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palavras-chave

resumo

Rede de sensores, redes de Bragg em fibra, cavidades de Fabry-Perot,
monitorizacado in-situ, deformacao, mapeamento térmico, baterias de ido de litio,
seguranga

No presente trabalho, desenvolveram-se redes de sensores em fibra 6tica para
integrar em baterias comerciais de ido de litio (cilindricas e prismaticas) e em
baterias pré-fabricadas em ambiente de laboratério (pouch cells), com o objetivo
de monitorizar in situ, em funcionamento e em tempo real varia¢des internas e
externas de temperatura e deformacéo, sob diferentes condigcBes ambientais e
diferentes taxas de carga e descarga.

Para tal, e de maneira a mostrar o melhor desempenho dos sensores de fibra
Otica em relacéo aos eletronicos tipicamente usados neste tipo de aplicacéo, os
seus tempos de resposta e resolucdo foram comparados, obtendo-se uma
melhoria de 28% do tempo de resposta e uma resolucdo superior com 0s
sensores em fibra oOtica.

Foram feitos estudos da monitorizagdo de variagdes de temperatura e
deformacdo através de redes de Bragg em fibra (FBG) na configuragéo cilindrica
e variagcbes de temperatura e deformacdo bidirecional na configuracdo
prismética, aquando do seu funcionamento em condi¢cdes normais e abusivas,
através do método FBG strain-free. Quando as baterias foram submetidas a
condicdes operacionais abusivas, ficou evidente que ocorrem maiores variagoes
de temperatura e de deformacgéo, sendo promovidas pelo rapido transporte dos
iBes de litio entre os elétrodos positivo e negativo. Devido a expansao térmica
dos materiais que comp&em a bateria, a sua estrutura interna € um importante
parémetro a ter em consideracdo e que pode influenciar o seu comportamento
em termos de expanséao e contracao.

A fim de monitorizar o desempenho térmico de baterias prismaticas de ido de
litio em diferentes condicbes ambientais, realizaram-se estudos nos quais a
bateria operou sob diferentes taxas de descarga em diferentes condi¢Bes de
temperatura e humidade relativa, por forma a simular o desempenho da bateria
em trés climas distintos: frio, temperado e seco. Destes estudos, constatou-se o
fraco desempenho deste tipo de baterias no clima frio, e consequente inferior
desempenho térmico.

Uma rede de 37 sensores FBG foi ainda usada para monitorizar as interfaces
de um pack de 3 baterias poliméricas de litio, conectadas em série. Foi possivel
realizar um mapa térmico espacio-temporal para diferentes taxas de descarga,
e identificar as zonas mais suscetiveis ao aparecimento de pontos quentes e
capazes de colocar em risco o seu normal funcionamento. As zonas mais
quentes foram detetadas préximas dos coletores de corrente, devido a superior
densidade dos ides de litio nesta regido.

Pela primeira vez, foi realizada a discriminag&o simultédnea de variacdes internas
de temperatura e deformagdo em baterias de ido litio na configuragdo pouch
cell, através da incorporacdo de sensores hibridos, que combinam as
caracteristicas operacionais dos sensores Fabry-Perot e FBG. A evolucao da
deformacéo e temperatura foi seguida pelos sensores propostos e as maiores
variagbes de deformagédo foram detetadas no inicio do processo de descarga,
na posicdo inferior da pouch cell.

Com o trabalho desenvolvido nesta Tese, conclui-se que a integracdo de
sensores em fibra Gtica em baterias de ido de litio contribui para um melhor
conhecimento, interno e externo, do desempenho térmico e de variacfes de
volume sob diferentes condi¢ces de funcionamento. Assim, poder-se-a melhorar
as condicdes de seguranca e otimizar o design da préxima geracao de baterias
de ido de litio.
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abstract

Sensors network, fiber Bragg gratings, Fabry-Perot cavities, in-situ monitoring,
strain, thermal mapping, lithium-ion battery, safety.

In this work, fiber optic sensor networks were developed to be integrated in
commercially available lithium-ion batteries (cylindrical and prismatic) and pre-
fabricated batteries in a laboratory environment (pouch cells), with the objective
of monitoring in situ, operando and in real time, the internal and external
variations of temperature and strain, under different environmental conditions
and different charge and discharge rates.

To this end, and in order to show the improved performance of fiber optic sensors
in relation to the electronic ones, typically used in this type of application, their
response time and resolution were compared. An improvement of 28% of the
response time and a better resolution are attained with fiber optic sensors.
Monitorization studies of the temperature and strain variations using fiber Bragg
gratings (FBGs) in the cylindrical configuration have been made, as well as
temperature and bi-directional strain variations in the prismatic configuration,
under normal or abusive operating conditions, using the FBG method strain free.
When the batteries were subjected to abusive operating conditions, it was
evident that greater temperature and strain variations occur, being promoted by
the rapid transport of lithium ions between the positive and negative electrodes.
Due to the thermal expansion of the materials that compose the battery, its
internal structure is an important parameter to consider and that can influence its
behavior in terms of expansion and contraction.

In order to monitor the thermal performance of lithium-ion prismatic batteries in
different environmental conditions, studies were performed in which the battery
operated at different discharge rates over different conditions of temperature and
relative humidity, in order to simulate the performance of the battery in three
distinct climates: cold, temperate, and dry. From these studies, the poor
performance of this type of batteries in the cold climate, and consequent lower
thermal performance was verified.

A network of 37 FBG sensors has also been used to monitor the interfaces of a
pack of 3 lithium polymer batteries connected in series. It was possible to perform
a spatial and temporal thermal mapping under different discharge rates, and to
identify areas that are more susceptible to the appearance of hot spots and that
are capable of endanger its normal functioning. Hotter zones were detected near
the current collectors, due to the higher density of lithium ions in this region.

For the first time, the simultaneous discrimination of internal temperature and
strain variations in lithium-ion batteries in the pouch cell configuration was carried
out, through the incorporation of hybrid sensors, which combine the operational
characteristics of the Fabry-Perot and FBG sensors. The evolution of the strain
and temperature signals was followed by the proposed sensors and the largest
strain variations were detected at the beginning of the discharge process, in the
bottom position of the pouch cell.

With the work developed in this Thesis, it is concluded that the integration of
optical fiber sensors into lithium-ion batteries contributes to a better internal and
external knowledge of the thermal performance and volume variations under
different operating conditions. This might improve the safety conditions and
optimize the design of the next generation of lithium-ion batteries.
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Optical fiber sensors networks for in situ lithium-ion batteries monitoring

1. Introduction

The sensing of characteristic parameters, such as temperature and strain variations, in
lithium-ion batteries (LIBs) is a fundamental issue to ensure that they operate in safe
conditions. Typically, LIBs are monitored through electronic sensing devices, such as
thermocouples, micro-electro-mechanical systems, pyrometers, and resistance temperature
sensors. However, in addition to low resolution and accuracy, these sensors are not suitable
to be embedded in LIBs, due to the electrochemical environment of the battery. Alternative
solutions, with higher precision, multipoint capabilities, reduced the system costs, and that
can be easily integrated in LIBs with low invasiveness, are the fiber optic sensors.

1.1 Fiber optic sensors

Manfred Borner, a German physicist, developed in 1965 the first fiber optic patent related
with a working fiber-optic data transmission system [1, 2]. Years later, in 1978, the concept
of wavelength division multiplexing, where several optic signal chargers are multiplexed
into a single optical fiber through different wavelengths was firstly published [3]. Since then,
the optical fiber community has expanded and the use of optical fibers as sensing elements
attracted a lot of attention. Figure 1.1 summarizes the different types of fiber optic sensors
developed along the last years [4]. The fiber Bragg gratings (FBGs) and Fabry-Perot (FP)
interferometers were the type of sensors selected to be used in the works reported in the

present Thesis.

Fiber optic sensors

\ 4

Fiber gratings Interferometric sensors Distributed sensors
e FBG e FP .
e Chirped FBG e Michelson * Raman scattering
o Tilted FBG e Sagnac ° Ra_yle'gh scatter!ng
e Long period grating e Mach-Zehnder * Brillouin scattering

Figure I.1. Types of fiber optic sensors (adapted from [4]).



Optical fiber sensors networks for in situ lithium-ion batteries monitoring

The first FBG, fabricated using a visible laser propagating along the fiber core, was
proposed by Ken Hill, also in 1978 [5]. Fiber optic sensors based on FBGs have been widely
applied in the measurement of physical, chemical, biomedical, and electrical parameters,
especially for structural health monitoring (SHM) in civil infrastructures, aerospace, energy,
and maritime areas [6]. Typically, the measurands information is usually encoded by the
Bragg wavelength shift.

In 1897, Charles Fabry and Alfred Perot, published the first paper describing the so-called
FP interferometer principle [7]. In the last four decades, fiber optic sensors based on this
interferometric method were also applied in numerous applications, such as mechanical,
biological, chemical, and various physical parameters including temperature, strain,
pressure, and refractive index [4, 8].

Optical fibers have been intensively investigated at various sensor fields owing to their
unique characteristics such as multiplexing, remote sensing, high flexibility, low
propagating loss, high sensitivity, low fabrication cost, high accuracy, durability,

simultaneous sensing ability, and immunity to electromagnetic interference [7-10].

1.1.1 Fiber Bragg gratings

The sensing principle of a FBG is based on a local modulation of the refractive index in
the optical fiber, which can be created by using an appropriate sideways illumination with
UV-light (spatial fringe pattern) to a photo-sensitive optical fiber. Figure 1.2 shows the
scheme of a FBG sensor together with a typical FBG writing scheme [4, 6].
Strain and temperature measurements with FBGs are the most common sensing applications.
Despite that the values are dependent on FBG types and the operation wavelength, their
typical sensitivity to temperature and strain is of ~13.0 pm/°C and ~1.2 pm/pe, respectively
[10]. In addition to the common advantages of fiber sensors, this wavelength interrogation
method provides robustness to noise and power fluctuation and also enables wavelength
division-multiplexing, by inscribing several FBGs with different grating periods in the same
optical fiber. This allows the monitorization of different positions in one structure/surface
with only one sensor line. In practice, both the effective refractive index and the Bragg period

of the grating will be affected by any applied mechanical strain as well as by temperature
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[11]. They can be easily embedded into composite materials due to their small dimensions,
higher flexibility, and higher heat and stress resistance [11-13].
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Figure 1.2. Schematic process of phase mask technique for the fabrication of FBG sensors in the
fiber (adapted from [4, 6]).

1.1.2 Networking of FBGs

In recent years, the research and development of sensor network technology based on
FBGs has attracted significant interest, because the wavelength of an individual FBG sensor
is able to carry the measurand information in a specific position. Since some tested objects
contain more than one measurement point and sometimes have a continuous distribution of
temperature and/or strain, the use of multiplexed sensing technology to build up the sensor
networks is indispensably required, in order to obtain a complete information of tested
objects. By addressing wavelength division, one can acquire the information of different
locations along the fiber axis. Only one light source is required, and the same interrogation
system is employed for different FBGs, which effectively decreases the system cost [14]. In
many applications, when competing with other mature sensing technologies, such as the

electronic sensors, the FBGs have proven to be a better solution [14, 15].



Optical fiber sensors networks for in situ lithium-ion batteries monitoring

1.1.3 Fabry-Perot interferometers sensors

In an interferometric sensor, such as the FP interferometer, a physical change in the
structure causes a phase change of the two interfering light signals [16]. A FP cavity sensor
is designed by considering two parallel reflecting surfaces separated by a certain length (L).
FP sensors can be classified as extrinsic or intrinsic, as can be seen in Fig. 1.3 a) and b),
respectively. In an extrinsic FP interferometric sensor, the air cavity is formed by a
supporting structure. The intrinsic FP interferometric fiber sensor has reflecting components
within the fiber itself [17,18].

] R R,
Air
Fiber core 2 : Fiber core
- L > I
T
a) b)

Figure 1.3. a) Extrinsic FP sensor performed by forming an external air cavity, and b) intrinsic
FP sensor formed by two reflecting components, R: and R» (adapted from [7]).

A FP sensor can achieve a maximum strain resolution of 0.15 pe. The typical
measurement range is ~1000 pe, which can be extended up to ~5000 pe [4]. It can be
operated at larger scale of temperatures (-50 °C — 1000 °C) [19, 20], and it is very compact,
with a length from few tens of micrometers up to several millimeters. These sensors can also

be embedded into the materials without any weight penalty or adverse effects [16, 21].

1.1.4 Simultaneous discrimination of strain and temperature

FBGs are sensitive to more than one physical parameter at the same time, translating in a
large cross sensitivity, such as in the case of strain and temperature. Many procedures have
been proposed to simultaneously discriminate strain and temperature. The most
straightforward way is using two different FBGs, whereupon one FBG is strain-free and the
other simultaneously detects strain and temperature. However, this method can be
challenging when it is proposed to monitor specific parameters inside electrochemical
materials, such as batteries, due to the necessity of involving the strain-free FBG sensors in

other conductive materials. Typically, conductive microtubes are used, at the cost of
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increasing the invasiveness and the possibility of interacting with the electrochemical

materials.

Other methods are based on the use of different sensing elements that have different
responses to strain and temperature. For example, methods have been reported that use an
FBG pair [22], a chirped FBG [23], or cascading an FBG with a thermochromic material
coated fiber tip [24]. All these methods have good response to strain and temperature,
however, they are inappropriate for precise measurements due to low spatial resolution.
FBGs have also been recorded in high birefringence [25] or doped [26] fibers, however they

require a fiber laser system for demodulation.

FP sensors based on air cavities are typically used to monitor strain or pressure variations
due to the fact that they are almost insensitive to temperature shifts [27, 28]. Nevertheless,
and like the FBGs, when embedded inside materials, their sensitivity to temperature and
strain changes due to the mechanical stresses produced by the surrounding material, and an
internal calibration is always required [29, 30].

The simultaneous discrimination of strain and temperature can be improved by combining
the signals of FBGs and FPs, by writing the FBG sensor as near as possible to the FP cavity.
The main advantages of this process are the different strain and temperature sensitivities
obtained by the FP cavities comparatively with the FBGs, together with the benefit of using
a single fiber to monitor the same point, decreasing the invasiveness inside the battery.

Besides, no extra-material is needed to be integrated with this discrimination method.

1.2 State of art — Lithium-ion batteries

Lithium is named after the Greek word “lithos” meaning “stone”. The soft, silver-white
metal belongs to the alkali metal group of chemical elements and is noticeable with the
symbol Li. Lithium is the lightest of all metals, has the greatest electrochemical potential

and provides the largest specific energy per weight.

In 2016, the total demand for lithium reached almost 120.000 metric tons. Figure 1.4
presents typical uses of lithium, which include lubricants, glass, ceramics, pharmaceuticals
and refrigeration [31, 32]. According to this graph, batteries consume 39% of the largest

share of lithium.
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Figure 1.4. Distribution of global lithium end-uses at various sectors for different application (2016)
(adapted from [31]).

In 1991, Sony commercialized the first LIB, and today the batteries based on this
chemistry have become the most promising and fastest growing technologies on this specific
market. The key to the superior specific energy is the high nominal cell voltage of 3.60 V,
that can directly power mobile phones, tablets and digital cameras, offering simplifications
and cost reductions over multi-cell designs. The main drawback is the need of protection

circuits to prevent abuse [33].

Most LIBs share a similar design, as illustrated in Fig. 1.5, consisting on a metal oxide
positive electrode (cathode) that is coated onto an aluminum current collector, a negative
electrode (anode) made from carbon/graphite coated on a copper current collector, a
separator, and an electrolyte made of lithium salt in an organic solvent. During the charge
process, the ions flow from the cathode to the anode through the electrolyte and separator.
The discharge process reverses the direction and the ions flow from the anode to the cathode
[34].

Commercially available Li-ion cells use polyolefin as a separator, which is moistened
with electrolyte and forms a catalyst that promotes the movement of ions. Although ions
pass freely between the electrodes, the separator is an isolator with no electrical conductivity
[35, 36]. The separator should be as thin as possible to not add dead volume and still provide
sufficient tensile strength to prevent stretching during the winding process and offer good

stability throughout life. The pores must be uniformly spread on the sheet to ensure even
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distribution throughout the entire separator area. Furthermore, the separator must be
compatible with the electrolyte and allow easy wetting. Dry areas can create hot spots

through elevated resistance, leading to cell failure [33, 37].

