, it can be concluded that Z}VZ has been canceled out, despite the
fact that it is always present in the expressions for the standard and reversed con-
figurations (Egs. 7.13 and 7.22). This implies that this simple averaging method
gives us the opportunity to fully compensate for the lead impedances, which can
be a significant source of measurement artefacts, especially for measurements at
remote locations using long measurement leads. The compensated impedance for
N (Z™) can be calculated in a similar way as for P (Z™), by replacing Z, by Z, and
Zy by Zp in Eq. 7.23.

Note that reversing the cable connections (Fig. 7.2e and f) essentially only needs
to be done with WE and CE to let this method work. Reversing S and RE is only done
in order to get the impedance spectra in the correct complex plane quadrant during
the measurements. Obviously, this can also be performed by post-processing the
measurement data.

The proposed averaging impedance concept results in five individual impedance
measurements, i.e. the battery impedance and the impedances of P and N in
both the standard and reversed configuration. The impedance measurement at
the battery (Fig. 7.2a) only has to be performed once since reversing the cable
connections has obviously no influence on the battery result, which can be easily
mathematically validated by considering the derivations described in Section 7.2.2
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for the reversed configuration. The measurement concept derived above will be
experimentally investigated using multi-electrode batteries, of which the results
are described in Section 7.4.

7.3. Experimental details

7.3.1. Battery construction

Pouch-type batteries are made with electrode dimensions of 72 x 190 mm (width x
length). Each battery consists of six positive and seven negative electrodes, which
are separated by Celgard 2400 separators. Each electrode has an external current
collector extension of 20 x 20 mm. A schematic representation of such an electrode
stack is shown in Fig. 7.3a. The P and N electrodes are stacked in parallel and the
complete battery stack is inserted into an Al-polymer pouch which is sealed after
the electrolyte has been added. In order to put some pressure on the as-produced
batteries, they are clamped between two solid plates connected with bolts.

The positive electrode material used in this study is Lithium Nickel Manganese
Cobalt Oxide with composition LiNip sMng 3Cog,0, coated onto aluminum current
collectors. Copper current collectors coated with graphite are used as negative
electrodes. The pouch is filled with PuriEL battery electrolyte from Soulbrain (Korea)
with composition of 1M LiPFg in 1/1/1 ethylene carbonate/diethyl carbonate/ethyl
methyl carbonate + 2 wt.% vinylene carbonate solution.

7.3.2. Preparation of micro-reference electrodes

Insulated (Enamel) copper wires with radius of 100 pm and length of 300 mm
are used as PREF. In total seven PREF are inserted into the battery with varying
metallic Cu tip-lengths in order to investigate the influence of the uREF impedance
on the measurement artefacts. The isolation at both ends is removed by immersing
the wires into sulfuric acid, followed by rinsing in ethanol. The unprotected Cu
wires, later acting as reference electrodes, are cut into seven different lengths,
ranging from 0.5 to 50 mm in a logarithmic order. The other ends are used to make
connection with the measurement equipment. Fig. 7.3b shows that the pREF are
inserted transversely between four separator sheets (two on both sides) to prevent
physical contact with the electrodes. Using this construction, it can be assumed
that the distance from the PREF to the positive and negative electrode is equal.
The uninsulated ends are positioned in the central part of the battery stack.
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Fig. 7.3: Schematic representation of an electrode stack with seven integrated pREF (a), and
enlargement of seven PUREF in-between P and N (b). Note that on both sides of the YREF two
separator sheets are used to isolate them from the electrodes.

7.3.3. Electrochemical measurements

Automatic battery cycling equipment (Maccor 2300) is used to activate and (dis)-
charge the batteries. Initially, all batteries are activated for four cycles using a
constant current, constant voltage (CCCV) procedure. CC charging is performed
with a current of 0.4 A until the cut-off voltage of 4.2 V is reached. Subsequently,
the battery is charged at CV of 4.2 V till a cut-off current of 0.02 A is reached.
After charging a resting period of 2 h is applied followed by a 0.4 A discharge with
a cut-off voltage of 2.7 V. In addition to these relatively low-current initialization
cycles, four cycles with a charge and discharge current of 2 and 4 A are applied,
respectively. Finally, the nominal discharge capacity of 3.5 Ah is reached after full
activation.

After activation, the batteries are completely charged (CCCV) and metallic lithium
is galvanostatically deposited onto the unprotected Cu tips of all uREF in order to
get a stable lithium reference electrode potential. A 6 um deposition layer thickness
is chosen for all uREF. The lithium is deposited from both P and N in order to obtain
uniform layers around the wires. For a detailed description of the deposition and
stability of lithium metal micro-reference electrodes, we refer to the work of Zhou
and Notten [11].

Galvanostatic EIS measurements are performed at room temperature and at
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a voltage of 4.140 V for 50 logarithmically distributed frequencies in the range
of 0.1 Hz to 30 kHz with an Autolab PGSTAT302N (Metrohm Autolab) and with an
IviumStat (Ivium Technologies). The applied AC current excitation is set to 300 mA.
This amplitude gives a good signal-to-noise ratio with optimum linear response. The
EIS measurements are performed with complete batteries (Bat) and with P and N
measured with respect to all seven uREF.

The impedances of the individual JREF are also measured. However, since the
impedances of the YREF are much larger than those of the batteries, the poten-
tiostatic mode is now used. The applied voltage excitation is set to 1 mV for all
HREF, except for the 0.5 mm pPREF, which is set to 5 mV in order to increase the
signal-to-noise ratio.

All measurements are performed in an argon-filled glovebox. The cable length
of the measurement cables of the Autolab is 1.5 m and the cable length from the
feed-through to the battery inside the glovebox is approximately 2 m.

7.4. Results and discussion

7.4.1. Positive and negative electrode impedances

Fig. 7.4a and b shows the measured impedances for P and N, respectively, mea-
sured with respect to six different JREF. Measurement artefacts can clearly be seen,
especially in the high-frequency range of the spectra. The artefacts are most dom-
inant for the PREF with the smallest active tip-length of 0.5 mm and they strongly
reduce with increasing tip length. It can be seen that the P and N impedance
spectra are curling upwards in the high-frequency range. It is obvious that these
impedance measurements are highly influenced by the measurement setup con-
figuration. On the other hand, the mid-frequency and low-frequency range are
showing the expected characteristic semicircles.

Fig. 7.4c shows the impedance summations (P + N) of the P and N spectra mea-
sured according to Figs. 7.1b-c and 7.2b-c together with the measured impedance
for the complete battery (Figs. 7.1a and 7.2a). In the high-frequency range, the
added spectra clearly show large discrepancies with respect to that of the battery
(Bat). This especially holds for the uREF with short tip lengths and strongly reduces
for increasing lengths. The PREF with a tip length of 50 mm shows the best results
in comparison to Bat and is, therefore, favorable to use in this battery configuration.
For the low-frequency range, it can be concluded that the summations of P and N
are in perfect agreement with the Bat results.

Evidently, these measurement results reveal that the high-frequency part suffers
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Fig. 7.4: Impedances of P (a) and N electrode (b) measured with respect to UREF with different tip
lengths. Comparison of the measured battery impedance (Bat) and the summation of P and N (c). For
clarity reasons the results for the 23.2 mm long PREF have been excluded.

from measurement artefacts, especially for UREF with short tip lengths. In order to
investigate the PREF characteristics in more detail, their impedances are measured
with respect to the low-impedance P. The results are shown in the Bode plots of
Fig. 7.5. From these measurements, it can be seen that the pREF with an active tip
length of 0.5 mm (blue line) has the highest impedance and that with an active tip
length of 50 mm (black line) reveals the lowest impedance. Decreasing impedances
with increasing tip lengths are indeed to be expected as the active surface area of
the 50 mm tip is about two orders of magnitude larger than that of the 0.5 mm tip.

Following the mathematical analysis in Section 7.2, in particular K, (see for ex-
ample Egs. 7.11 and 7.20), it is evident that the measured artefacts become more
dominant for REF with smaller tip lengths. The reason is that K; will not converge
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Fig. 7.5: Bode plots of the various JREF measured with respect to the low-impedance P. The tip length
of the uREF are indicated in the legend.

to 1 anymore when the UREF impedance becomes too large. For the PREF with
the smallest tip length (0.5 mm) this effect is most dominant and the measured
electrode impedance starts to deviate. Since the gain (K; — 1) in Eq. 7.13 is nega-
tive, the high-frequency inductive impedance spectra in Fig. 7.4 bend towards the
capacitive region. With increasing tip lengths, K, starts to converge to 1 and the
gain (K, —1) therefore decreases. This results in a reduction of the artefacts, which
now appear clockwise towards the inductive region.

As almost artefact-free impedance spectra can be measured with large-surface-
area UREF (see Fig. 7.4), the 0.5 mm PREF is used in the following sections in order
to show that the presented compensation method properly operates. Obviously,
the compensation method is effective for all UREF, independent on its surface area.
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7.4.2. Capacitor-bridge compensation

Fig 7.6a shows the uncompensated EIS measurement results for Bat (dark blue
curve) and for P (light blue curve) and N (green curve) measured with respect to
a UREF with a tip length of 0.5 mm. As concluded in Section 7.4.1, P and N mea-
surements severely suffer from artefacts in the high-frequency range. Obviously,
the summation curve (red curve in Fig. 7.6a) also clearly reveals the presence of
these artefacts in the high-frequency range. However, the summation curve agrees
perfectly well with the measured Bat curve in the low-frequency range.
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Fig. 7.6: EIS measurements at Bat and both the individual P and N electrode measured with respect to
the pREF with active tip length of 0.5 mm and summation (P + N) impedance curve (a). EIS
measurements without capacitor compensation (No comp) and with capacitor compensation at P (b)
and N (c). Comparison of Bat impedance spectrum and all summation curves of P + N (d).

Fig. 7.6b shows the various compensated EIS measurements of P with respect
to the PREF with tip length of 0.5 mm. For these measurements various off-the-
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shelf capacitors have been placed between RE and CE in accordance with Figs. 7.1d
and 7.2d to compensate for leakage currents. An EIS measurement without using
a capacitor bridge is also shown as reference (dark blue curve). From these results,
it can be concluded that the high-frequency artefacts systematically decrease with
increasing capacitor values. The same measurements have been performed for N
with respect to the pREF with a tip length of 0.5 mm and similar results are found,
as shown in Fig. 7.6c.

In order to verify what capacitor value would be the most optimal compensation
for the present artefacts, the P and the N impedance are added together for each
capacitor and compared to the impedance spectrum of Bat (Fig. 7.6d). These results
show that the capacitors with values 35.92 nF (pink curve) and 54.27 nF (black
curve) are in close agreement with the Bat result (dark blue curve). These values are
comparable to the 100 nF capacitor, which was also favorably selected by Battistel et
al. [16]. Using higher capacitor values would lead to higher discrepancies between
Bat and the summation of P and N.