€ separator L

L%

ectroly

Current
co leC[Or
cuirent . ®

Collector

. Charge '
o’/sc/;argge

Figure 1.5. lon flow through the LIB separators. These provide a barrier between the anode (negative
electrode) and the cathode (positive electrode) while enabling the exchange of lithium ions from one
side to the other (adapted from [34]).

The electrolyte serves as catalyst to make the battery conductive by promoting the
movement of ions. LIBs can use liquid, gel or dry polymer electrolytes. Ideally, the
electrolyte should be stable, but this is not the case with the LIBs. When the LIB is activated
for the first time, a passivation film forms on the anode, the so-called solid electrolyte
interface (SEI). This layer separates the anode from the cathode but allows ions to pass
through much like a separator. In essence, the SEI layer must form to enable the battery to
work. The film stabilizes the system and gives the LIB a long life, but this causes a capacity
reduction [38, 39].

In addition to the many different alternative LIB chemistries, there is also the possibility
to design the battery in different ways. One way is to use large sheets of the anode-cathode
combinations, that are layered, cut into a square shape and then stacked. Afterwards, they
are enclosed in protective containers; either a flexible pouch cell (aluminum and plastic

laminate) or a hard aluminum case (prismatic cell). Another possibility is to use a
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combination between the anode and cathode stacked in large sheets and rolled up to form
the many layered structure. The roll is cut to the desired length and inserted into a cylindrical
container, often of aluminum [37]. The different ways of configurations and that were used

in the experimental tests of this Thesis, are presented in the Fig. 1.6.

The cylindrical batteries configuration is one of the most widely used packaging styles.
The advantages are the ease of manufacture and good mechanical stability. This LIB
configuration has good cycling ability, offers a long calendar life and is economical, but it
is dense, and it has low packaging density due to the internal space cavities. The 18650
cylindrical battery (18mm in diameter and 65 mm the length) remains one of the most
popular cell packages, where the typical applications are power tools, medical devices,

gadgets, and electric bicycles [40].

7 Prismatic

Cylindrical -

Pouch cell

Figure 1.6. Photograph of a cylindrical, prismatic and pouch cell LIB configurations.

Introduced in the early 1990s, the prismatic LIB, presented in Fig. 1.7, satisfies the
demand for thinner sizes. Wrapped in elegant packages, the prismatic batteries make optimal
use of space by using the layered approach forming a jelly-roll structure, and are
predominantly found in mobile phones, tablets, and low-profile laptops ranging from
800 mAh to 4000 mAh. They are also available in large formats. Packaged in welded
aluminum housings, the cells deliver capacities of 20-50 Ah and are primarily used for
electric power trains in hybrid and electric vehicles [40]. The prismatic cell improves space

utilization and allows flexible design, but it can be more expensive to manufacture, less

10
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efficient in thermal management and have a shorter life cycle than the cylindrical design.
This type of cells requires a firm enclosure to achieve compression. Some swelling due to

gas buildup is normal, and growth allowance must be made [40].

Cathode
Separator

Anode

Header

Figure 1.7. Cross section of a prismatic LIB (adapted from [40]).

The pouch cell configuration, shown in Fig. 1.8, surprised the battery world with a radical
new design. Rather than using a metallic cylinder and glass-to-metal electrical feed-through,
conductive foil-tabs were welded to the electrodes and brought to the outside in a fully sealed
way [41]. This configuration offers a simple, flexible and lightweight solution to battery

design.

Negative Tab
Positive Tab Separator

“Jelly Roll”

Positive Electrode

Negative Electrode

Figure 1.8. Li-ion pouch cell used in a cell phone (adapted from [41]).
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The Li-ion pouch cells can deliver high load currents, but they perform best under light
loading conditions and with moderate charging. They make most efficient use of space and
achieve 90 - 95 % packaging efficiency, the highest among battery packs. They are typically
used in consumer, military, and automotive applications. No standardized pouch cells exist,
and each manufacturer designs its own [40, 41].

Extreme swelling in Li-ion pouch cells, as illustrated in Fig. 1.9, is currently a concern. It
is best not to stack pouch cells on top of each other but to lay them flat, side by side or to
allow extra space between them. The pressure created can crack the battery cover, and in
some cases, break the display and electronic circuit boards. The swelling can occur due to

gas generation, also known as gassing, that contain mainly CO and CO [33, 42].

Figure 1.9. Swollen Li-ion pouch cell (adapted from [42]).

Subsequent charges should produce minimal gases, however, gassing, cannot be fully
avoided. It is caused by electrolyte decomposition as part of usage and aging. Stresses, such

as overcharging and overheating also promote the gas generation [39].

1.3 Temperature and strain LIBs performance

As can be seen in Table 1.1, LIBs can operate over a wide temperature range. However,
the charging process is more delicate than discharging and special care must be taken.
Extreme cold and high heat reduce charge acceptance, so the battery must be brought to a
moderate temperature before charging. LIBs perform well at elevated temperatures however,

prolonged exposure to heat decreases longevity. Charging and discharging at elevated

12
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temperatures can cause gas generation that might cause a cylindrical cell to vent and a pouch
cell to swell.

Table 1.1. Acceptable charge and discharge temperatures of rechargeable LIBs.

Charge Discharge Comments
temperature / °C temperature / °C
No charge permitted below freezing.
0 to 45 -20to 60 Good charge/discharge performance

at higher temperature but shorter life.

LIBs can be fast charged from 5 °C to 45 °C. Below 5 °C, the charge current should be
reduced, and no charging is permitted at freezing temperatures because of the reduced
diffusion rates on the anode. During charge, the internal cell resistance causes a slight
temperature rise that compensates for some of the cold. The internal resistance of all batteries

rises when cold, prolonging charge times noticeably [38, 43].

Although the pack appears to be charging normally, plating of metallic lithium can occur
on the anode during a sub-freezing charge. This is permanent and cannot be removed with
cycling [44-46]. Cold temperature increases the internal resistance and lowers the capacity.
A battery that provides 100 % capacity at 27 °C will typically deliver only 50 % at -18 °C
[46]. The driving range of an electric vehicle between charges is calculated at ambient
temperature. Electrical vehicles drivers are being made aware that frigid temperature reduces
the available mileage. This loss is not only caused by heating the cabin electrically but by
the inherent slowing of the battery’s electrochemical reaction, which reduces the capacity
while cold [47, 48]. Fundamentally, the poor performance of LIBs at lower temperatures
arises from sluggish kinetics of charge transfer [49, 50], low electrolyte conductivity
[35, 51], and reduced solid-state lithium diffusivity [49, 52].

The primary challenge in designing a scaled-up LIB system is to guarantee safety in
normal and under abuse operating conditions. Thermal and pressure stability of LIBs are the
most important parameters for safety [53]. This type of batteries is exothermic, causing fast
temperature increase, when operated under abnormal conditions [44]. Excessive heat
generated during charge and discharge at high current (e.g., during overcharge/discharge and

in the presence of short circuits) can cause the appearance of hot spots and eventually lead
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to their explosion and combustion as a result of the rapid increase of internal temperature
and pressure [54].

Bandhauer et al. stated in their critical review of thermal issues in LIBs that the main
barriers to the deployment of large fleets of vehicles on public roads equipped with LIBs
continue to be safety, cost (related to cycle and calendar life), and low temperature
performance - all challenges that are coupled to thermal effects in the battery [38]. In order
to develop a sufficient thermal management strategy, it is essential to know internal and
external cell parameters during operation. Furthermore, it is important to know the cold and

hot spots inside the cell during all operating states for online diagnostic analysis [55, 56].

In LIBs, the chemistry of the active materials alters during the charge/discharge
processes, promoting strains in electrode particles and changes in the electrode volume. This
volume variation is caused by Li* intercalation into host materials, like graphite and lithium
transition metal oxide and resultant lattice expansion and contraction [53, 57]. The LIB
stability and safety can be affected by these induced strains, being the principal cause of

material failure and other forms of performance degradation [58].

Effective control and management of cell charge and discharge by battery management
systems (BMS) is essential for good performance. Current BMS rely on monitoring
conventional external parameters such as voltage, current and external temperature, to
estimate state of charge (SOC) and state of health (SOH). However, the information provided
by such parameters is limited and can compromise the estimation accuracy of both SOC and
SOH. Furthermore, it contributes to over-conservative usage and over-engineering of a
battery pack [57, 58].

Using the information of additional parameters such as internal temperature or strain has
the potential to improve SOC/SOH estimation accuracy, which in turn can lead to optimal
battery-pack design and capacity utilization. However, the available options to sense these
internal parameters are limited by the corrosive and electrically noisy environment of

batteries, which makes the internal sensing a challenge.

The optimized design of a LIB management system needs firstly to solve questions in
terms of inherent safety under both normal and abuse operating conditions, being correlated
with strain and temperature monitoring. The ability to quantify and evaluate the variation in

strain and heat generated during the electrochemical processes that the batteries can operate
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will be crucial information regarding their behavior as well as an active tool to promote their
safety [43, 44]. Fiber optic sensors, due to their already mentioned advantages and attributes,

are attractive candidates for reliable state monitoring in LIBs.

1.4 Different environmental conditions: Koppen classification

The climate zone where the battery operates plays an important role in its behavior.
Climate, in a narrow sense, is usually defined as the "average weather", or more rigorously,
as the statistical description in terms of the mean and variability of relevant quantities over
a period of time ranging from months to thousands or millions of years. The classical period
is 30 years, as defined by the World Meteorological Organization [59]. These quantities are
most often surface variables such as temperature, precipitation, humidity, and wind [60, 61].
The climate classification system most widely used depends on the average monthly values
of temperature and precipitation and it was proposed in 1900 by Wladimir Koéppen [55].
There are five primary climate types, labeled from A to E, which are distributed worldwide

according to Fig. 1.10. These climate types are described as follows [60-62]:

A-Tropical - Tropical climates are known for the high temperatures year-round and for
the large amount of year-round rain. The average temperature is about 27 °C. The
temperatures feel hotter because the humidity is usually very high, between 77 and
88 %RH.

B- Dry - Dry climates are characterized by little rain and a huge daily temperature range.
Summer has the average temperature is about 35 °C and humidity of 20 %RH. In the
winter, the average temperature is of 15 °C and the humidity is of 50 %RH.

C- Temperate - These climates have warm, dry summers and cool, wet winters. The
average monthly temperature is above 24 °C, with the average humidity of 50 %RH
in the warmest months and in the coldest months, the average temperature is above
10 °C and the humidity of 80 %RH.

D- Cold - Cold climates can be found in the interior regions of large land masses. Total
precipitation is not very high and seasonal temperatures vary widely. These climates
have an average temperature above 18 °C and humidity of 65 %RH in their warmest

months, and a coldest month average below -5 °C with humidity of 75 %RH.
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E- Polar - These climates are part of areas where ice and tundra are always present. Only
about four months of the year have temperatures above the freezing point. These
climates are characterized by average temperatures of -5 °C in the summer
and -15 °C in the winter with humidity of 80 %RH in both seasons.

& N
Ay
g“;}:'.(
&
. = 2 A B “C D E
Koeppen's Climate Classification LI M PEEE mEm W
Tropical Dry Temperate Cold Polar

Figure 1.10. Kdppen climate classification (adapted from [61]).

2. Goals and Thesis structure

As previously mentioned in this introductory Chapter, the sensing of characteristic
parameters, such as temperature and strain variations in LIBs seems to be an essential issue
to ensure their operation in safe conditions. In this Thesis, this matter is addressed by
proposing new sensing networks based on FBGs to study, monitor, and quantify multipoint
temperature and strain variations in different configurations of LIBs (cylindrical, prismatic,
and pouch cell). The studies comprised both external and internal monitoring; during normal
and abusive operating conditions, i.e. under different environments and charges/discharges
C-rates.

The optical sensors responses were compared with electronic devices, namely K-type
thermocouples; and a sensing network of FBG sensors was performed to spatial and temporal
thermal mapping the interfaces of a LiPBs pack. The simultaneous discrimination of internal
temperature and strain variations in a LIB pouch cell configuration was achieved by

employing a hybrid sensor, that combined the operational characteristics of both FBG and
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FP interferometer sensors. These specific objectives are addressed in the present Thesis
along eight Chapters, described below:

[Chapter 1] In this Chapter, a general introduction is provided. It consists of a brief
contextualization of the thematic approach of this Thesis, relatively to the utilization of an
optical fiber sensors network to monitor characteristic parameters of interest in different
configurations of LIBs, to improve their use in safe conditions.

[Chapter 11] In Chapter Il, the main objective is to compare the response of optical and
electronic sensors regarding the real time monitoring of LIB surface temperature variations.
Three different positions of a rechargeable prismatic LIB are considered, and constant
current charge and different discharge rates are tested.

[Chapter 111] The objective of this Chapter is to evaluate the outcome of the real-time
monitoring of external temperature and strain variations using FBG sensors, in a

rechargeable cylindrical LIB under different operating conditions.

[Chapter V] The main goal of this Chapter is to assess, through a sensing network of
FBGs, quantitative temperature and bi-directional strain shifts. The correspondent
longitudinal and transversal strain variations are also provided, as a function of the respective

voltage signal of a prismatic LIB, during different cycling protocols.

[Chapter V] This Chapter focuses on an optical fiber sensing network based on FBGs
developed to real time, in situ and operando monitor the thermal performance in five
different points of a rechargeable smartphone LIB under different environments, by applying
constant current charge and different discharge rates. An analysis of the thermal performance
of a LIB under different environmental conditions typical of the temperate, dry, and cold
climates is presented for the first time, to the best of our knowledge.

[Chapter VI] In this Chapter, a spatial and temporal thermal mapping of the interfaces
that compose a LiPBs pack is presented. For that, the temperature monitorization is
performed through a sensing network of 37 FBGs during different operation cycling tests.
To the best of our knowledge, this is the first time that a spatial and temporal thermal

mapping is reported for this specific application, using a network of FBG sensors.

[Chapter VII] The main goal of this Chapter is to simultaneously discriminate internal
strain and temperature in a Li-ion pouch cell. For that, and as a proof-of-concept, a hybrid

sensing network of FBGs and FPs is preliminary tested on the surface of a smartphone
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prismatic battery to discriminate external strain and temperature variations. Afterwards, the
sensing network is embedded in a pouch LIB to monitor and discriminate operando and in
situ internal strain and temperature shifts. Galvanostatic cycling at different C-rates are
applied to correlate the variations in temperature and strain with the processes in the pouch
cell. To the best of our knowledge, this is the first time that this innovative methodology is
presented for this type of application.

[Chapter VIII] Final remarks. In this final Chapter, information obtained within this

study is discussed in an integrated way, and future work is approached.

3. Main contributions and publications

Due to their novelty and the potential technological impact in the design and
monitorization of the next generation of LIBs, the author declares that three of the works
presented, stand out as main contributions. The first one is the work presented in the
Chapter V, in which an analysis of the thermal performance of a LIB under different
environmental conditions is presented. The second one is approached in the Chapter VI,
where a spatial and temporal thermal mapping is reported for this specific application, using
a network of FBG sensors. The last one, reported in Chapter VI, is about the simultaneous
measurement of internal strain and temperature in a Li-ion pouch cell using a hybrid sensing
network of FBGs and FPs. To the author’s knowledge, it is the first time that these topics

are reported for this application using fiber-based sensors.

This Thesis allowed the publication of five papers in international journals, as first author.
Besides, three works have been presented in international conferences, one of them as oral
presentation. Furthermore, one other paper in international journal and one book chapter

have been published as co-author.
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Real time thermal monitoring of lithium batteries with fiber sensors and

thermocouples: A comparative study

Micael Nascimento, Marta S. Ferreira, and Jodo L. Pinto

Abstract

This work shows a comparative study between the thermocouples and fiber sensors response
for the monitoring of temperature variations occurring in three different locations of a
lithium battery. The battery is submitted to constant current charge and different discharge
rates, under normal and abusive operating conditions. For this specific application, the
results show that the fiber Bragg grating sensors have better resolution and a rise time 28.2 %
lower than the K-type thermocouples, making them a better choice for the real time
monitoring of the battery surface temperature as well as a useful tool for failure detection

and an optimized management in batteries.

Keywords: Fiber sensors; Thermocouples; Temperature monitoring; Lithium batteries;

Abusive conditions.

1. Introduction

Nowadays, due to the strong decrease of the worldwide petroleum resources and the
present environment pollution, significant research has been carried out on the development
of lithium-ion batteries (LIBs) as alternative energy power supplies [1, 2]. The traditional
LIBs are extensively used in portable electronic equipment, such as notebook computers,
mobile phones and electric vehicles due to its high energy density, high voltage and low self-

discharge rate [3, 4].

The primary challenge in designing a scaled-up LIBs system is to guarantee safety under
normal and abuse operating conditions. Thermal management of batteries is critical in
achieving better lifetime performance and safety of the batteries. Besides, the heat generated

in a battery must be controlled in order to improve lifecycle reliability and prevent failure.

The LIB operation out of the adequate range of temperatures can cause their rapid
degradation and reduction of the available discharge energy [5]. When carried out under
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abnormal conditions, they are largely exothermic, causing fast temperature increase [2]. The
effective control and management of battery charge and discharge by battery management
systems (BMS) is essential for good performance. In order to develop a sufficient thermal
management strategy, it is essential to monitor the thermal gradient in the battery during all
operating states for an accurate online diagnostic analysis. Current BMS rely on monitoring

conventional external parameters such as voltage, current and external temperature.

Most of the previous works were focused on monitoring temperature using thermocouples
(TC) attached to the surface of batteries, in strategic locations. The TC have the advantages
of small dimensions, self-powered and ease of handling [7, 8]. Recent works have proposed
the use of optical fiber sensors as an alternative method, due to their intrinsic characteristics,
such as small dimensions, capability of multiplexing, chemical inertness, and the possibility
of optimized integration inside the batteries. They also have the ability to monitor
simultaneously multi-parameters such as temperature, strain, and pressure [4, 9]. In general,
the performance of both types of sensors has been increasingly questioned in terms of

response rates and accuracy, under normal and abusive operating conditions.

In this study, a comparative outcome of the real-time monitoring of surface temperature
variations using fiber Bragg grating sensors (FBGs) and TC, in three different positions of a
rechargeable LIB under constant current charge and different discharge rates is presented.

2. Experimental setup

A schematic diagram of the experimental setup for real time temperature monitoring of
the LIB is shown in Fig. I1.1. A commercial rechargeable Li-ion Polymer Battery (Iphone
5G Battery, Singapore) with maximum voltage of 4.3 V, nominal capacity of 1440 mAh and

dimensions of 130 mm (length) x 90 mm (width) x 20 mm (height), was used.

The temperature variations (AT) were monitored with three K-type commercial TCs (RS
Pro, Israel) and three FBGs, all glued to the surface of the battery in three different positions
(top, middle and bottom). The TCs had a conductor dimension of 1.0/0.2 mm and a
temperature operation range from —75.0 °C up to 260.0 °C. The three FBGs (length of 3.0
mm), spaced by 40.0 mm, were written by the phase mask method in a commercial
photosensitive single mode fiber (PS1250/1500, FiberCore). Typically, these sensors can

operate from 0 °C up to ~350 °C without damaging the sensor reflection signal.
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The TCs signals were acquired using a NI compactDAQ (NI cDAQ-9174, National
Instruments) with a temperature module (NI 9211, National Instruments). The Bragg
wavelength was monitored using an interrogation system (sm125-500, Micron Optics Inc.,

Atlanta, USA) with a sample rate of 2 Hz and a wavelength accuracy of 1 pm.
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Figure 11.1. (left) Schematic of rechargeable LIB test setup with the location of TCs and FBGs and
(right) schematic diagram.

The LIB voltage was monitored using a 12-bit resolution data acquisition system (DAQ)
(USB6008, National Instruments). The acquisition modules were controlled using a
computer with a LabVIEW® customized application, allowing the real-time monitoring of
the acquired data. During all experiments, the battery was kept away from external heat
sources, and the environmental temperature, monitored by a reference TC, was of ~20.0 °C.

This value was considered for the AT calculations.

2.1. Sensors thermal calibration

The sensors were calibrated on a thermal chamber (Model 340, Challenge Angelantoni
Industrie) in a temperature range from 10.0 °C up to 50.0 °C, with 10.0 °C steps. At room
temperature, the Bragg wavelengths of these sensors were 1536.27 nm (FBG Top),
1546.21 nm (FBG Middle) and 1561.65 nm (FBG Bottom). Sensitivities of 9.08 pm/°C,
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9.17 pm/°C, and 9.24 pm/°C were respectively obtained for the FBGs located at the top,
middle and bottom positions.

Through the equation AA =k; x AT, where A1 and kr are the wavelength shift and

temperature sensitivity, respectively, it is possible to determine the AT detected by the
sensors. Uncertainties of 0.17 °C and 0.12 °C were obtained for the TCs and the FBGs,
respectively. This parameter was determined by considering the calculation of the standard
deviation between the maximum and minimum fluctuations of the sensors signals, acquired

over 1 h on a thermal chamber with stabilized temperature.

2.2. Battery test procedure

To perform the cycling tests on the battery different discharge rates (0.53 C, 2.67 C and
8.25 C, where 1 C is the rate of the ideal capacity charge/discharge in 1 h) were used, in
order to monitor the battery performance and behavior under normal and abnormal operating
conditions. Three different power resistors (10 W) were employed, with an equivalent
resistance of 5.00 Q, 1.00 Q, and 0.32 Q.

The charge was performed at a C-rate of 0.70 C, using a commercial battery charger with
output voltage of 5.0 V (ETAOU83EWE, Samsung, Vietnam). The battery test procedure,
shown in Table I1.1, was selected in order to promote abusive operating conditions on the

battery.

Table 11.1 Battery test procedure.
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Steps Time (min) C-rate Limit criteria
Charge (C) 0.70C ~40V
Rest (R) 10
Discharge (D) 0.53C ~0.5V
Rest (R) 15

Cycle Repetition
Charge (C) 0.70C ~40V
Rest (R) 10
Discharge (D) 2.67C ~05V
Rest (R) 15

Cycle Repetition
Charge (C) 0.70C ~40V
Rest (R) 10
Discharge (D) 8.25C ~05V
Rest (R) 15

Cycle Repetition
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In all the experiments, the battery was discharged until a voltage of 0.5 V was reached.
Between the charge/discharge steps, a resting time was selected in order to stabilize the
battery temperature. Each discharge rate was repeated several times and the results were

consistent throughout the experiments.

3. Results and discussion

The sensors output signals during two of the cycling tests for each C-rate, and the
corresponding battery voltage are shown in Fig. 11.2 (left). During the charge process, an
increase of (1.00 £ 0.12) °C was registered until the battery charged was ~98.8%. Above this
value and until the maximum voltage achievement (4.0 V), the temperature decreased once

again to room temperature. This behaviour was consistent throughout the experiments.

Regarding the discharge, it was observed that a significant rise of AT occurs when the
discharge rate increases. However, the temperature variations for each cycle repetition were
nearly the same. For the lowest C-rate, the discharge occurred in ~1.6 h. As the voltage
decreases until it reaches 3.2 V, the temperature increase is lower than (1.00 £ 0.12) °C.
After this value, the battery is working in abnormal conditions and the voltage drops

significantly. In this case the temperature shift detected by the FBGs is ~2.50 °C.

The same behaviour was observed for 2.67 C-rate: below the cut-off voltage, there was a
significant increase of temperature. This effect was not observed for the highest C-rate
because at such extreme conditions the voltage drop is nearly instantaneous. In fact, for
2.67 C it takes 6.4 min for the voltage to drop to 3.2 V, whereas for the highest C-rate it took
only few seconds until it reached abnormal condition voltages. The changes in temperature
showed a direct correlation with the applied current gradient, with the highest peaks being
detected always at the end of discharge. This is coherent with the fact that, over discharge,
Li ions migrate inside the battery to establish a concentration gradient, which generates heat

as a function of the applied current.

The zoom in of the highest discharge rate is presented in Fig. 11.2 (right). From this figure,
it is evident that the FBGs detect higher temperature variations in all locations. During the
higher discharge rate, the response rate of the sensors located in the top was determined by
considering the time required by the sensors to reach 63% (t63) of the temperature, after a

sudden temperature increase.
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Figure 11.2. (left) Surface temperature variations during the cycling tests. Three different positions
are considered: a) top, b) middle, ¢) bottom, and d) correspondent LIB voltage. Steps: C-charge,

R-rest, D-discharge. (right) Zoom in of the sensors response for the last cycling test.

Thus, the response rate was estimated to be 4.88 °C/min and 4.10 °C/min, for the FBG
and TC, respectively. This indicates that the FBGs presented a response rate ~1.2 times
higher than the TCs. Besides, considering the time interval for the temperature range
between (10% - 90%) AT, a lower rise time of 28.2% was obtained for the FBGs in
comparison to the TCs. These values were approximately constant in all locations and for
C-rates considered. This result is an important evidence of the fast response of the FBGs

compared with the TCs.

The maximum temperature variations measured by the sensors in the different locations
are shown in Fig. I1.3. For the lower C-rate, the maximum temperature reached is nearly
constant (~2.50 °C) throughout the LIB surface. For 2.67 C, the higher AT values were
recorded by the sensors located on the middle position, followed by the ones on the top, and

finally on the bottom.

However, for 8.25 C, the higher temperature variations were detected by the top sensors
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(39.98 £0.12) °C and (35.07 £ 0.17) °C for FBG and TC, followed by the middle
(36.42 £ 0.12) °C and (30.63 = 0.17) °C, for FBG and TC, and finally the bottom position
(27.19 £ 0.12) °C and (23.05 + 0.17) °C, for FBG and TC, respectively. This indicates that
the temperature gradient profile within the surface of the battery changes according to the

discharge rate.
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Figure 11.3. Maximum AT values registered by both types of sensors for each sensors position.

The difference between the discharge peak AT values detected for both types of sensors,
in each battery location, is presented in Fig. 11.4. It stands out that the higher the C-rate, the
larger the discrepancy between the sensors response (which can be as high as ~5.77 °C for
the middle position). Under normal operating conditions (lower C-rates), the two types of

sensors responses are closer to each other.

As the discharge rate increases and the discharging time decreases, this difference
becomes significant and the use of fiber-based sensors can give more accurate responses
than the standard electric ones. Under such conditions, the TCs do not have the ability to
respond rapidly to the heat generation that occurs in the battery and the correspondent fast

increase on the battery surface temperature.
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Figure I1.4. Difference between the maximum temperature variations detected by the FBGs and TCs
for different locations and discharge rates.

This outcome needs to be considered for battery management system and battery
modelling purposes, since battery damages caused by overheating are an important reason
for capacity fading in Li-ion batteries and thermal runaways are the major source of safety

concerns.

4. Conclusions

FBG and TC sensors were successfully coupled in LIB in order to monitor temperature
changes during testing at different discharge rates (0.53 C, 2.67 C, and 8.25 C) and normal
constant charge. Three different locations were monitored on the battery surface. For the
higher discharge rate of 8.25 C, temperature variations of (39.98 + 0.12) °C were registered
by the FBGs compared with the (35.07 + 0.17) °C registered by the TCs, on the top position.

On the middle and bottom positions, the variations were of (36.42 + 0.12) °C and
(27.19 £ 0.12) °C for the FBGs and (30.63 £ 0.17) °C and (23.05 £ 0.17) °C for the TCs,
respectively. The results obtained show that, for this particular application, the FBGs had a
rise time 28.2% lower than the TCs, making them a better choice for the real time monitoring
of the batteries surface temperature under normal and abuse operating conditions and a

useful tool for failure detection in batteries.
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LIBs used commercially, especially for mobile device applications are rarely under
constant voltage condition, but often subjected to continuous cycling. In fact, strong heating
of the batteries inside smartphones is an everyday experience. This is not only unpleasant,
but also deleterious to the battery life as high temperatures favor electrolyte decomposition.
A Dbetter understanding of the temperature variations in LIB under heavy-duty cycling,
accessible with the sensors presented in this work, is key for the improvement of battery

components and management systems.
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Lithium batteries temperature and strain fiber monitoring

Micael Nascimento, Susana Novais, Cétia Leitdo, M. Fatima Domingues, Nélia Alberto, Paulo
Antunes, Jodo L. Pinto

Abstract

Fiber Bragg grating sensors were attached to the surface of a rechargeable lithium battery to
monitor its thermal and strain fluctuations through charge and different discharge rates.
During the discharge process above 1 C, it was observed, a temperature and strain
fluctuations of a 4.12 + 0.67 °C and 24.64 + 6.02 pg, respectively. In the regular charge
process, a temperature and strain variation of 1.03 £ 0.67 °C and 15.86 = 6.02 ug, were
detected.

Keywords: Lithium battery, Bragg sensor, temperature, strain, safety.

1. Introduction

Nowadays, due to the present environment pollution and the strong decrease of the
worldwide petroleum sources, significant research has been carried out on the development
of lithium batteries as new energy power supplies [1]. The primary challenge in designing a
scaled-up lithium battery system is to guarantee safety in normal and under abuse operating
conditions. Thermal and pressure stability of lithium batteries are the most important
parameters for safety [2]. They are largely exothermic, causing fast temperature increase,

when carried out under abnormal conditions [1, 3].

In abuse conditions, such as under high current density charge/discharge cycles and in
short circuit, the rapidly increase of temperature and pressure could cause the appearance of
hot spots, which may lead to an increasing degradation rate or even to its explosion and/or
combustion [4]. Quantitative measurements of the heat generation rate inside a single battery
during normal and abuse conditions are required to design and develop a suitable thermal
management system for scaled-up batteries [5].

To overcome the limitations of electronic sensors in challenging environments, optical
fiber sensors have been widely used in physical, chemical, and even biological
measurements, owing to their fast response, high resolution, good stability and repeatability,

electrical isolation, chemical inertness and immunity to electromagnetic interference.
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Moreover, they have the advantages of small dimensions, flexibility and multiplexing ability
[6].

Typically, the monitoring of the surface temperature of lithium batteries is performed
using thermocouples, electro-mechanical sensors, and pyrometers [5]. Recent works showed

that optical fiber sensors are an effective method to perform both static and dynamic

temperature measurements in batteries [2].

In the present study, the outcome of the real-time monitoring of external temperature and
strain variations using fiber Bragg grating (FBG) sensors, for a rechargeable cylindrical

lithium battery under charge and different discharge rates is presented.

2. Experimental setup

For these exploratory tests, a commercial rechargeable lithium battery
(LITUR18650WSAN, Sanyo) with maximum voltage of 3.7 V and nominal capacity of
1500 mAh was used. The cathode is a lithium cobalt oxide and the anode is composed by
graphite. Lithium ions are extracted from the anode and flow into the cathode during

discharge.

The electrolyte is a solution consisting of organic solvent and inorganic salt, which
provides the medium for lithium ions transport [7]. A small part of the polymeric protective
layer was removed and the FBG sensors were placed in direct contact with the aluminium

surface, as schematized in Figure I11.1.

FBG1 FBG2

i —

e > s
] " Interrogator
FBG3 &
DAQ P> PCwith
[l LabVIEW®

= 2

Figure 111.1. Experimental setup diagram of the temperature and strain monitoring system during

charge/discharge of the battery.
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The FBGs used in the monitoring system were written in commercial photosensitive
single mode fiber (FiberCore PS1250/1500), previously calibrated on a thermal chamber
(Model 340, Challenge Angelantoni Industrie). To monitor the temperature variations on the
battery, two FBG sensors were inscribed in the same fiber, spaced out 2 cm from each other
and attached to the battery surface. At room temperature, the Bragg wavelengths of these
sensors were 1550.35 nm (FBG1) and 1543.09 nm (FBG2). Along the fiber, a thermal paste

was used to increase thermal conductivity between the battery and the FBG sensors.