From these results, it can be concluded that tuning a capacitor bridge to the bat-
tery system under consideration is not straightforward and is quite time-consuming.
Moreover, relatively large deviations in the high frequencies can still be found be-
tween the summation of P and N in comparison to Bat (Fig. 7.6d). Consequently,
an accurate EIS analysis of the high-frequency part of the individual electrodes is
not possible.

7.4.3. Lead-impedance compensation

In Section 7.2, a new concept has been proposed to compensate for the high-
frequency EIS measurement artefacts, simply by reversing the measurement cables.
In Fig. 7.7, the measured impedance spectra for all measurement combinations
described in Section 7.2 are shown in the complex plane. Both P (light blue curve)
and N (green curve) impedances are measured with respect to uREF with an active
tip length of 0.5 mm. Also the summations of the P and N impedance spectra
(red curve) for both the standard and reversed measurements are shown. The Bat
results are represented by the dark blue curve.

Fig. 7.7a shows the measured impedance spectra with the cables in the standard
measurement configuration in accordance to the connections shown in Fig. 7.2a,
b and c. The same measurement results are also shown in Fig. 7.6a, but are
reproduced here in order to properly compare with the results obtained with the
reversed cable connections in Fig. 7.7b.

Fig. 7.7b shows the impedance results obtained with the cables in the reversed
connections, i.e. according to the connections shown in Fig. 7.2a, e and f. For
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the reversed impedance measurements of the positive and negative electrode (P,
and N,), it can be seen that a high-frequency tail is located in the inductive re-
gion (positive imaginary values) of the impedance. However, the tails are reaching
relatively far in the inductive area and also bend somewhat to the left, which is
atypical for inductive behavior. From the reversed measurements, it can clearly
be seen that the artefacts are moving into the opposite direction in comparison
to the standard configuration of Fig. 7.7a. These experiments prove the theory,



7.4. Results and discussion 159

which has been described in Section 7.2.5. The gain (1 — K;) is positive due to
the unbalance in this measurement configuration and, therefore, the inductive tail
is extended into the inductive region (see Eq. 7.22). Furthermore, Fig. 7.7b shows
that the P, + N, curve does not match Bat either in the high-frequency range. Like
for the standard measurement configuration (Fig. 7.7a), the summation curves are
only in good agreement with the Bat result in the low-frequency range. From these
results, it can be concluded that the individual impedance measurements of P, N,
P., and N, in the high-frequency range cannot be directly used since measurement
artefacts are influencing these significantly.
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Fig. 7.8: Artefact-compensated impedance spectra. EIS measurements for P and N are performed on a
HUREF with an active tip length of 0.5 mm.

The result of the new averaging method that is proposed in Section 7.2, is
shown in Fig. 7.8. It can be seen that the impedance spectra of P (light-blue curve)
and N (green curve) are now close to artefact-free in the high-frequency range.
The upward-bending behavior of the summation impedance curve in Fig. 7.7a and
the high-frequency inductive tail found with the reversed measurement set-up in
Fig. 7.7b have now completely disappeared, as shown by the red curve in Fig. 7.8.
Moreover, the summation of the P and N impedance is in very good agreement with
the Bat result (dark blue curve) along the whole frequency range. From these re-
sults, it can be concluded that the proposed averaging method operates effectively
and that the artefacts caused by the lead impedances can indeed be fully compen-
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sated. By applying this method the EIS measurements on three-electrode battery
systems can be much more accurately analyzed. In comparison to the capacitor-
bridge compensation method, the proposed averaging method is also more accurate
and easier to apply.

Similar artefacts were measured with other electrochemical measurement equip-
ment (Ivium Technologies) and on smaller-capacity three-electrode batteries, which
were made in-house with the Lithylene technology [11, 41]. It was found that high
frequency artefacts in all cases can be fully compensated by adopting this new com-
pensation method. Moreover, measuring in the potentiostatic mode, i.e. applying
an AC voltage and measuring the resulting AC current, resulted in similar artefacts
as in the described galvanostatic mode but these can also be fully eliminated by the
described compensation method.

7.4.4. Simulations

In order to validate the artefact models developed in Section 7.2, simulations are
performed and compared with the impedance measurements. For the model sim-
ulations the true values for Z, and Z, should be known. However, these values
are not known beforehand but can now be easily obtained from the compensated
impedance measurements, described in Section 7.4.3. The models also require the
input impedances for the measurement device (Z;,,), the lead impedances (Z}),
and the various UREF impedances (Z,zgr). Since the UREF impedances have been
determined experimentally (see Section 7.4.1), these values will be used as model
input parameters in the simulations. Z;,, and Z! can then be determined by applying
an optimization algorithm.

Figs. 7.9 and 7.10 compare the measured and simulated impedance results for
P and N, respectively, measured with respect to the various pREF (0.5, 1.0, 2.3 and
5.0 mm). Since the artefacts are only minor for the longer PUREF, these results are
therefore not shown. The blue curves show the compensated (averaged) measure-
ments (Section 7.4.3). The green curves show the experimental results including
measurement artefacts and the red lines show the simulations of the artefact mod-
els.

Fig. 7.9a-d show the simulations for P (conventional configuration), using the
model presented in Eq. 7.13. In Fig. 7.10a-d the same simulations are shown for
N (note that now Z, is replaced by Z, in Eq. 7.13). From these results, it can be
concluded that the artefact model is in good agreement with the measurements for
all uREF. Fig. 7.9e-h show the simulations for P, (reversed configuration) using the
model presented in Eq. 7.22. Similarly, the same simulations are shown for N, in
Fig. 7.10e-h (note that Z, is replaced by Z, and vice versa in Eq. 7.22). Again, all
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uncompensated simulations.
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simulation results are in very good agreement with the measurements.