The detection of the strain fluctuations was accomplished by using a third FBG sensor
(FBG3), placed along the battery’s longitudinal axis, monitoring strain changes on the
battery full length. This FBG was calibrated for strain measurement using a micrometric
translation stage. The fiber was pre-tensioned and fixed to the battery on its extremities,

resulting in a final Bragg wavelength of 1565.80 nm.

The tests were repeated twice for each C-rate discharge under study (0.25 C and 1.33 C,
where 1 C is the rate of the ideal capacity charge/discharge in 1 h) and the charge process
was performed 5 times. The FBG1 and FBG2 only measured temperature variations while
FBG3 was subjected to the strain and temperature variations that occurred in the battery.
Temperature measurements made by FBG2 sensor were used to compensate thermal effects
on FBGS3, allowing to measure the longitudinal strain variation along the battery length.

The voltage values along the process were monitored using a 12-bit resolution data
acquisition system (DAQ) (USB6008, National Instruments) and the Bragg wavelength was
monitored using a spectrometer (I-MON 512E model, Ibsen, sample rate of 95.2 Hz and
wavelength resolution of 5 pm). The acquisition modules were controlled in the computer
by a LabVIEW® customized application, allowing the real-time monitoring of the acquired
data.

3. Results and discussion

The thermal characterization of the FBG sensors was made in a range of temperatures
between 5 °C and 50 °C, in steps of 5 °C. Sensitivities of 7.51 + 0.15 pm/°C for FBG1
(r?>0.998) and 7.43 +0.15 pm/°C for FBG2 (r?>> 0.997) were obtained. FBG3 strain
characterization yielded to a strain sensitivity of 0.83 + 0.01 pm/ue (r> > 0.992).
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Figure 111.2 represents the temperature and strain fluctuations during the charge process
of the battery. For the two regions in analysis, a continuous increase of the temperature was
obtained during all charging process (100 min), measuring a temperature variation of
1.08 +0.66 °C (FBG1) and 1.03 +0.67 °C (FGB2), respectively (Fig. 111.2 a)). The
similarity between these values suggest a uniform distribution of the temperature for the
charge process. Regarding the strain monitoring, also a uniform increase was registered,
achieving maximum variation of 15.86 + 6.02 pe, (Fig. 111.2 b)). This behaviour corresponds

to a longitudinal variation of 0.05 %.
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Figure 111.2. Temperature a) and strain b) variation during the charge process, under normal

conditions.

Figure 111.3 a) presents the temperature fluctuations as function of time for the two
considered regions of the battery during the discharge process at low C-rate (0.25 C),
throughout which it was observed a similar temperature behaviour. Temperature variations
of 1.37 £ 0.66 °C and 1.47 + 0.67 °C were observed, in the FBG1 and FBG2, respectively.

Figure 111.3 b) summarizes the results obtained for high C-rate (1.33 C). Under this
condition, it was measured a temperature variation of 4.53 £ 0.66 °C in the FBG1, whereas
in the FBG2, a temperature variation of 4.12 + 0.67 °C was registered. Although the increase
of the temperature was accentuated, a uniformity of the thermal distribution during this

process was still evident, as both sensors registered similar variations. Also, it is evident, in
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both figures that the maximum values obtained for the temperature variation are in

accordance with the sudden decrease of the current.
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Figure 111.3. Temperature and current fluctuations during the discharge process in two different
regions of the battery for: a) low (0.25 C) and b) high (1.33 C) rates.

Regarding the strain behaviour, in Fig. 111.4 a) it can be seen a variation of 9.72 £ 6.02 pe,
at the 125 min, which occurs simultaneously with the abrupt decrease of the current, for low
discharge rate conditions. This strain variation can be translated as a longitudinal variation
of 0.05 % of the battery, considering that at the thermal linear expansion of the battery
surface material (aa = 22.10 x 10 °C™) registered for this low current analysis can be

neglected.
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Figure I11.4. Strain and current variations during discharge process of the battery for: a) low (0.25 C)
and b) high (1.33 C) rates.
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In Figure 111.4 b), it is presented the strain variation as function of the time of discharge,
for high C-rates (1.33 C). In this situation, it was measured a relative deformation of
24.64 *+ 6.02 pg, at the 40 min. Also, as in the temperature analysis, the maximum values of

the strain variation occur when the abrupt decrease in the current is registered.

4. Conclusions

In this work, FBG sensors were attached with success to the surface of a rechargeable
lithium battery to monitor its thermal and strain variations through charge and different
discharge rates. Under abnormal conditions (1.33 C), during the discharge process, it was
measured higher temperature fluctuation and consequent strain variations, induced by the

increase of the battery internal pressure.

As future work it is intended to test the battery with a multiplexed sensors network, to
obtain a broader knowledge of the temperature and strain variations profiles. Other aim is to
integrate the FBGs inside the battery to monitor internal temperature and pressure under
normal and abusive conditions. Thereby, this method allows to monitor temperature and
pressure variations in lithium batteries and from those values to identify the battery health

condition and remaining life time.
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Simultaneous sensing of temperature and bi-directional strain in a

prismatic Li-ion battery

Micael Nascimento, Marta S. Ferreira, and Jodo L. Pinto

Abstract

Thermal and pressure stability of Li-ion batteries (LIB) are the most important parameters
for safety. In abuse operating conditions, the rapid increase of temperature and pressure can
cause the appearance of hot spots, which may lead to an increasing degradation rate or even
to the battery’s explosion and/or combustion. A sensing network of fiber Bragg gratings is
attached to the surface of a prismatic LIB to monitor its temperature and bi-directional strain
variations through normal charge (0.70 C) and two different discharge rates (1.32 C and
5.77 C) in the x- and y-directions. More significant variations are registered when the LIB
operates in abnormal conditions. A maximum temperature variation of 27.52 £ 0.13 °C is
detected by the sensors located close to the positive electrode side. Regarding strain and
consequent length variations, maximum values of 593.58 + 0.83 pg and 51.05 £ 0.37 pm are
respectively obtained by the sensors placed on the y-direction. The sensing network
presented can be a solution for the real-time monitoring, multipoint and operando

temperature and bi-directional strain variations in the LIBs, promoting their safety.

Keywords: Li-ion batteries; fiber Bragg grating sensor; strain; temperature; safety.

1. Introduction

Lithium-ion batteries (LIB) are extensively used as power sources for a wide range of
electronic devices such as smartphones and laptops, ensuring optimized conditions in the
perspective of power, energy, long cycle-life, and slow self-discharge [1, 2]. Prismatic LIBs,
characteristically used on smartphones, are more disposed to thermal and mechanical abuses

from external actions.

The induced strain can be a question that affects the LIB stability and safety, making it
the principal cause of material cracking and other forms of performance degradation [3].
Analogous to other electrochemical energy storage systems, the chemical compositions of

the active materials change under the charge/discharge processes, which induces strains in
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electrode particles and causes changes in LIB volume. The aim of thickness reduction of
smartphones can be a problem for the users, because these new designs of the smartphone
do not integrate a dually protective device which relieves at a set pressure, thus avoiding the
overpressure of the LIB. Additionally, LIB companies pursue higher energy density and
thinner devices at the cost of safety, which moves against the inherently safer design of a

commercial LIB [4].

In addition to strain, thermal runaway is also an essential issue, with impact in the global
LIB performance, which is reproduced by the fast increase of temperature. The internal
structures of prismatic LIBs are made-up of multiple layers, forming a ‘jelly roll” structure,

where each layer consists of the anode, cathode, electrolyte, and polymer film separators.

Under abnormal conditions, such as temperature exceeding the separators melting point,
mechanical deformation, or breakdown of the layered materials, an internal short circuit can
happen. The hot spot generated by internal short circuit can ignite thermal runaway, leading
to fire or explosion of the LIB [5, 6].

The ability to quantify and evaluate the mechanism of strain and thermal runaway
generated during the electrochemical processes that the batteries can operate will be
beneficial information regarding their behavior as well as an active tool to promote their
safety. The temperature and strain sensing of LIB is typically performed using
thermocouples [7, 8], pyrometers [9], electro-mechanical sensors [10], and 3D digital image

correlation [6].

Due to their ease in multiplexing, fast response, immunity to electromagnetic interference
advantages when compared to electronic sensors [11], recent works showed that fiber Bragg
gratings (FBG) are an effective method to perform temperature and strain measurements in
LIBs [12-16].

In this work, through a sensing network of FBGs, quantitative temperature, bi-directional
strain shifts, and correspondent longitudinal and transversal variations are provided, as a
function of the respective voltage signal of a prismatic LIB, during different cycling

protocols.
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2. Materials and methods
2.1 FBG Sensors: Mechanism of operation

Typically, a FBG sensor consists of a short segment of a single-mode optical fiber (with
a length of a few millimeters) with a photoinduced periodically modulated index of
refraction in the core of the fiber. The FBG resonant wavelength is related to the effective
refractive index of the core mode (nefr) and to the grating period (A). When the grating is
illuminated with a broadband optical source, the reflected power spectrum presents a sharp
peak (with a full width at half maximum of a few nanometers), which is caused by
interference of light with the planes of the grating and can be described through Equation (1)
[11].

/13 = ZneffA (l)

where g is the so-called Bragg wavelength. When the fiber is exposed to external variations
of a given measurand (such as strain, temperature, stress or pressure, among others), both

Neff and A can be altered, causing a shift in the Bragg wavelength.

The FBG sensitivity towards a given parameter is obtained simply by subjecting the
sensor to pre-determined and controlled variations of such parameter and measuring the
Bragg wavelength for each step. In the case of a linear response, the sensitivity (k) is given
by the slope of the linear fit obtained from the experimental data. The effects of temperature

are accounted for in the Bragg wavelength shift by differentiating Equation (1),

1 Oney 104 AT = Ag(a + E)AT = kAT 2

where o and ¢ are the thermal expansion and thermo-optic coefficient of the optical fiber
material, respectively. On the other hand, if the fiber is subjected to strain variations, its

response can be determined by differentiating Equation (1),

Nerr 0€ Aoe

AL = Ag ( >A£ = Ag(1 — p.)Ac = k. Ag, (3)

where pe is the photoelastic constant of the fiber (~0.22) and Ae is the applied strain. The
strain variations can be determined using the equation Ae = AL/L where AL is the length

variation and L the fiber length over which strain is applied.
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2.2 Strain and temperature discrimination: Reference FBG method

The temperature and bi-directional strain discrimination were performed using the
reference FBG method. On a single measurement of the Bragg wavelength-shift, it is not
possible to discriminate the effect of changes in strain and temperature. Therefore, a

reference is required for temperature measurement.

Several methods have been addressed in the literature for an accurate discrimination
between these two parameters [17—-19]. The most straightforward way is to use a separated,
strain-free FBG, which acts as a temperature sensor. In this case, the wavelength shift, Alsi,

is related to temperature variations, ATz, according to:
AAgy = k14T, (4)

where kr1 is the temperature sensitivity of the non-fixed FBG. This reference FBG is in the
same thermal environment as the other sensors, which simultaneously detect strain and

temperature.

Assuming that the wavelength-shifts to strain and temperature are linear, a response to a

strain change, A¢; and a temperature change, AT>, is given by:
AABZ = kngEZ + szATz, (5)

where k. and kr2 are the strain and temperature sensitivities of the fixed FBG [11],
determined in the calibration procedure. Therefore, using Equation (4), the wavelength
variations detected by the strain-free FBG can be converted into temperature variations.
These temperature variations are then considered in Equation (5), allowing the determination

of strain.

2.3 Experimental setup

A network of five FBG sensors, recorded in two different fibers, was placed in direct
contact with the LIB surface on the x- and y-directions, as schematized in Fig. IV.1. The
FBGs network used in the monitoring system, with estimated gratings length of ~3.0 mm,
was pre-fabricated in our lab and written in commercial photosensitive single mode fiber
(125 um of cladding diameter) (FiberCore PS1250/1500) by the phase mask method. The

UV radiation system used was a pulsed excimer laser (KrF) (Industrial Bragg Star, Coherent,
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California, USA), emitting at a wavelength of 248 nm, 4 mJ/pulse (20 ns duration), and 500
Hz repetition rate.

As can be seen in Fig. 1V.1, the FBG1 was placed on the x-direction, FBG4 on the
y-direction and FBG3 out of the battery to monitor the external room temperature. These
sensors were only used to measure temperature variations, as they were not fixed to the

battery.

a) b)
| l ® Fixed
FBG1 FBG3 FBG3
v v FBG4 FBGS |
- H— - \AEE T

X Power resistors

DAQ
» Optical Interrogator <+
po——

Figure IV.1. Experimental setup diagram of the temperature and bi-directional strain monitoring

system of the battery: a) down view; b) top view.

The simultaneous detection of the strain and temperature variations was accomplished by
fixing a second fiber side by side to the first one, with two sensors: FBG2 and FBG5. This
fiber was pre-tensioned and fixed to the battery on its extremities, along the LIB x- and
y-directions. Thermal paste was placed along both fibers to increase thermal conductivity
between the battery and the FBGs. To calculate the length variations on the two directions,
the distance between the two fixed points was considered. As the glue was placed as close

to the edge of the LIB as possible, the length variations are related to the battery dimension.
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The LIB used in this work was a commercial hard prismatic rechargeable smartphone
LIB (Iphone 5G Battery, Singapore) with an open-circuit voltage of 4.30 V, nominal
capacity of 1440 mANh, cut-off voltage of 3.20 V, dimensions of 8.6 (length) x 3.0 (width) x
0.3 cm (thickness), and mass of 23.47 g. Inside the aluminum-plastic pouch, the internal
structure is constructed by winding the ribbon-like electrode and separator to form a
“jelly-roll” structure. The negative and positive active materials are coated on each side of
the separator materials, and thin layers of copper and aluminum foils are used as the current

collectors [4].

Prior to the fiber sensor network’s attachment to the LIB, a calibration to strain and
temperature was carried out. The strain characterization was performed using a micrometric
translation stage between 0 pe and 2000 pe. The sensors thermal calibration was made on a
thermal chamber (Model 340, Challenge Angelantoni Industrie, Massa Martana, Italy). The
temperature range was between 20.0 °C and 50.0 °C, in steps of 5.0 °C. The temperature and

strain sensitivities obtained are presented in Table IV.1.

Table 1V.1. Temperature and strain sensitivities of the FBG sensors.

FBG Direction Je/nm kr +0.01/ k£ 0.01/
pm/°C pm/pg
1 X 1553.57 7.92 -
2 X 1553.32 7.92 1.16
3 Room temperature sensor ~ 1540.17 8.04 -
4 y 1535.70 7.80 -
5 y 1535.42 7.80 1.20

The reflected Bragg wavelengths were measured with an optical interrogator (sm125-500,
Micron Optics Inc., Atlanta, USA) operating at 2.0 Hz and wavelength accuracy of 1.0 pm.
The voltage signal was monitored using a 12-bit resolution data acquisition system (DAQ)
(USB6008, National Instruments, Texas, USA). The acquisition modules were controlled by

a LabVIEW® customized application, allowing the real-time monitoring of the acquired data.

The LIB was cycled twice under two different discharge rates of 1.32 C and 5.77 C (where
1.00 C is the rate of the ideal capacity charge/discharge in 1 h) through two power resistors
of 2.0 Q and 0.47 Q until a voltage of 1.95 V was reached. A normal charge rate of 0.70 C
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was applied, using a commercial battery charger with output voltage of 5.00 V
(ETAQU83EWE, Samsung, Vietnam).

3. Results and discussion

The temperature variations registered by the FBG sensors placed on the two sides of the
battery are presented in Fig. V.2 and IV.3. The positive and negative electrodes indicated
in the figures correspond to the sensors placed on the y- and x-directions, respectively. The

cycling protocol, where the discharge rate of 1.32 C was applied, is shown in Fig. IV.2.

Over the CC charge step (1), a maximum temperature variation of 1.29 + 0.13 °C was
measured by the sensors placed on the positive electrode side, whereas on the negative
electrode side, the maximum temperature shift was of 0.86 + 0.13 °C. Between the constant
current (CC) charge/discharge steps, constant voltage (CV) steps (2) of 10 min and 15 min

were selected to stabilize the temperature and relax the battery.
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Figure 1V.2. Voltage and temperature variations recorded during two cycling tests, in the sides of
the positive and negative electrodes of the battery. (1) CC charge; (2) CV; (3) CC discharge at 1.32 C.
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The starting of the CC discharge step (3) causes an instantaneous increase on the battery
surface temperature, however, the maximum temperature shift was achieved only at the end
of the discharge process. These fast and significant increases are related to the larger
electrochemical reactions produced by the flow of Li* on migration to the positive electrode.
During all the discharge steps, two different moments of temperature variations can also be
observed. The first moment occurs when the LIB voltage crosses the cut-off voltage, and the
second between the cut-off and the end of the discharge process. The maximum temperature

variations detected were very similar on both electrodes, around 11.50 + 0.13 °C.

Figure IV.3 shows the cycling protocol where a discharge rate of 5.77 C was applied.
Attending to the CC charge steps (1) and comparing with previous cycling protocol, the same
range of values was registered by the FBG sensors located on the positive and negative
electrodes. As expected, the main difference was in the temperature variations achieved

during the CC discharge step (3).
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Figure 1V.3. Voltage and temperature variations recorded during two cycling tests, in the sides of
the positive and negative electrodes of the battery. (1) CC charge; (2) CV; (3) CC discharge at 5.77 C.
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In all discharge steps, a monotonic increase can be observed, until the LIB reaches 1.95 V.
A maximum temperature variation of 27.52 + 0.13 °C was recorded on the positive electrode
side by the FBG4. On the negative electrode side, an inferior AT value of 27.25 + 0.13 °C

was obtained, however, this difference is not significant, taking the measurement error into

account.

The bi-directional strain variations detected by the FBG sensors on the x- and y-directions,
during the experimental cycling protocol with the discharge rate of 1.32 C, as well as their
voltage signal, are presented in Fig. 1V.4. Over the CC charge steps (1), mean strain
variations of 122.49 + 0.83 pe and 29.61 + 0.86 pe were measured on the y- and x-directions,
respectively, when the battery reached the 3.95 V. As already mentioned, during the 10 min
CV step (2), between the CC charge (1) and CC discharge (3) steps, a relaxation occurs on
the battery. This relaxation was higher on the y-direction, translating into a strain diminishing

of 25.58 + 0.83 pe.
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Figure 1V.4. Voltage and strain variations recorded during two cycling tests in the battery in the x-
and y-directions. (1) CC charge; (2) CV; (3) CC discharge at 1.32 C.
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When the battery is subjected to the CC discharge step (3), at 1.32 C, three different
behaviors can be observed on the two different directions. In the first one, until the LIB
reached the 3.30 V, there is a sudden increase of strain. In the y-direction this increase is
nearly two-times higher than the one measured in the x-direction. After this, a strain
decreases of 7.39 £ 0.83 ue and 6.46 + 0.86 pe was measured in the y- and x-directions,
respectively, until the cut-off voltage was reached. This was followed by a fast increase of
strain, as the battery starts to operate under abusive conditions, between 3.20 V and 1.95 V.
In this case, the y-direction strain increased up to 213.53 £ 0.83 pe. On the x-direction, a 3.4-
times lower strain value was recorded. These values can be converted to length variations
(AL), by multiplying the strain by the length or the width of the LIB on the y- or x-directions,
respectively. Thus, maximum AL of 18.36 £ 0.18 pum and 1.86 + 0.06 um on the y- and x-
directions were calculated, respectively. These length variations can be translated to a
longitudinal and transversal variation in the battery of 0.021% and 0.006% in the y- and x-

directions, respectively.

The same LIB was submitted to a different cycling protocol test, where a discharge rate
of 5.77 C was applied. This higher discharge rate was selected so that the battery would
operate under abnormal conditions. However, the same charge rate was used to charge the
battery at 3.95 V. The bi-directional strain variations obtained are presented in Fig. IV.5.

Comparatively to the cycling protocol presented previously and attending the CC charge
steps (1) and CV steps (2), the same range of Ae¢ were obtained, causing maximum AL of
10.53 +0.13 pum and 0.89 + 0.04 um in the y- and x-directions, respectively, and longitudinal
and transversal shifts of 0.012% and 0.003%, respectively, on the battery.

When the battery is subjected to CC discharge steps (3), a monotonic increase can be
observed in both directions. However, a different increasing time occurs, before and after
the battery reached the cut-off voltage, following the fast voltage decrease. On the y-
direction, a maximum strain variation of 593.58 + 0.83 ue was measured and a correspondent
AL of 51.05 + 0.37 um was calculated. This high elongation translated in a battery
longitudinal variation of 0.060%. The sensors located in the x-direction followed a similar
behavior as in the previous cycling protocol and detected lower strain variations. In this case,

a maximum transversal variation of 0.022% was obtained.
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Figure IV.5. Voltage and strain variations recorded during two cycling tests in the battery in the x-
and y-directions. (1) CC charge; (2) CV; (3) CC discharge at 5.77 C.

In all cycles, it was observed that the maximum strain variations are registered when the
battery discharge process ends. A relation between the different discharge rates which are
applied and the longitudinal and transversal variations on the LIB can be performed by

considering the battery dimensions and the AL values obtained in the two directions.

For instance, the ratio of the LIB dimensions is 2.87, whereas dividing the longitudinal
by the transversal variation measured over the higher discharge rate, a ratio of 2.73 is
calculated. Making the same analogy but for the discharge rate of 1.32 C, a ratio value of
3.50 is obtained. This means that the expansion and contraction of the internal ‘jelly roll’
structure that constitutes the prismatic battery behaves differently on each charge/discharge

process which is subject, and it is not proportional to the LIB dimensions.

Through a complete analysis of the cycling test, it is evident that, in both cases, the
maximum values obtained for the temperature and strain variations agree with the sudden
decrease of the voltage. Considering all strain and temperature values measured, different

behaviors in terms of direction of expansion and temperature variations on the two sides of
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the battery were detected. These results are in good agreement with the ones found in the
literature [6,9,10].

The monitoring of the internal and external parameters during charge and discharge
cycles, combined with battery management systems, seems to be adequate to improve
overall safety. They also could be used to determine realistic operating conditions and
geometries, towards more stable cell pack designs.

4. Conclusions

A network of FBG sensors was successfully used to simultaneously monitor temperature
and bi-directional (x- and y-direction) strain in a prismatic rechargeable LIB, under an
experimental cycling protocol with normal CC charge and different CC discharge steps
(1.32 Cand 5.77 C).

When the battery was subjected to abnormal operating conditions, as fast discharge and
operating below the cut-off voltage, it is evident that higher temperature and strain variations
occur, which are promoted by the rapid Li* transport between the positive and negative
electrodes. Over the CC charge step, maximum temperature and strain variations were
reached at the end of the process, with values of 1.29 £+ 0.13 °C in the positive electrode side
and 122.49 + 0.83 pe and 29.61 £ 0.86 pe on the y- and x-directions, respectively.

During the CC discharge step, the higher strain and temperature values of
593.58 £ 0.83 e and 27.52 £ 0.13 °C were respectively registered for the higher discharge
rate and when the LIB voltage was lower. These values also relate to the y-direction and
positive electrode side and correspond to a battery longitudinal expansion of 0.060%. As
expected, there is a deformation increase when the temperature also increases, due the

thermal expansion of the materials that compose the battery.

Thus, the internal structure of the battery is an important parameter to have in
consideration and can influence the behavior of battery materials in terms of expansion and
contraction over its operation. The presented sensing network proved to be an effective,
precise, alternative solution to real time monitor, multipoint and operando temperature and

bi-directional strain changes in the LIBs promoting their safety.
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Additional information — Proceeding published in the 26" International Conference on
Optical Fiber Sensors, OFS26, 24 - 28 September, Lausanne, Switzerland, 2018.

Part of the work described in this Chapter was presented in the Conference OFS26. In
this Section, some additional information regarding a different cycling protocol used for the

same battery, and that was discussed in the Conference Proceedings, is given.

The LIB was cycled twice under abusive discharge rate of 2.67 C through a power resistor
of 1.0 Q until a voltage of 1.95 V was reached. This voltage value was selected to operate
the LIB in abnormal discharge conditions. A normal charge rate of 0.70 C was applied, using

a commercial battery charger with output voltage of 5.00 V.

The temperature, strain and the correspondent displacement variations detected by the
FBG sensors on the parallel direction, during the experimental cycling protocol applied to
the battery, as well as their voltage signal, are presented in Fig. 1V.6. Between the constant
current (CC) charge/discharge steps (2), constant voltage (CV) steps of 10 min and 15 min
were selected to stabilize the battery temperature.
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Figure 1V.6. Voltage, temperature, strain and displacement variations recorded during two cycling
tests in the battery in the parallel direction. (1) CC Charge; (2) CV; (3) CC Discharge.
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During the CC charge step (1), maximum AT of (3.75 £ 0.13) °C was registered.
Regarding the strain values, maximum Ae of (147.32 + 0.83) ue was recorded in the end of

the second CC charge step and a correspondent AL of (11.82 £ 0.15) um was calculated.

When the battery is subjected to a CC discharge step (3), two different behaviours can be
observed. There is a sudden increase of temperature and strain until the LIB reached the cut-
off voltage, where AT values of (11.33 £0.13) °C, Ae of (82.01 = 0.83) pe, and AL of
(6.56 £ 0.11) um were detected. These parameters increase even more when the battery is
operating under abusive conditions, between 3.20 V and 1.95 V. In this case, the AT of
(5.80 £ 0.13) °C, A¢ of (71.63 £ 0.83) pe, and AL of (5.74 £ 0.11) um were registered.
However, between the 3.35 V and 3.20 V, when the temperature increases slightly, the Ae
remains constant. Attending to the maximum temperature and strain variations over the
whole experimental cycling protocol, higher values of (19.21 £ 0.13) °C and (287.35 £ 0.83)

ne were measured when the voltage of the battery is lower.

Figure 1V.7 presents the results obtained in the perpendicular direction. Under this
direction, on the CC charge step (1), maximum AT of (3.92 £ 0.13) °C was measured,
whereas on the CC discharge step (3), maximum AT of (19.43 £ 0.13) °C was registered.
Attending that the sensors in this direction are placed on the side where the positive electrode
of the battery is located, the higher temperatures registered when compared to the opposite
side are expected.

Comparatively to the parallel direction, lower A¢ and consequently AL values were
measured. Over the CC charge steps (1), a maximum Ag¢ value of (53.22 + 0.86) pe was
recorded and a correspondent displacement of (1.48 £ 0.05) um was calculated. When the
battery is subjected to CC discharge steps (3), two continuous increasing times can also be
observed in all sensors. On this direction, Ae of (74.01 + 0.86) pe and AL of (2.08 + 0.06) pum

were detected.

On the second increase, until the battery discharge process ends, Ae of (55.53 + 0.86) ue
and AL of (1.56 = 0.05) um were registered. However, between the voltage values of 3.35 V
and 3.20 V, a small relaxation of the battery of (14.14 £+ 0.86) ue was observed. As expected,
there is a deformation increase when the temperature also increases, due the thermal

expansion of the materials that compose the battery.
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Figure 1V.7. Voltage, temperature, strain and displacement variations recorded during two cycling
tests in the battery in the perpendicular direction. (1) CC Charge; (2) CV; (3) CC Discharge.

Through a complete analysis of the cycling test, it is evident that, in both cases, the
maximum values obtained for the temperature and strain variations agree with the sudden
decrease of the voltage. These strain variations can be translated in a battery longitudinal
variation of 0.017% and 0.013% in the parallel and perpendicular directions, respectively.
Considering these values, a different behaviour in terms of direction of expansion of the

battery was detected.
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Temperature fiber sensing of Li-ion batteries under different

environmental and operating conditions

Micael Nascimento, Marta S. Ferreira, and Jodo L. Pinto

Abstract

In this work, a network of fiber sensors has been developed for real time, in situ, and
operando multipoint monitoring the surface temperature distribution on a smartphone Li-ion
battery (LIB). Different temperature and relative humidity conditions are considered, in
order to mimic the LIB response in the dry, temperate, and cold climates. In total, the
temperature variations that occur in five different locations of the LIB are monitored, during
constant current charge and different discharge rates, under normal and abusive operating
conditions, performing a thermal spatial mapping of the battery surface. In general, the
sensors detect temperature variations according to the voltage signal change and faster
variations of voltage usually translate in higher temperature rise at the LIB surface. For
instance, under abusive discharge, where the voltage drop is fast, the temperature increases
at least twice when compared to the normal operating conditions. Absolute temperature
values as high as (65.0 £ 0.1) °C are detected by the optical sensor located near the
electrodes, under the higher discharge rate (5.77 C) and dry climate. A thermal gradient is
identified from the top to the bottom on the LIB surface during the experimental tests. A
lower battery performance is observed when it operates under the cold climate, with
maximum temperature variations of (30.0 £ 0.1) °C for the higher discharge rate. These
results can be helpful to design of next generation of LIBs, improving a faster cooling in
critical areas, in order to reduce accumulated heat and preventing consequences such as

thermal runaway and failure.

Keywords: Li-ion batteries; Fiber Bragg grating sensors; Temperature monitoring;

Environment; Abnormal operating conditions; Safety.

1. Introduction

Li-ion batteries (LIBs) have been widely used as power sources for a wide range of

electronic devices such as smartphones, cameras, and laptops, and are considered to be the
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ideal power sources for next generation vehicles, electric vehicles and hybrid electric
vehicles, ensuring optimized conditions in the perspective of energy, power and self-
discharge parameters [1-3]. However, this technology still has some relevant issues of safety,
running costs, recycling, charging and thermal management, with great impact in the overall

LIB performance [4].

Between all safety issues, thermal runaway is a fundamental issue, which is reproduced
by the rapid increasing of temperature. This increase produces heat energy at a rate faster
than heat can be dissipated followed by a collapse of the LIB internal separator components,
resulting in local short-circuiting [5]. Furthermore, accumulated heat in the batteries brings

concerns of performance drops and safety hazards [6].

Through the charge-discharge process, high temperature typically consequences in the
failure of batteries and even more seriously, fire and explosion accidents. LIB powered
cellular devices have recently received media attention for an apparent increase in
“exploding smartphones”, where half of the cases identified involved thermal injuries
sustained from battery malfunction [7]. Good thermal management systems are thus

becoming essential for providing good performance and autonomy.

To reach out a satisfactory thermal management solution some cooling methodologies
can be applied. They are dependent upon a number of factors, such as the level of heat to be
dissipated, the maximum allowable component temperatures, the operating environment, the
available space, reliability, and cost [8]. For low profile scales the design of cooling solutions
becomes a challenge and new ideas, new strategies, and approaches should be considered.
Examples of technologies for thermal management are air and liquid cooling [9], micro heat
pipes [10], high conductivity materials such as carbon substrates [11], and phase change

materials [12].

The motivation of these technologies is upon heat spreading and transport within a device
rather than the active removal of heat from the device. For example, liquid cooling, heat
pipes, and high conductivity materials only provide paths of reduced thermal resistance for
the flow of heat within the devices, while the phase change materials store the heat to be
dissipated over time. Hence, heat is ultimately removed by some combination of natural

convection, conduction and radiation [8].
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Although these technologies present some efficiency in terms of batteries thermal
management, they still have some constraints. The liquid cooling system is more effective,
but it presents a higher complexity, cost, and also potential leakage. Heat pipe cooling is
limited by gravity, weight, and passive control. The addition of phase change materials could
raise undesirable mass and/or volume and it is still necessary to drain the heat absorbed
during continuous cycling [13].

However, some of these problems would be solved if these technologies were associated
with a best knowledge of the spatial thermal mapping of the batteries under different real
time operating conditions, in order to improve the thermal management of all battery system.
This association would reduce the quantity of materials required on the battery system to
effectively dissipate the heat generated and could lead to the development of new designs of

LIB thermal management.

The behavior of LIB at low temperatures has been questioned by different authors in the
literature, including the impact of different environmental temperature in electric vehicles
autonomy. Heating strategies for LIB operated from subzero temperatures were already
investigated by employing an electrochemical-thermal coupled model. It was suggested that
AC heating should be used for external power heating, being an internal heating strategy that
provides uniform heat [14]. The low temperature performance was studied by Zhang et al.,
who concluded that the cycling performance of a LIB is affected by the total impedance of
the cell [15]. The driving autonomy of a 2012 Nissan Leaf has been reported decreasing from
220 km to 100 km, for temperatures varying from -10.0 °C to 0 °C [14].