In Fig. 7.11a and b, the simulations with the ideal capacitor bridge (red line) are
shown for P and N, respectively, simulated with respect to the 0.5 mm long pREF.
For this simulation the model developed in Appendix A.4 is used in combination with
the ideal capacitor bridge described by Eq. 7.17. In Fig. 7.11a and b, it can be seen
that the simulations are in perfect agreement with the averaged measurements for
both P (a) and N (b) electrodes. Note that the compensated impedances (blue
lines) described in Section 7.4.3 are shown for comparison.
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Fig. 7.11: Impedance spectra of P (a) and N (b) measured with respect to the pREF with the smallest
tip length of 0.5 mm. Simulations with an ideal capacitor bridge (red) are compared to the proposed
compensation method (blue). The measurements with artefacts are shown (green) for convenience.

Although the capacitor-bridge simulations are in perfect agreement with the av-
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eraged measurements, it does not imply that the capacitance has a fixed value
along the investigated frequency range. Using Eqg. 7.18, the capacitance has been
calculated for each frequency of which the results are shown in Fig. 7.12 for both
P and N. These results clearly show that the capacitance, in the case of ideal com-
pensation, indeed strongly depends on the frequency. This might explain why
the capacitor-bridge measurement results (Fig. 7.6), using fixed capacitor values,
do not fully converge to the correct impedances. Comparing the simulated ca-
pacitances in Fig. 7.12 to the capacitances used in Fig. 7.6, it can be concluded
that these are of the same order of magnitude. However, the values found in
Fig. 7.12 are somewhat lower. This might be explained by the fact that the used
equivalent-circuit models are oversimplified with respect to the real measurement
system where stray-capacitances, inductances and other circuitries inside the mea-
surement device might be present. However, from the presented simulation results
it can be concluded that the developed models qualitatively show good agreement
with the measurements.

Capacitance [nF]

B 0 10" 10° 10° 10"
Frequency [Hz]

Fig. 7.12: Capacitance as a function of frequency for an ideal capacitor bridge.
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7.5. Conclusions

igh-frequency three-electrode EIS measurement artefacts are found for Li-ion

batteries with integrated lithium PREF. This makes a detailed impedance anal-
ysis of the individual electrodes unreliable and inaccurate. It has been found that
EIS artefacts are a function of the yREF impedance, more particularly dependent
on the active area of the YREF tip. The impedance of YREF should therefore be
selected as small as possible in order to reduce these artefacts. However, large-
surface-area JREF are not always favorable. Therefore, a method to compensate
artefacts for high-impedance PREF has been developed, simply by averaging two
individual three-electrode measurements. By using this method the measurement
lead impedance, contributing significantly to artefacts, can be fully compensated.
The proposed averaging method shows better results than measurements per-
formed with an artefact-compensating capacitor bridge and is easier to apply. The
proposed compensation method is therefore readily applicable to three-electrode
electrochemical systems with high-impedance UREF, making a detailed impedance
analysis and (N)ZIF possible.

Mathematical artefact models based on simplified equivalent circuit models have
been developed. These models have been used to simulate the impedance mea-
surements, including artefacts. The model simulations are in good agreement with
the measurements.
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Impedance-based
temperature determination
unraveled by micro-reference
electrodes

In the present work, (N)ZIF values of the complete battery (Bat), the positive
electrode (P) and the negative electrode (N) are extracted from the correspond-
ing impedance spectra in order to investigate what electrode is responsible
for the (N)ZIF behavior of Bat. It has been found that the impedance of both
electrodes is temperature-dependent and that the (N)ZIF of Bat, P, and N all
decrease with increasing battery temperature. It also has been found that
both individual electrodes contribute to Bat (N)ZIF and are therefore both re-
sponsible for its behavior. Since P and N (N)ZIF are temperature-dependent,
impedance-based temperature indication through (N)ZIF measurements es-
sentially can also be performed on the individual electrodes. For the investi-
gated batteries, (N)ZIF values of N are more sensitive to temperature changes
in comparison to that of P, leading to steeper N (N)ZIF curves than that of P,
which is favorable for the temperature indication accuracy. Furthermore, the
electrode revealing the highest imaginary value of the impedance in the in-
ductive quadrant of the complex plane is the electrode that dominates the
(N)ZIF magnitude of Bat. For the investigated batteries, it was found that P
revealed the highest imaginary values in the inductive area and the magni-
tude of Bat (N)ZIF is therefore dominated by P.

Parts of this chapter have been orally presented at the Advanced Battery Power Conference, Aachen,
Germany, 28-30 March 2017.
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8.1. Introduction

he (N)ZIF, which can be used to indicate the battery temperature, has been
T introduced and discussed in Chapters 4 and 5. So far, (N)ZIF values have been
determined on the complete battery (Bat) only and it is therefore unknown what
electrode is responsible for this effect. In this Chapter, the (N)ZIF behavior is stud-
ied for Bat and also for both the positive electrode (P) and the negative electrode
(N). In order to measure the individual electrode impedances, UREF were prepared
and placed between P and N. From the obtained impedance spectra, (N)ZIF values
were determined. This allowed to investigate the (N)ZIF behavior of the individual
electrodes in more detail, resulting in a first step towards impedance-based temper-
ature indication at the electrode level and, moreover, investigating the underlying
behavior of the Bat (N)ZIF. By investigating the (N)ZIF of the individual electrodes,
the responsible electrode for the characteristic (N)ZIF behavior can be revealed.

Since EIS measurements with (u)REF can introduce measurement artefacts [1—
3], a reliable and accurate data analysis might be impossible. Therefore, it is im-
portant to either prevent or to compensate for these artefacts as much as possible.
An effective method to compensate for high-frequency measurement artefacts for
Li-ion batteries with integrated WREF was successfully developed and presented in
Chapter 7. This compensation method is advantageously used in the present study
to accurately investigate the (N)ZIF behavior of P and N.

8.2. Experimental details

8.2.1. Battery construction

Cylindrical 18650 batteries, having a nominal capacity of 2.0 Ah with LiCoO, positive
and graphite negative electrodes were used. These cylindrical 18650 batteries were
delivered unsealed at one end, and did not contain electrolyte. Therefore, it was
possible to remove the inner core from the steel casing to introduce PREF(s). An
example of a steel casing, core material, and PREF are shown in Fig. 8.1a. The
core material contains coiled up electrodes and separator.

In order to introduce the PREF, the inner core was partly unrolled and the pREF
was positioned between the two electrodes. A piece of separator material was used
to separate the PUREF from the electrodes, preventing electrical contact. After in-
troducing the uREF between the electrodes, the inner core was coiled up again and
inserted into the steel casing. At the unopened end of the casing, a hole was made
to feed-through the negative electrode connection lead. A photo of both the inner
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Fig. 8.1: Photographs of an 18650 cylindrical Li-ion battery including UREF (a), unsealed Li-ion battery
including UREF (b), closed battery with plastic cap (c), and closed Li-ion battery including JREF in a
holder with measurement cables and connections (d).

core and MREF inside the unsealed steel casing is shown in Fig. 8.1b. A plastic
cap with two holes (one for the positive connection lead and one for the uREF)
was used to close the open end of the steel casing (see Fig. 8.1c). Sealant (Elring,
Dirko ProfiPress HT) was used to seal the plastic cap with the steel casing. The gaps
around the connection leads and the UREF were not sealed because the batteries
had to be vacuum-dried to evaporate moisture. After vacuum drying, the batter-
ies were placed in an Argon-filled glovebox. In the glovebox the batteries were
filled with PuriEL battery electrolyte from Soulbrain (Korea) with a composition of
1M LiPFg in 1/1/1 ethylene carbonate/diethyl carbonate/ethyl methyl carbonate +
2 wt.% vinylene carbonate solution. After filling the batteries with electrolyte, the
remaining small gaps around the connection leads and the pREF were sealed with
two-component glue. Finally, a plastic holder was used to fix the battery. Mea-
surement cables with connectors were soldered to the electrode connection leads
of the battery. The holder including battery, measurement cables, and connectors
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is shown in Fig. 8.1d.

8.2.2. Preparation of micro-reference electrodes

An insulated (Enamel) copper wire with a radius of 100 um and a length of 150 mm
was used as UREF current collector. The isolation at both ends was removed by
immersing the wire into sulfuric acid, followed by rinsing in ethanol. One side of
the unprotected Cu wire, later acting as reference electrode, was cut to a length
of 45 mm (see Fig. 8.1a). The other unprotected end is used to connect with the
measurement cables. Fig. 8.1b shows the location and the orientation of the uREF
in the core material.

8.2.3. Electrochemical measurements

Automatic battery cycling equipment (Maccor 2300) was used to activate and (dis)-
charge the battery. Initially, the battery was activated for four cycles using a con-
stant current, constant voltage (CCCV) procedure. CC charging was performed with
a current of 200 mA until the cut-off voltage of 4.2 V was reached. Subsequently,
the battery was charged at a CV level of 4.2 V till a cut-off current of 50 mA was
reached. After charging a resting period of 2 h was applied followed by a 200 mA
discharge with a cut-off voltage of 2.7 V. In addition to these relatively low-current
initialization cycles, ten cycles with a charge and discharge current of 1 and 2 A
were applied, respectively. Finally, the nominal discharge capacity of 2.0 Ah was
reached after full activation.

After activation, the battery was charged (CCCV) and metallic lithium was gal-
vanostatically deposited onto the unprotected Cu tips of the UREF in order to get a
stable lithium reference electrode potential. A 6 um deposition layer thickness and
0.4 mA/cm? current density were chosen for the uREF. The lithium was deposited
from both the P and N in order to obtain uniform layers around the wire. For a
detailed description of the deposition and stability of lithium metal micro-reference
electrodes, the reader is referred to the work of Zhou and Notten [4].

Galvanostatic EIS measurements were performed at temperature-controlled con-
ditions of -10, 0, 10, 20, 30, 40, and 50°C for 50 logarithmically distributed fre-
quencies in the range of 0.1 Hz to 20 kHz with an Autolab PGSTAT302N (Metrohm
Autolab). The applied AC current excitation was set such that the voltage response
was about 10 mV. This amplitude was chosen to prevent nonlinear responses and
to have an adequate signal-to-noise ratio. Five SoC values were investigated, rang-
ing from 100% to 20% in steps of 20%. The EIS measurements were performed
with a complete battery (Bat) and with P and N measured with respect to the uREF.
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The method described in Chapter 7 was used to compensate for EIS measurement
artefacts.