Electrochemical models and simulations were also used to investigate the charge and
discharge behaviors of LIB in low environmental temperatures [16, 17]. Furthermore, the
temperature variations of the LIB surface were monitored with attached thermocouples, at
different discharges rates [18]. Andreev et al. performed a simulation of the LIB operation
under severe temperature conditions typically found in Russia. The authors concluded that
the lower environmental conditions influence the internal resistance and the available

discharge capacity [19].

Overall, the poor battery performance at cold temperatures has been related to an increase
of the internal resistance, due to the interdependence of thermal and electrochemical

processes. In fact, the cell temperature evolution is dependent of the electrochemical
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processes through the heat generated and dissipated to the environment and, consequently,
it affects the transport and Kinetic properties in the electrochemical processes. Generally,
low environmental temperatures seem to be associated with a decrease of chemical reactions,
causing relevant changes in charge kinetics, electrolyte conductivity, and lithium ions

diffusivity within the anode, affecting the overall LIB performance.

In order to ensure optimized and safe conditions of operation under different
environments, it is necessary to predict and monitor through an analysis and modeling of the
thermal behavior of LIB. Most of the previous works were focused on monitoring
temperature on LIB using thermocouples in strategic locations and through estimation
methods. The thermocouples have the advantages of having small dimensions, of being self-

powered and ease of handling.

Wang et al. studied the internal temperature evolution of coin LIB during charge and
discharge process, using resistance temperature sensors. They concluded that measuring the
internal temperature is faster and more accurate than the surface temperature [20]. Twelve
thermocouples were used to study the internal temperature inside a large-format laminated
battery under different thermal boundary conditions, where the direction for the
improvement of cell thermal design and the ways for effective thermal management were
identified [21].

Transferable flexible thin film thermocouples were also embedded inside the LIB to
measure temperature at high charging and discharging rates [22]. Panchal et al. attached 3
and 10 T-type thermocouples in a surface of a prismatic lithium battery to study uneven
temperature and voltage distributions at rapid discharge rates and different boundary
conditions. A comparison with simulated tests was also performed. They concluded that the
temperature distribution of the cells increased as the C-rates increase, and it was higher near
electrodes. However, this type of thermocouples presents uncertainty of 1.0 °C and several
thermocouples were needed, resulting in a complex and bulky measurement setup [23, 24].
However, it is still necessary to develop novel thermal management systems with rapid heat
dissipation to keep both the electronic components and the LIB working under the optimum

temperature range.

Recent works have proposed the use of fiber Bragg grating (FBG) sensors as an

alternative method to monitor temperature attached to the surface of LIB, due to their
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intrinsic characteristics, such as small dimensions, capability of multiplexing, chemical
inertness, passivity (no need of electrical power to operate), and the possibility of optimized
integration inside the batteries [25]. Furthermore, these sensors present faster response rates
and higher accuracy, under normal and abusive operating conditions. They also have the
ability to monitor simultaneously multi-parameters such as temperature, strain, and pressure
[25].

The performance of the thermocouples and FBG sensors has been increasingly questioned
and confronted in terms of response rates and accuracy, under normal and abusive operating
conditions. In a recent study, a comparative response of both type of sensors was analyzed,
where it was concluded that the FBG presents better resolution and lower rise time than the
thermocouples, making them a better choice for the real time monitoring of the battery
surface temperature as well as a useful tool for failure detection and an optimized

management in batteries [26].

Yang et al. had also integrated FBG sensors in a coin LIB to measure real time
temperature variations during the battery’s operation under normal and abnormal conditions.
The FBG sensors exhibited good thermal responses to dynamic loading when compared with
the thermocouples [27]. A network of FBG sensors was integrated in a lab scale Li-ion pouch
cell to monitor simultaneously and operando, internal and external temperature variations,
where the temperature evolution during galvanostatic cycling at different C-rates was
analyzed. The authors concluded that the low invasiveness and high tolerance to the
chemically aggressive environment of the FBG sensors inside the LIB make them an
interesting possibility for integration on these batteries [28]. Sommer et al. had also
integrated FBG sensors to monitor strain and temperature during fast and slow ion diffusion

processes in lithium ion pouch cells [29].

These works reveal that FBGs can be an optimal, low cost, and non-active tool to support
and improve the LIB thermal management, by obtaining a spatial thermal mapping of the
battery surface, as well as to detect which are the areas that can heat more or even the
existence of hot spots. Furthermore, these sensors can also help in the development of new

designs and intrinsic materials to be integrated on the batteries.

In this study, an optical fiber sensing network based on FBGs is developed to real time,

in situ and operando monitor the thermal performance in five different points of a
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rechargeable smartphone LIB under different environments, constant current charge and
different discharge rates. An analysis of the thermal behavior of a LIB under different
environmental conditions typical of the temperate, dry, and cold climates through the
temperature and relative humidity (RH) variations in a controlled environment is presented,

to the best of our knowledge, for the first time.

2. Materials and methods
2.1 Materials

A commercial rechargeable smartphone LIB (Iphone 5G Battery, Singapore) with
maximum voltage of 4.3V, nominal capacity of 1440 mAh and dimensions of 130 mm
(length) x 90 mm (width) x 30 mm (height), was used. The temperature variations were
monitored with a network of five FBGs, glued on the surface of the battery in five strategic
positions (top, top-middle, middle, middle-bottom, and bottom) in order to evaluate the
temperature variations throughout the LIB surface.

The FBGs (length of 3.0 mm), spaced by 18.0 mm, were recorded in photosensitive single
mode fiber (PS1250/1500, FiberCore), using an UV excimers laser and the phase mask
method. Typically, these sensors can operate from -150 °C up to 350 °C without damaging
the sensor reflection signal.

2.2 Experimental setup

A schematic diagram of the experimental setup for real-time temperature smartphone LiB
monitoring is shown in Fig. V.1. The optical fiber sensors response was measured with a
standard optical interrogator (sm125-500, Micron Optics Inc.) operating at 2.0 Hz and with
wavelength accuracy of 1.0 pm. The voltage was real-time measured, with a USB6008 NI
DAQ, 12-bit resolution and customized LabVIEW® application. During all tests, the battery
with the attached sensors was kept inside a standard thermal chamber (Model 340, Challenge
Angelantoni Industrie), whereas the remaining components (power resistors, DAQ, and

optical interrogator) were placed on the outside.
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Figure V.1. (left) Schematic of rechargeable smartphone LIB test setup with the location of FBGs
and (right) thermal chamber used.

2.3 Sensors thermal calibration

The sensors were previously calibrated on the thermal chamber in a temperature range
from 10.0 °C up to 100.0 °C, with 10.0 °C steps. Figure V.2 presents the spectra attained for
two different temperatures, 10.0 °C and 50.0 °C.
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Figure V.2. Spectra of the FBG sensors network at two different temperatures.
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The shift towards longer wavelengths (red shift) with the increase of temperature, a
behavior typical of this type of sensors, can be observed. Notice that each peak corresponds

to a different sensing element, however all of them are in the same optical fiber.
Table V.1 indicates the Bragg wavelength (4s) at room temperature and the sensitivities
(kr) obtained by the thermal calibration. Through the equation A1 =k; x AT , where A/ is

the wavelength shift, it is possible to determine the temperature variation (AT) detected by

the sensors.

Table V.1. Fiber sensors position with the respective Bragg wavelength at 20.0 °C
and sensitivities obtained through the calibration.

FBG position g/ nm kr / pm/°C
Top 1536.23 9.08
Top-Middle 1541.77 9.14
Middle 1546.21 9.17
Middle-Bottom 1557.35 9.24
Bottom 1561.55 9.29

Considering the calculation of the standard deviation between the maximum and
minimum fluctuations of the sensors signals, acquired over 1 h on the thermal chamber with
stabilized temperature an experimental resolution of 0.1 °C was determined for the FBGs. It
should be highlighted that these sensors are not sensitive to external RH variations, thus no
compensation towards this parameter is required [30].

2.4 Environmental conditions

According to the Koppen-Geiger classification, there are five major climate groups on
our planet: tropical, dry, temperate, cold, and polar [31]. Depending on the method, the
climatic zones can be identified by combining different parameters, such as, temperature,
precipitation, RH, and radiation [32]. In this study, the temperature and RH were considered

as these parameters could be simultaneously controlled in the thermal chamber.

Table V.2 shows the values considered during the experiments to study the influence of
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three different environmental conditions on the LIB thermal behaviour and performance.

Table V.2. Typical mean values of temperature and RH for each climate selected for this

study.
Environment Temperature / °C RH/ %
Dry 40.0 20.0
Temperate 18.0 50.0
Cold 7.0 75.0

2.5 Battery test procedure

To perform the cycling tests on the LIB, a charge rate of 0.70 C was performed, using a
commercial battery charger with output voltage of 5.0 V (ETAOU83EWE, Samsung,
Vietnam). Different discharge rates (1.32 C, 2.67 C, and 5.77 C) were used, in order to
monitor the battery performance and behavior under normal and abnormal operating
conditions. Three different power resistors (10 W) were employed, with an equivalent
resistance of 2.00 Q, 1.00 Q, and 0.47 Q.

The battery test procedure, shown in Fig. V.3, was selected in order to promote abusive
operating conditions on the battery. In all cycling tests, the battery was discharged until a

voltage of 0.5 V was reached.

Cyecling Test 1/2/
s

— Charge at 0.7 C <«
Il
N
Vo=4.0V 79 .
Y

v
Rest 10 min
Discharge at

1.32 C/ 2.67 C/
dl
‘a :
by
——  TRest 15 min

Figure V.3. Cycling tests flowchart for each discharge rate, 1.32 C (cycling test 1), 2.67 C (cycling
test 2), and 5.77 C (cycling test 3).
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Between the charge/discharge steps, a resting time was selected in order to stabilize the
battery temperature. Each discharge rate was repeated several times and the results were

consistent throughout the experiments.

3. Results and discussion

Figure V.4 shows the output voltage variation as the battery was subjected to the different
cycling tests, for each environmental condition selected. A total of six cycles are presented,
two for each discharge rate. Between the temperate and dry environments there is no
significant change in the time that the cycles take to occur. However, when the battery is
exposed to the cold environment, the time that the battery took to perform the same cycles
was ~35% lower when compared to the other two environments. This is an indicator of the

lower performance of the battery under these conditions.

W |
Wm — Temperate|
L m ) — Cold

0 100 200 300 400 500 600 700 800
Time / min

Voltage / V Voltage / V Voltage / V
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Figure V.4. Voltage signal variations during the cycling tests under the environments selected.

This behavior is highlighted in Fig. V.5, where a single cycle was considered for each
environment. The charging time depends on the environmental conditions (Fig. V.5 a)). The
4.0 V were achieved after 37 min, 70 min and 80 min for the cold, temperate and dry
environments, respectively. Concerning the discharging behaviour, there is a notorious
influence of cold environment when compared to the dry and temperate climate conditions
(Fig. V.5 b)).
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Considering the voltage that the LiB presented after the resting time (~4.0 V), and for
1.32 C, there is a nearly instantaneous drop in voltage to 3.8 VV and 3.7 V for the dry and
temperate environments, respectively. From this point on, the voltage variation is slower, as
it takes ~30 min for the voltage to reach the cut-of voltage (3.2 V) (nhormal operating
conditions), following the typical discharge behaviour of a LIB. As expected, the discharge
rate increase leads to a faster discharge and, in the case of 5.77 C this behaviour is no longer
observable. After this plateau there is a fast voltage decrease until the discharge process end

(abnormal operating conditions).

4 51 —— Temperate 1.32C ——Dry 1.32C —— Cold 1.32C 1
- - - Temperate 2.67C - - - Dry 2.67C - - - Cold 2.67C
40f..... Temperate 5.77C - - - - - Dry5.77C - - Cold 5.77C 1

2.8+ —— Cold
—— Dry
2.61a) —— Temperate]
0 10 20 30 40 50 60 70 80 0 5 10 15 20 25 30 35 40 45
Charge time / min Discharge time / min

Figure V.5. a) Charge time and b) three different discharge rate times, during the first cycle and

respective voltage signal, under different environmental conditions.

Considering the behaviour until the cut-off voltage, a higher performance of the LIB
under the environmental condition typical of the dry climates is observed, possibly due to
the decrease of the battery internal resistance with the increase of the external temperature
together with the low relative humidity (40.0 °C; 20.0 %RH). This behaviour was consistent
throughout the cycling experiments in each type of environment.

A significantly different behaviour was observed regarding discharge voltage response
when the LIB was subjected to the environmental conditions typical of cold weather. For
instance, at 1.32 C, after only ~1 min the LIB achieved the cut-off voltage, followed by the
fast decrease until 0.5 V. Increasing the discharge rate led to an even faster discharge (it took
less than 10 s to drop from 4.0 V to 3.2 V). It should be highlighted that the lower battery
performance in this case, is in accordance with the literature [5-9].
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The FBG sensors responses during the cycling tests under different environmental
conditions and the corresponding battery voltage are shown in Fig. V.6.
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Figure V.6. Surface temperature variations during the cycling tests under the environmental
conditions typical of the a) temperate , b) dry, and c) cold climates. Five different positions are
considered: top, top-middle, middle, middle-bottom, and bottom. The discharge rates are also
indicated, (1) 1.32 C, (2) 2.67 C, and (3) 5.77 C.
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During the charge process, an increase of (1.0 + 0.1) °C was registered in all cycles until
the battery charged up to ~98.8%. Above this value and until the maximum voltage was
achieved (4.0 V), the temperature decreased once again to room temperature. It was
observed, in all cases, that during the discharge process a significant temperature rise occurs

as the discharge rate increases.

Regarding the surface temperature variations when the LIB was exposed to the temperate
environmental conditions, shown in Fig. V.6 a), the presence of two shoulders in the
temperature peaks is observed during the discharge rate of 1.32 C and 2.67 C. For the lowest
discharge rate, the first shoulder occurred until the LIB achieved the cut-off voltage. There
was a sudden temperature increase of (3.0 £ 0.1) °C (coincident with the fast voltage drop
from 3.9 to 3.7 V), followed by a slower variation. Once the battery achieved the abnormal
operating regime, and due to the fast voltage drops, a larger temperature increase was
registered. For this environmental condition, absolute temperatures of (25.0 £0.1) °C,
(35.0£0.1) °C and (53.0 £ 0.1) °C were detected by the FBG sensors placed near the
electrodes for the discharge rates of 1.32 C, 2.67 C and 5.77 C, respectively. As can be seen
in Fig. V.5 b), at 5.77 C the voltage drop until 3.2 V is very fast. Thus, the temperature
variation measured presented only one shoulder, which was due to the abnormal operating
conditions. Overall, the behaviour was the same in the five positions, meaning that the
voltage variation translates into similar temperature shifts regardless of the sensor location.

Increasing the temperature to 40.0 °C and decreasing the RH to 20.0% led to lower
temperature variations when compared to the previous case (see Fig. V.6 b)). The peaks
shape is like the ones presented in Fig. V.6 a), for the sensors located between the top and
the middle-bottom position. The sensor located at the bottom presented a discrepant
response, which was attributed to an unintentional change in the fiber position during this
experiment, and, consequently, a poor contact between the LIB and this FBG. This also
influenced the results obtained under the cold environment. Absolute temperature values of

(65.0 £ 0.1) °C were achieved for the top FBG sensor under the higher discharge rate.

The environmental temperature decreases and RH increase, typical of cold climates,
translated in lower AT, as can be seen in Fig. V.6 ¢). A maximum temperature shift of
(23.0 £ 0.1) °C was registered by the sensor located in the top, at 5.77 C (under abnormal

operating conditions). It can also be observed that at 5.77 C, a significant difference of
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(2.0+£0.1) °C was detected between the sensors placed on the top and top-middle, and
(3.2 £ 0.1) °C between the top and middle. Notice that the temperature varies accordingly to
the voltage profile, increasing as the voltage drops to 1.0 V and slowly decreasing until the
voltage reaches 0.5 V. This behaviour is more pronounced for the lowest discharge rate and
can be related to a poorer performance of the battery under these environmental conditions,
as well as a possible slowdown of the electrochemical reactions, translating into a decrease

in the discharge capacity and power capabilities.