All measurements were performed in a temperature-controlled double-walled
chamber that was positioned inside an argon-filled glovebox. A coolant pump (Ju-
labo F32) was used with a high-quality coolant (Julabo Thermal H5) for temperature
control. The measurement cable length of the Autolab was 1.5 m and the cable
length from the feed-through to the battery inside the glovebox was approximately
2m.

8.3. Results and discussion

8.3.1. Lithium deposition

After battery activation, metallic lithium was galvanostatically deposited onto the
copper MREF according to the method described in Refs. [4, 5]. Before lithium de-
position, the battery was charged to an SoC of 100%. A schematic representation
of the deposition process is shown in Fig. 8.2. In order to obtain a uniform depo-
sition layer, lithium is first deposited from P (Fig. 8.2a) and, subsequently, from N
(Fig. 8.2b). Apparently, this process is essential to prevent shielding effects of the
MREF itself, generating a nonuniform layer, which is visualized in Fig. 8.2a [4, 5].

The current and corresponding voltages during the deposition process are shown
in Fig. 8.3. The red line in Fig. 8.3a shows the electrode voltage between P and
MREF. At the moment the first deposition was initiated, i.e. between P and uREF,
the voltage was approximately 1.2 V, which corresponds to a voltage between P
and the copper substrate of the pREF. However, the voltage rapidly increased to
approximately 4.2 V when the current was switched on, indicating that the cop-
per UREF changed into a metallic lithium pREF. The deposition current, shown in
Fig. 8.3b, clearly indicates the moment at which deposition starts. After the first
deposition, lithium was further deposited from N onto the PREF, of which the volt-
age is shown by the blue line. As lithium was deposited already from P, the voltage
was stable at the moment the lithium deposition from N onto the YREF started. The
corresponding currents for both deposition processes are shown in Fig. 8.3b. It can
be seen that when the deposition current ends (= 93 min), the voltage remains
stable.

The deposited capacity was calculated from the deposition current and time. For
the applied UREF, a capacity of 0.35 mAh was used, which is 0.017 % of the total
battery capacity. Therefore, the amount of charge that was deposited is negligible
for the total battery storage capacity.
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Positive electrode

nonuniform
lithium layer

«— Sseparator

(a ) Negative electrode

Positive electrode

<+— Separator

uniform
lithium layer

( b) Negative electrode

Fig. 8.2: Schematic representation of the lithium deposition process. Deposition from P (a), and
deposition from N (b). Adapted from Ref. [5].

8.3.2. Battery and electrode impedances

In Fig. 8.4 P, N, and Bat impedances are shown, measured at various temperatures
and at a SoC of 60%. In the left column (Fig. 8.4a-c), all impedances are shown,
whereas in the right column (Fig. 8.4d-f) zooms on the impedances measured at
higher temperatures are shown. As expected, the impedances for both the individ-
ual electrodes and for the battery decrease with increasing temperature, indicating
that a temperature-dependent (N)ZIF can be determined for both P and N.

The same results are shown in Fig. 8.5. However, now P, N, Bat, and the sum-
mation of P and N are shown in one complex plane for a fixed temperature. For
all complex planes (Fig. 8.5a-f), the summations of P and N perfectly agree with
Bat measurements, which is an indication that the individual electrode impedances
are measured correctly. In addition, the agreement between P + N and Bat at high
frequencies is perfect, which implies that high-frequency measurement artefacts
are perfectly compensated with the method described in Chapter 7.

From Fig. 8.5, it is interesting to see that N is more sensitive to temperature
changes in comparison to P. For example, at a temperature of -10°C (Fig. 8.5a),
the impedance of N is larger than that of P. However, at a temperature of 40°C
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Fig. 8.3: Voltage between P (red line) and N with respect to uREF (blue line) (a), and deposition
current (b) during metallic lithium deposition. Note that the depositions were performed sequentially.

(Fig. 8.5f), this is reversed. Hence, the contribution of N to Bat is larger at low
temperatures than at high temperatures. Furthermore, the high-frequency part of
P always reaches further into the inductive area of the complex plane in comparison
to the high-frequency part of N. This behavior might be attributed to the fact that
the WREF is positioned more close to the N tab in comparison to the P tab, which
is shown in Fig. 8.1b. Consequently, the effective current path between the pREF
and the P tab is much longer than the current path between the uREF and the N
tab, resulting in more inductance [6]. This asymmetry can be solved by making
the length of both current paths the same, i.e. placing the UREF in the middle of
the electrode windings. However, this was practically impossible since the elec-
trode windings must be unrolled relatively far for introducing the uREF between
the electrodes, making it complicated to rewind again such that the core fits into
the casing. Because the impedance of P always reaches further into the inductive
quadrant, it is to be expected that P (N)ZIF values are lower in magnitude than N
(N)ZIF values.
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measured at various temperatures at SoC = 60%. A zoom on the impedances of P, N, and Bat is
shown in (d-f).

8.3.3. Intercept frequencies

In Fig. 8.6a-c, typical examples of (N)ZIF curves are shown for Bat, P, and N as
a function of temperature at 60% SoC. Fig. 8.6a shows the ZIF, interpolated at
Z:m = 0, whereas Fig. 8.6b and c show the NZIF, interpolated at Z;,,, = 5 mQ, and
Zim = 10 mQ, respectively. The (N)ZIF curves of P + N have been intentionally left

out as these are exactly the same as those of Bat.
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SoC = 60%.

From Fig. 8.6a-c, it can be seen that P, N, and Bat (N)ZIF values decrease
with increasing temperature. The characteristic (N)ZIF behavior of Bat is already

known

from the results described in Chapters 4 and 5. However, the results in

Fig. 8.6a-c basically show that impedance-based temperature indication through
the (N)ZIF also can be performed on both individual electrodes. Furthermore, the
(N)ZIF values of N are distinctively higher in magnitude in comparison to the (N)ZIF
values of both Bat and P. The reason is that the inductive tail of N reaches less far
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into the inductive quadrant, which has been discussed in detail in Section 8.3.2.
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Fig. 8.6: ZIF (a) and NZIF interpolated at Z;,,, = 5 mQ (b), and Z;;;, = 10 mQ (c) as a function of
temperature for Bat, P, and N at SoC = 60%. Corresponding imaginary impedance (Z;,,) as a function
of frequency for Bat, P, and N at SoC = 60% and T = 20°C (d-f). The (N)ZIF at Z;,, = 0 mQ (d),

Zim =5 mQ (e), and Z;;, = 10 mQ (f) are indicated with arrows.

The behavior of the (N)ZIF curves in Fig. 8.6a-c can be further clarified with the
help of Fig. 8.6d-f, in which the imaginary part of the impedances (Z;,,,) is shown
as a function of frequency (note that —Z;,,, is plotted). Considering the ZIF values
interpolated at Z;,, = 0 in Fig. 8.6d, it can be seen that P ZIF is lower in comparison
to N ZIF, because it passes the Z;,, = 0 line at a lower frequency than N. It can
also be seen that the ZIF of Bat is between that of P and N. The ZIF magnitude
of Bat is dictated by the contribution of the imaginary values of both separate
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electrodes, and therefore both electrodes are responsible for the characteristic ZIF
behavior of Bat. For example, in Fig. 8.6d, Z;,,, of P is approximately 2 mQ at 2 kHz,
whereas Z;,,, of N is approximately —2 mQ at 2 kHz. Adding those two values leads
to Z;, = 0 for Bat, at which the ZIF has been determined. Similarly, this also
holds for the NZIF values shown in Fig. 8.6e and f. However, the electrode that
dominates the (N)ZIF magnitude of Bat, is the electrode with the largest imaginary
value. In the example shown in Fig. 8.6, P is found to be the dominating electrode.
However, as explained in Section 8.3.2, the asymmetric location of the pREF in the
battery core is responsible for the higher imaginary values in the inductive quadrant
for P in comparison to N. In reality, it can be assumed that both electrodes have
equal inductances and that the imaginary values in the inductive quadrant can be
considered equal, leading to equal electrode contributions.

The slope of the (N)ZIF curves is determined by the sensitivity of the electrode
impedance with respect to temperature. In Fig. 8.5, it can be clearly seen that
the impedance of N is more sensitive to temperature changes than P. For that
reason, the slope of N (N)ZIF curves is steeper in comparison to the P (N)ZIF
curves (see Fig. 8.6a-c). For high temperature indication accuracy, it would be
advantageous when the slopes of (N)ZIF curves are more steep. Steeper slopes
of the individual electrodes lead to steeper slopes for Bat. For impedance-based
temperature indication, it is sufficient to have only one electrode which is sensitive
to temperature changes. Since the graphite N is sensitive to temperature changes
(see Fig. 8.5), it is to be expected that the (N)ZIF temperature indication method
can be performed on most commercial Li-ion battery systems as the majority of N
is based on graphite.

8.4. Conclusions

oth ZIF and NZIF values have been extracted from the impedance spectra mea-
B sured at cylindrical C4/LiCoO, batteries and related to the battery temperature.
HREF, in situ deposited with a thin metallic lithium layer, allowed to measure the
impedance spectra of the individual electrodes. It can be concluded that the (N)ZIF
values of P, N, and Bat are all temperature-dependent and, therefore, can be used
for impedance-based temperature indication.

For the investigated batteries, it was found that the impedance of N is more sen-
sitive to temperature changes than that of P. For that reason, the slope of N (N)ZIF
curves is steeper than the slope of P (N)ZIF curves. The (N)ZIF of Bat is composed
of the contribution of the imaginary values of both individual electrodes, indicating
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that both electrodes are responsible for the characteristic behavior of Bat (N)ZIF.
However, the electrode with the highest imaginary value in the inductive quadrant
of the complex plane is the electrode that dominates the (N)ZIF magnitude of the
complete battery.

The experimental investigations in this work have all been performed under
equilibrium laboratory conditions. Future investigations have to reveal if impedance-
based temperature indication on the individual electrodes can also be performed
under non-equilibrium conditions.
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A.1. Introduction

y applying Kirchhoff’s voltage laws to the equivalent circuits in Fig. 7.1 and

Fig. A.1, the current flowing through the branches can easily be calculated. In
Fig. A.1 the equivalent circuits shown in Fig. 7.1 are reproduced. However, Fig. A.1
also shows the current paths which are used to calculate the various currents flow-
ing through the various circuits. Counterclockwise flowing currents are defined as
positive and clockwise currents as negative. When these currents are known, the
voltage AV and the impedances can be calculated successively.