Figure V.7 highlights the temperature variation dependence with voltage under the three
discharge rates, which was detected by the top FBG under different environments. It is
possible to observe that for the highest discharge rate the maximum temperature shift (which
occurs, as aforementioned, during abnormal operating conditions) is detected at higher
voltages than for the other discharge rates. Notice that in this figure the time factor is not
considered, which can be misleading. For instance, observing the 2.67 C curve in Fig. V.7 b),
from 4.0 V to 3.2 V the temperature increased (6.0 = 0.1) °C in 12 min.

——132C - 2.67C 577C
30 @ 18.0 °C, 50.0% RH

7.0°C, 75.0% RH

05 10 15 20 25 30 3.5;4.0
Voltage / V

Figure V.7. Temperature dependence with the voltage under the three discharge rates, monitored by

the FBG located on the top considering the different environments.
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Between the cut-off voltage and 0.5 V, it further increased (3.0 £ 0.1) °C, however, this
step only took 8 min. In fact, faster variations of voltage usually translate in higher

temperature variations at the LIB surface.

The temperature detected by the sensors at the cut-off voltage, in all positions, for the
different environmental conditions under study is summarized in Fig. V.8. Notice that, in
this figure, only the two lowest discharge rates for the dry and temperate climates, and the
results regarding 1.32 C for the cold climate, are shown. This is due to the fact that at 5.77 C
and 2.67 C, under the cold environment, the voltage drop from 4.0 V to 3.2 V was very fast
and the setup used did not present enough resolution to be able to detect such variation in

terms of temperature.
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Figure V.8. Higher surface temperatures detected by all the FBGs at the cut-off voltage, under the

three environments during the discharge rates of 1.32 C and 2.67 C.
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In all cases, the highest temperature detected was at the top (near the electrodes), followed
by the top-middle position. The temperature at the middle-bottom was slightly higher than
at the middle, contrary to what was expected. However, the difference is relatively small of
the order of the experimental resolution (< 0.1 °C) and can be ignored. Finally, the

temperature detected at the bottom of the LIB was lower in all cases.

For the temperate and dry environments, average temperature differences of
(3.0+0.1) °C and (2.3 £ 0.1) °C were, respectively registered between the discharge rates
of 2.67 C and 1.32 C, being this difference higher near of the electrodes, successively
decreasing until the bottom position, becoming evident the existence of a thermal gradient
on the battery.

The decrease was significantly higher for 2.67 C (dry environment), coincident with the
already mentioned unintentional movement of the fiber, which also influenced the result for
the cold environmental conditions. Nevertheless, the temperature profile measured in this
work is in good agreement with results reported in the literature for polymer LIB [18, 20].

4. Conclusions

A network of optical fiber sensors was successfully used to monitor external temperature
changes in a smartphone LIB, during testing under different environmental conditions at
constant charge and different discharge rates (1.32 C, 2.67 C, and 5.77 C). Five different
locations were monitored using only a single optical fiber on the battery surface, taking
advantage of its multiplexing capability as well as reliability and fast response, performing

a thermal spatial mapping of a LIB surface.

To the best of our knowledge, this type of measurements was performed on cell phone
LIBs for the first time. This measuring method with FBG sensors proved to be an effective,
precise, alternative and easier solution to monitor in situ, multipoint and operando
temperature distributions on the LIB surface. This study quantifies and elucidates which
values of temperature are achieved when the battery is exposed to three different
environmental conditions and, through a thermal mapping, show which areas of the LIB are
necessary to cool faster, in order to improve their performance and thus avoid the occurrence

of a thermal runaway.
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According to the cycling tests, when the battery is exposed to the cold environment, the
time that the battery took to perform the same cycles was ~35% lower when compared to
the dry and temperate environments. In general, it was observed that the sensors were able
to detect temperature variations which tracked the voltage signal. Faster variations of voltage
usually translated in higher temperature variations at the LIB surface, and this effect is
evidenced when the LIB operates under abnormal conditions. For instance, temperatures of
(65.0£0.1) °C, (53.0 £ 0.1) °C, and (30.0 = 0.1) °C, were achieved during the higher

discharge rate of 5.77 C, when exposed the dry, temperate, and cold climates, respectively.

Under normal operating conditions, the thermal gradient from the top to the bottom was
confirmed by the sensors responses, being independent of the type of climate, and relative
temperatures of (2.3 £ 0.1) °C and (3.5 + 0.1) °C were achieved for the dry and temperate
climates, respectively, near the electrodes. Under the cold environment a variation of just
(1.9 £0.1) °C was registered. In general, lower temperature variations were detected when
the LIB operated under the cold environment. The higher temperature shifts detected by the
FBGs in the other two environments, until 3.2 V, are related with the greater performance of
the LIB in terms of discharge capacity and power capabilities, demonstrating that these
environmental conditions are the best to operate the LIB in order to extend their lifetimes
and promote safety control. This information can be very helpful for the next generation of

LIB design, evidencing which areas require a faster cooling to reduce accumulated heat.

The FBGs prove to be a precise and useful tool to promote the optimization of LIB design
for different environments and safety in terms of development of new intrinsic materials for

the prevention of thermal runaway in the lithium batteries.
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Thermal mapping of a lithium polymer batteries pack with FBGs network

Micael Nascimento, Tiago Paix&o, Marta S. Ferreira, and Jodo L. Pinto

Abstract:

In this work, a network of 37 fiber Bragg grating (FBG) sensors is proposed for real time,
in-situ, and operando multipoint monitoring the surface temperature distribution on a pack
of 3 prismatic lithium polymer batteries (LiPBs). With such network, a spatial and temporal
thermal mapping of all pack interfaces is performed. In each interface, 9 strategical locations
are monitored, by considering a 3x3 matrix, corresponding to the LiPBs top, middle and
bottom zones. The batteries are subjected to charge and discharge cycles, where the charge
is carried out at 1.0 C, whereas the discharge rates are of 0.7 C and 1.4 C. The results show
that, in general, a thermal gradient is recognized from the top to the bottom, being less
prominent in the end of charge steps. The results also indicate the presence of hot spots
between two of the three batteries, located near the positive tab collector. This occurs due to
the higher current density of the lithium ions in this area. The presented FBG sensing
network can be used to improve the thermal management of batteries, by performing a
spatiotemporal thermal mapping, as well as by identifying which are the zones more
conducive to the possibility of existence of hot spots, preventing severe consequences such
as thermal runaway and promoting their safety. To the best of our knowledge, this is the first
time that a spatial and temporal thermal mapping is reported for this specific application,

using a network of FBG sensors.

Keywords: Lithium polymer batteries pack; FBGs network; in-situ monitoring; thermal
mapping; safety.

1. Introduction
Lithium polymer batteries (LiPBs) are extensively used as rechargeable energy storage
systems for a wide range of electronic devices such as smartphones and laptops, due to their

high specific energy, power densities, nominal voltage, and low self-discharge rates [1-3].

Exceeding the limits of current, voltage, or power may result in internal battery damage.

Possible thermal runaway, characterized by the faster temperature increase, can also occur
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If proper precautions are not taken. This is an essential issue, with high impact in the global
LiPB behavior. Moreover, LiPBs must be prudently electrically and thermally monitored
and managed, to avoid safety and performance issues [4-8]. The internal structure of a LiPB
is made-up of multiple layers, forming a “jelly roll” structure, where each layer consists of
the anode, cathode, electrolyte, and polymer film separators. Recent studied have been
published using new composite polymer electrolytes for solid-state lithium batteries, not
only to improve their thermal stability, but also to allow a wide electrochemical stability
window and compatibility with the electrodes. These are fundamental requirements for the
next generation of reliable large-scale energy storage systems and to develop more
completely solid devices [9-12]. Under abnormal conditions, such as temperature exceeding
the separators melting point or breakdown of the layered materials, an internal short circuit
can occur. The possible hot spots generated by internal short circuit can ignite thermal
runaways, leading to fire or explosion of the batteries [8,13,14]. However, some of these
problems would be solved if these technologies were associated with a better understanding
of the spatiotemporal thermal mapping of the batteries under different and real time

operating conditions, improving the thermal management of all battery system.

Temperature can affect both the LiPBs lifetime and energy, and therefore, it should be
within an optimum range of temperature, to ensure better performance and long life, both
for use and storage [15, 16]. The ability to quantify and evaluate the mechanism of thermal
runaway generated during the electrochemical processes that occur, will create a beneficial
information regarding their behavior as well as an active tool to promote their safety. The
thermal sensing of LiPBs is typically performed using different types of thermocouples in
strategic locations [3, 14-24], micro-electro-mechanical systems [25], mathematical models
[26,27], and resistance temperature sensors [28, 29]. Generally, for commercialized battery
packs, most of the existing methods use single-point temperature monitoring on the cell

surface to represent the overall state of the cell [19].

Recent works showed that fiber Bragg gratings (FBG) are an alternative method to realize
temperature measurements in lithium batteries. Some of the advantages of using such
sensors, when compared to electronic ones, are the ease in multiplexing, fast response,
immunity to electromagnetic interference, lower invasiveness, and the small size [30-35].
The research and development of a sensor network based on FBGs has attracted significant

interest, because by inscribing several FBGs with different grating periods in the same
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optical fiber, a broad selection of sensors can be manufactured. This allows the user to
monitor different positions in the structure with only a single fiber. Only one light source is
required, and the same interrogation system is employed for different FBGs, effectively
decreasing the system cost. Multiple FBG sensors can be readily accommodated and the
location of each sensor can be precisely controlled, which is essential to quantitatively
distinguish the temperature of different spots [30, 36]. These works reveal that FBGs can be
an optimal, low cost, and non-active tool to support and improve the LiB thermal

management.

In this work, a sensing network of 37 FBGs is proposed for the detection of temporal and
spatial variations of temperature at the interfaces of a pack of 3 prismatic LiPBs. A cycling
protocol considering the charge at 1.0 C, and different discharge rates, at 0.7 C and 1.4 C, is

performed. The temperature measurements are performed in-situ and operando.

2. Materials and methods

2.1 Fiber Bragg grating sensors network

A fiber Bragg grating (FBG) sensor consists of a small segment of a single-mode optical
fiber (length of a few millimeters) with a photoinduced periodically modulated refractive
index in the fiber core. The FBG resonant wavelength, Zg, is related to the grating period (A)
and to the effective refractive index of the core mode (neft) through Eq. (1):

/13 = ZneffA, (1)

When the grating is illuminated with a broadband optical source, the reflected power
spectrum presents a sharp peak, which is caused by interference of light with the planes of
the grating [31]. When the fiber is exposed to external variations of a given measurand (such
as temperature), both nett and A can be changed, producing a shift in As. The FBG sensitivity
(k) towards a given parameter is basically obtained by subjecting the sensor to pre-
determined and controlled variations of such parameter and measuring the Ag for each step.
The effects of temperature are accounted in the Bragg wavelength shift (A1) by
differentiating Eq. (1):

_ _1 Omery 104 _ _
AL = 22p (neff pra aT) AT = Ag(a + E)AT = kAT, (2)
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where «, & and k; are the thermal expansion, thermo-optic coefficient of the optical fiber

material, and the temperature sensitivity, respectively.

2.2 Experimental setup

The FBGs (length of ~3.0 mm each) were sequentially recorded in four different
photosensitive single mode fibers (SMF) (GF1, Thorlabs Inc., Newton, MA, USA), by the
phase mask method. A pulsed Q-switched Nd:YAG laser system (LOTIS Tl LS-2137U
Laser, Minsk, Belarus) lasing at the fourth harmonic (266 nm), focusing the beam in the
SMF with a plano-convex cylindrical lens (working length of 320 mm), was used. The
reflected Bragg wavelengths were measured with an optical interrogator (sm2125-500,
Micron Optics Inc., Atlanta, GA, USA) operating at 2.0 Hz and wavelength accuracy of 1.0
pm. Typically, these sensors can operate from -150 °C up to 350 °C without damaging the
sensor’s reflection signal [37,38]. Figure V1.1 presents the spectrum for one of the fibers,
with a total of 10 FBG sensors.
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Figure VI1.1. Spectra of the 10 FBG sensors network recorded in one fiber.

A thermal calibration was performed prior to attaching the fiber sensors network to the
LiPBs pack. The sensors thermal calibration was made using a Peltier device, with a

resolution of 0.01 °C. The temperature range was between 20.0 °C and 60.0 °C, in steps of
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5.0 °C. Table VI.1 indicates the AB at room temperature and the kr obtained through the
thermal calibration for one fiber. Notice that, in the other fibers, kr and g of the FBGs are
very similar, and are in the same location on the LiPBs. Through equation 2, it is possible to
convert the wavelength shifts detected by the sensors into temperature variation (AT).
Considering the calculation of the standard deviation between the maximum and minimum
fluctuations of the sensors signals, acquired over 1 h on the Peltier device with stabilized
temperature, an experimental resolution of 0.1 °C was determined for the FBGs.

The position of each FBG, in relation to the battery, is presented in the format of a matrix
(i.J), where i = 1,2,3 corresponds to the top, middle, and bottom positions, whereas j = 1,2,3
indicates the sensor location on the left, middle and right, respectively.

Table VI.1. Fiber sensors position on the LiPB with the corresponding Bragg wavelengths and
sensitivities obtained through the thermal calibration at 20.0 °C.

FBG position  As/nm  kr+0.1/pm/°C | FBG position  Ag/nm  kr+0.1/pm/°C
Room 1525.05 10.0 (2.2) 1554.06 10.2
(1.1) 1530.92 10.0 (2.3) 1556.25 10.2
(1.2) 1543.39 10.1 (3.1) 1558.17 10.3
(1.3) 1546.91 10.1 (3.2) 1559.52 10.3
(2.1) 1550.05 10.2 (3.3) 1562.71 10.3

Three rechargeable prismatic LiPBs (Cameron Sino Technology, China) with nominal
voltage of 3.7 V/cell, nominal capacity of 1600 mAh and dimensions of 79 mm (length) x
54 mm (width) x 4 mm (thickness), were packaged in series, performing a LiPBs pack with
anominal voltage of 11.1 V. The voltage signal was monitored using a 12-bit resolution data
acquisition system (DAQ) (USB6008, National Instruments). The acquisition modules were
controlled by a LabVIEW® customized application, allowing the real-time monitoring of the
acquired data. The LiPBs pack was cycled twice under two different discharge rates of 0.7 C
and 1.4 C through two power resistors of 10.0 Q and 5.0 Q, respectively, until a cut-off pack
voltage of 9.0 V was reached. A fast charge current of 1.0 C was applied, using a commercial
Turnigy Accucell-6 balance charger/discharger with maximum current of 5.0 A.

The temperature variations were monitored with a network of 37 FBG sensors, divided
by four different optical fibers (9 FBG sensors in each fiber), glued to the surface of the

battery in nine strategic locations disposed as a 3x3 matrix, as can be seen in Fig. VI1.2.
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The extra FBG sensor was used out of the pack to monitor the room temperature
variations and thus to eliminate possible external fluctuations. This setup allowed the
monitoring of temperature variations throughout the LiPBs pack interfaces on the top,
middle and bottom areas. Thermal paste was placed along all fibers to increase thermal

conductivity between the battery and the optical sensors.

'I-E‘ Data acquisition
. g system (USB6008)
Turnigy Accucell-6 balance

charger/discharger

(Room)

- LiPB 3

Fiber 4

:"

LiPB Pack

a)

Optical Interrogator

Figure VI1.2. a) Experimental setup of the sensing network with the FBG sensors positions used to
monitor the LiPBs pack. b) Photograph of the LiPBs pack instrumented with the fiber sensing

network.

In total, four interfaces on the LiPBs pack were monitored. The fiber 1 was placed in the
surface of the LiPBL1 (interface air-LiPB1) (negative electrode surface), the fibers 2 and 3
were sandwiched in the interfaces between the LiPB1 and LiPB2 (interface LiPB1-LiPB2),
and LiPB2 and LiPB3 (interface LiPB2-LiPB3), respectively. The fiber 4 was positioned in
the other surface of the LiPB3 (interface LiPB3-air) (positive electrode surface).