Measurement device Measurement device
LT — LT —
Zin Zin Zin Zin
() ()

[ I A @
WE
2

s RE CE WE s
Qe | Q| G Qe

i G |0 O @, Do
| Tiiﬁl*
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( a ) Battery (d ) Battery
Measurement device Measurement device
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—
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Measurement device Measurement device
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( C) Battery (f) Battery

Fig. A.1: Schematic equivalent circuits for EIS measurements at Bat (a), P (b), N (c), P with capacitor
bridge (d), P with reversed connections (e), and N with reversed connections (f).
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A.2, Battery impedance

In order to calculate the total measured battery impedance (Z%,;), two linear
equations need to be determined from the circuit shown in Fig. A.1a. Following
the current paths i, and i,, we can write

(i1 = Ipae) Z1VE + (iy — ip) (le + Zin) =0 (A.1)

and

(i —iy) (Zin + le) + (i = Igae) (Zp + Zy) + iy (ZfeE + Zin) =0, (A.2)

respectively. This system of linear equations can be written in matrix notation to
obtain a solution for i; and i,, resulting in

MI = IgqZ , (A.3)
where

WE
Zl

M= . (A4)

le _le [ = il 7 =
_221 ZZZ ' i2 '

Note that I is a vector with currents, not an identity matrix. In matrix M,

Zp + Zy

Ziy =2y =Z} + Zin (A.6)
Z22=22m+Zi9+ZP+ZN +Z{{E. (A.7)

Solving Eq. A.3 by
I = M‘llBatZ (A.8)

for any arbitrary non-zero I,;, a solution can be obtained for both i; and i,. Sub-
sequently, the voltage difference AV can be calculated, according to

AV =V, -V, (A.9)
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where

Vi =iZin , Vo= (iy —i2) Zin (A.10)

and, therefore,

AV = Zi, (2i, — iy) . (A.11)
The total measured battery impedance can finally be calculated by

AV 2i—

in

m
Bat —

, (A.12)

IBat IBat

in which Ig,; has the same value as in Eq. A.8. From Eq. A.12 it can be seen
that Z,; is dependent on the input impedance of the measurement device mul-
tiplied with a current ratio. Obviously, i; and i, are dependent on the remaining
impedances in the circuit.

A.3. Positive and negative electrode impedances

ollowing the circuit with current paths in Fig. A.1b, the measured impedances for
P (Z7') can be derived. The current path i; is the same as in Eq. A.1. However,
the equation for current path i, becomes

(g —iy) (Zin + Z5) + (i — Ipar) Zp + iy (Zyper + ZRE +Z;) =0 . (A.13)

A system of two linear equations can be used in the same matrix notations and
derivations as for the battery, shown in Appendix A.2, i.e. Egs. A.3 - A.8. However,
Eg. A.7 changes into

222 =2ZlTL +Zf+ZP +Z,LLREF+Z;?E ) (A.14)

and the second element in vector Z (see Eq. A.4) changes from (Zp + Zy) to Zp.

Solving the system of equations for i; and i, by Eq. A.8 and using Egs. A.9 -
A.12, ZF* can be calculated accordingly. The measured impedances for N (Z3}), of
which the equivalent circuit is shown in Fig. A.1c, can be obtained with the same
approach. Inthat case, Z, has to be replaced by Z,, in the corresponding equations.
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A.4. Capacitor-bridge compensation

ig. A.1d shows the circuit in which a capacitor bridge is used to compensate the

leakage current through UREF. The capacitor creates one additional current path
that must be considered, resulting in three paths in total. In order to calculate the
measured P in the presence of a capacitor bridge (Z7';), a system of three linear
equations must be solved. The equation for the current path i, is equal to Eq. A.1.
The equations for the current paths i, and i; become

(i — i) (Zin + qu) + (iz = Ipae) Zp + (ip —i3) Zyggr + iz (ZfE + Zin) =0 (A.15)

and

isZ¢ + (i3 — i) Zypgr + (i3 — Igat) Zy = 0, (A.16)

respectively. In order to work towards a solution for the three currents, Eq. A.3 can
be used, in which

le _Z12 Z13 il Z}/VE
M = _Z21 ZZZ _223 ) I = i2 ) Z = ZP . (A.17)
Z31 —Zzp; I3z i3 Zy

In Eq. A.17 the elements Z,,, Z,,, Z,,, and Z,, are equal to the Egs. A.5, A.6, A.6,
and A.14, respectively. The remaining elements are defined as

213 = Z31 =0 (A.18)
Zyz =123 = ZﬂREF (A.19)
233 =ZC +ZMREF+ZN . (A.20)

By using Eg. A.8, the currents iy, i,, and i; can be obtained. Egs. A.9 - A.12 can
then be used to calculate Z3'.. In order to calculate the measured impedance of N
(Z}¢), all Zp must be replaced by Zy and vice versa.
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A.5. Reversed-electrode impedances

he circuit in Fig. A.1e shows how P is measured with reversed connections
(Z3,). Following the current paths i; and i, we can write

(i1 —Ipae) (ZVE +Zy) + (s — 1) (Zuger + Z5 + Zin) =0 (A.21)

and

(o —11) (Zin +Z§ + Zyper) + (2 — Iat) Zp + i (ZRE + Z1,) = 0 (A.22)

for both paths, respectively. Again, Eq. A.3 can be used to solve this system of two
linear equations in which the four elements of matrix M are defined as

Z11:ZYVE+ZN+Z#REF+Zf+Zin (A.23)
Z13=Zp =Zin+ 7} + Z uREF (A.24)
Zzz =ZZin +Zig+ZﬂREF +Zp+Z{eE . (A.25)

Furthermore, vector Z in Eq. A.3 is now defined as

ZVE+Zy

2=y

(A.26)

Solving the currents i; and i, by Eq. A.8 and subsequently using Egs. A.9 - A.12,
Zp. can be obtained. The same approach can also be performed for determining
Z}, of which the schematic equivalent circuit is shown in Fig. A.1f. However, in all
corresponding equations Z, must be replaced by Z, and vice versa.
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