3. Results and discussion
3.1 Cycling protocols — Voltage and temperature curves

Figure V1.3 presents the voltage signals measured with the DAQ during the cycling tests
for each battery that composed the LiPBs pack, under normal and abusive discharge
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conditions of 0.7 C (Fig. VI.3 a)) and 1.4 C (Fig. V1.3 b)). In total, four discharge cycles
were applied, followed by a fast charge of ~1.0 C in all of them. Between the constant current
(CC) charge/discharge steps, a resting time of ~15 min was selected to stabilize the
temperature and relax the LiPBs pack. It is important to mention that the cooling of the
LiPBs pack during all the cycling tests was performed by natural convection. The intentional
short-circuit at the discharge cycle observed in Fig. V1.3 a) was performed to assess the
thermal impact at LiPBs pack and its influence on the voltage behavior. After the circuit was
reestablished, the LiPBs pack returned to its previous behavior without affecting the

posterior data.
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Figure VI1.3. Voltage dependence with time for each LiPB, a) at 0.7 C discharge rate and b) at 1.4 C
discharge rate. (1) CC charge at 1.0 C; (2) CC discharge at 0.7 C; (3) CC discharge at 1.4 C.

For both discharge rates, the LiPB2 exhibited a better performance, when compared to
the other two pack batteries, presenting higher values of voltage and more stable signals. For
this reason, the temperature variations detected by the FBGs network placed on the interface
LiPB1-LiPB2 as function of the time and pack voltage were selected and are shown in
Figures V1.4 and VI.5. The intentional short circuit described before and presented in
Fig. V1.4 a), at around 120 min, translated into an instantaneous decrease of temperature, as
expected. The temperature increased once again once the circuit was reestablished, following
the same behavior as in the second cycle.
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During all cycling tests, showed in both Figures V1.4 a) and V1.5 a), the sensors responses
were very coherent with the voltage signals. The temperature fluctuations detected by the
FBG sensors corresponded to the normal heating flux produced by the LiPB pack. Over the
four CC charge steps (1), maximum temperature variations (AT) of (4.0 £ 0.1) °C were
sensed by the FBG sensors placed on the positions (1.1) and (1.2). During the CC discharge
steps (2) and (3), higher AT values of (6.8 £ 0.1) °C (highlighted on Fig. V1.4 b)) and (14.0
+0.1) °C (highlighted on Fig. V1.5 b)) were respectively registered, at the end of each step.

Over the CC discharge steps (2) and (3), a gradual temperature increase can be observed,
while the LiPBs pack discharges up to 9.0 V. However, three different temperature
increasing rates can be precisely tracked. The first one, immediately after the beginning of
discharge, the second, between the 11.0 V and 10.5 V, and the last one between the 10.5 V
and 9.0 V. The first one is the higher and faster and it is proportional to the discharge rate
applied. The second one is only registered under the discharge rate of 0.7 C, due to the higher
jump in voltage to 10.3 V, when the CC discharge step begins.
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Figure V1.4, a) Temperature variations, during two cycling tests, in all the LiPB surface positions as
a function of the pack voltage at 0.7 C discharge rate. b) Enlarged image representing the temperature
variations recorded by the 9 FBG sensors inscribed in the fiber 2 during the CC discharge step at
0.7C.

On the thermal behavior detected by the sensors located at the LiPB1-LiPB2 interface,
during a CC discharge step at 0.7 C, and highlighted in Fig. V1.4 b), there is a clear
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continuous heat generation up to the end of the discharge (EOD) process, in all areas of the
surface. However, there are different temperature variations, depending on the sensor
location. For example, the FBG placed in the position (1.3), at ~370 min presented the 3"
highest temperature variation, but as the temperature did not increase at the same rate as in

other sensors, at ~383 min that location became the 6" hottest area.
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Figure V1.5. a) Temperature variations with time, during two cycling tests, in all the LiPB surface
positions as a function of the pack voltage at 1.4 C discharge rate. b) Enlarged image representing
the temperature variations recorded by the 9 FBG sensors located at interface LiPB1-LiPB2, during
the higher discharge rate.

A continuous increase of heat generation can be observed in all areas during discharge
rate at 1.4 C (see Fig. V1.5 b)), and there were not detected any changes in terms of gradient
of temperature between the beginning and finishing of the process in all FBGs areas. Thus,
the locations (1.1) and (1.2) were the hottest spots both when the discharge started and ended.
The coldest zone was monitored by the FBG sensor on the location (3.1). In EOD, at
~315 min, a significant difference of temperature variation between the hot and cold areas
of (4.3 £0.1) °C can be observed.

3.2 Spatial and temporal thermal mapping

3.21 CCchargeat1.0C

The spatial and temporal thermal mapping of the four interfaces can be inferred through
the FBG sensors responses just instants after the beginning (first instantaneous increase of
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temperature) and the end of each CC charge step, at 1.0 C, as it is shown in Fig. VI.6. In this
figure, each set of data represents the mean AT values between the four equal CC charge
steps that the LiPBs pack was submitted to. Analyzing the temperature distribution produced
in the beginning of charge (BOC), the same thermal profiles are observed in all the
interfaces, with heating zones at the top of the LiPBs that compose the pack identified by
the FBGs located on (1.1), (1.2), and (1.3), and cold areas predominantly in the bottom
positions, corresponding to the (3.1), (3.2), and (3.3) zones.
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Figure VI1.6. Spatial and temporal thermal mapping of the LiPBs pack when the CC chargeat 1.0 C
begins and ends.

Between all the interfaces monitored, the interface air-LiPB1 (monitored by fiber 1), can
be considered the coldest. On the other hand, the hottest interface was the one sandwiched
between the LiPB1 and LiPB2 (monitored by fiber 2). The warmest area was detected in this
surface by the FBG in the position (1.1), with AT values of (3.7 £ 0.1) °C. At the center of
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the interface between the LiPB3 and the air, a heating zone with AT values of (3.3 +£0.1) °C
was identified. This possibly happened due the higher proximity with the positive electrode

existing in this surface.

In the end of charge (EOC) a different thermal profile can be observed, mainly at the
interface LiPB1-LiPB2, in which the heating zone was detected by the FBG placed in
position (3.3), with AT values of (3.4 £ 0.1) °C, and the coldest in the top position (1.3).
Notice that the scale is slightly different in relation to the scale used in the BOC. The surface
monitored by the sensors in the fiber 1 (Air-LiPB1 interface) remains the coldest. An
interesting thermal profile was identified in the interface LiPB3-air, with a clear warmer
central area and a decreasing of AT from that area until the battery extremities. The interface

LiPB2-LiPB3 shows to be the more stable thermally all over the surface.

3.2.2 CCdischargeat 0.7 C

The temporal and spatial thermal mapping of the interfaces presented in the LiPB pack in
the beginning of discharge (BOD) and EOD instants, at 0.7 C, can be seen in Fig. VI.7. As
in BOC process, the thermal profiles are gradual from the bottom (colder areas) to the top
(hotter areas). However, at the interface LiPB3-air, a different behavior was observed. In
this case, the hottest area was located in the middle of the LiPB3 surface. The hottest spots,
with AT of (3.8 £ 0.1) °C and (3.5 = 0.1) °C, were detected by the FBGs (1.1) and (2.2),
located near the positive tab collector and in the center of the active area, in the interfaces
LiPB1-LiPB2 and LiPB3-air, respectively. This observation can be correlated with the
higher activation and current density of the Li* near both tabs, negative and positive, and the
fact that the material of the positive tab (e.g. aluminum) is more conducive on heat
generation than the negative tab material (e.g. nickel), due the different electrical resistance

of the two materials.

At the EOD, the coldest zones are well evidenced on the bottom of the cells, being more
pronounced in the interface air-LiPB1. The hottest spots, with AT of (6.8 + 0.1) °C, was
measured near the positive tab collector by the FBG located in (1.1), interface LiPB1-LiPB2,
as well as in the areas (1.2), (2.1), (2.2), and (2.3) with AT of (6.4 = 0.1) °C, all of them in
the center of the active area of the cell, translating into the warmest interface in the LiPB

pack. The FBGs inscribed in the fibers 3 and 4 also registered higher temperature changes
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near to both tab current collectors, i.e. in the areas (1.1) and (1.3). Notice that, in Fig. V1.7,
different scales were used for the EOD and BOD thermal maps, so, a thermal color

comparison between the two cannot be performed in this case.
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Figure VI1.7. Spatial and temporal thermal mapping of the LiPB pack at the BOD and EOD instants,
for the CC discharge at 0.7 C.

3.23 CCdischargeat1.4C

Figure V1.8 shows the temperature variation detected by all the FBGs at the BOD and
EOD, at the higher discharge rate of 1.4 C, in all the interfaces that compose the LiPBs pack.
Due to the large temperature range on the BOD and EOD, the scales were also chosen
independently to show the distribution with high resolution.

In general, and following the trend noticed in Fig. V1.7, the hottest zones were located at

both collector tabs, on the positions (1.1), (1.2), and (1.3), and the coldest zones were located
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at the bottom of the LiPBs, on the positions (3.1), (3.2), and (3.3). The temperature
distribution gradient followed the line from the top to the bottom. These thermal profiles are
in accordance with literature, however the batteries dimensions reported are not the same,

and they were tested separately, instead of in a pack of batteries [3,19,27].
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Figure VI1.8. Spatial and temporal thermal mapping of the LiPBs pack when the CC discharge at
1.4 C begins and ends.

On the BOD, the main hottest spot, with a AT of (9.4 + 0.1) °C, was detected by the FBG
located at the interface LiPB2-LiPB2, at the area (1.1). From all the pack interfaces, the
warmest was between the LiPB1 and LiPB2. The coldest interface was between the air-
LiPB1, registering the lowest cold zones value of in all batteries pack of (2.8 + 0.1) °C on
the (3.1), (3.2) and (3.3) areas. The thermal profiles at the EOD follow the same behavior as
at the BOD, however, the temperature variations were higher. The hottest spot, with AT of
(14.0 £ 0.1) °C was clearly registered by the sensor written in the fiber 2 and located in the
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position (1.1). The results indicate that this area is the likely to be the hot spot zone in all the
LiPBs pack, being the most critical region in terms of safety. This occurred due to the higher
current density of the Li" in the positive tab collector. A plausible reason for the fact that this
occurred in the interface between LiPB1-LiB2 can be attributed to the higher performance

registered by the LiPB2, as can be seen in Fig. VI.3.

Comparing the temperature distribution in all the interfaces showed in Fig. VL8, it can
be observed that the AT mean value between all interfaces is (4.0 £ 0.1 °C), revealing a low
thermal discrepancy between them. However, the physical spacing between thermal

boundaries is different at all interfaces, highlighting their specific thermal profiles.

4. Conclusions

A sensing network of 37 FBGs was successfully used to monitor and to implement a
temporal and spatial thermal mapping of four interfaces in a pack of 3 prismatic LiPBs. The
batteries were connected in series and a cycling protocol was established with normal CC
charge (1.0 C) and two different CC discharge steps (0.7 C and 1.4 C). In total, the thermal
profiles in the BOC, BOD, EOC, and EOD steps were analyzed. On the BOC, a maximum
temperature variation of (3.7 £ 0.1) °C was measured near the positive tab in the interface
LiPB1-LiPB2. A heating zone of (3.3 +0.1) °C was also identified in the center of the surface
between the LiPB3 and the air.

In general, over the discharge steps the hotter zones were located at the both collector
tabs, and the cold zones were at the bottom of the LiPBs. For the higher discharge rate, the
thermal profiles at the EOD were very similar with the ones identified at the BOD. At the
EOD, a hot spot, with AT of (14.0 £ 0.1) °C was registered by the sensor located near the
positive tab collector, at the interface LiPB1-LiPB2. This occurs due to the higher current
density of the Li* in that region. This sensing technique also allows more points to be
monitored. For that, more FBG sensors with different Bragg wavelengths can be recorded in
the same optical fiber or can be used different fiber sensing configurations without increasing
the invasiveness of the battery pack interfaces.

The presented FBG sensing network shows to be a good, precise, non-invasive and
low-cost tool to improve thermal management and safety of batteries, identifying critical

zones for the appearance of hot spots.
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Abstract

Strain and temperature are critical parameters to monitor in Li-ion batteries (LIBS) to
improve their safety and long-term cycling stability. High local current densities can result
in a massive heat release, decomposition of the electrolyte, gas evolution and even explosion
of the battery cell, known as thermal runaway. However, the corrosive chemical environment
in the batteries is a challenge to monitor strain and temperature. Optical fiber sensors, due to
their high chemical stability and small diameter, can be embedded within the LIBs, thus
becoming an interesting solution for operando and in situ measurements. In this work, a
hybrid sensing network constituted by fiber Bragg gratings and Fabry-Perot cavities is
proposed for the discrimination of strain and temperature. The proof-of-concept was
performed by attaching the sensing network to the surface of a smartphone battery.
Afterwards, it was embedded in a Li-ion pouch cell to monitor and simultaneously
discriminate internal strain and temperature variations in three different locations. Higher
thermal and strain variations are observed in the middle position. The methodology
presented proves to be a feasible and non-invasive solution for internal, real-time, multipoint

and operando temperature and strain monitoring of LIBs, which is crucial for their safety.

Keywords: Li-ion batteries; embedded sensors; Fabry-Perot interferometer; fiber Bragg

gratings; strain; temperature.

1. Introduction

Lithium-ion batteries (LIBs) are extensively used in portable electronic devices such as
smartphones and laptops, and automotive/aerospace industries, which have driven the
battery development regarding new materials, structures, and designs, due to their optimized

conditions in the perspective of power, energy, long cycle-life, and slow self-discharge [1-3].
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As in other electrochemical energy storage systems, the chemistry of the active materials
alters during the charge/discharge processes, promoting strains in electrode particles and
changes in electrode volume. This volume variation is caused by Li* intercalation into host
materials, like graphite and lithium transition metal oxide and resultant lattice expansion and
contraction [4, 5]. The LIB stability and safety can be affected by these induced strains,
being the principal cause of material failure and other forms of performance degradation [1].

Another crucial phenomenon that can affect the LIB safety is the thermal runaway, caused
by the fast-increasing temperature that can be formed in specific operating conditions [6, 7].
The excess heat generated during over-charge/discharge or in the presence of short circuits
may cause irreversible damage particularly to the electrolyte resulting in its decomposition,

gas evolution and even explosion of the battery cell [7,8].

The optimized design of a LIB management system needs firstly to solve questions in
terms of inherent safety under both normal and abuse operating conditions, being correlated
with strain and temperature monitoring. The ability to quantify and evaluate the variation in
strain and heat generated during the electrochemical processes that the batteries can operate
will be crucial information regarding their behavior as well as an active tool to promote their
safety. To achieve this goal, knowledge of the internal strain and temperature sensing is
therefore critical [1,6].

Due to the more specific electrochemical behaviors and internal structure of the LIBs,
their internal sensing is challenging. To work around this problem, sensors with mechanical
robustness, immunity to electromagnetic radiation, resistance to corrosion and low
invasiveness, are required. The temperature and strain sensing of LIB is typically performed
using pyrometers [9], electro-mechanical sensors [4], 3D digital image correlation [8],
thermocouples [10-11], and high energy X-ray diffraction technique [12]. On the other hand,
due to the advantages of ease in multiplexing, fast response and immunity to electromagnetic
interference when compared to electronic sensors [13], recent works showed that optical
fiber sensors are a suitable solution to perform internal and external temperature and strain

measurements in LIBs [14-19].

Fiber Bragg gratings (FBGs) are used in sensing temperature, strain, pressure, bending,

refractive index, among other physical parameters. However, as these sensors are sensitive

114



Optical fiber sensors networks for in situ lithium-ion batteries monitoring

to more than one physical parameter at the same time, they suffer from large cross sensitivity,

such as strain and temperature.

Many techniques have been proposed to simultaneously discriminate strain and
temperature. The most straightforward way is using two different FBGs: one strain-free FBG
and another that simultaneously detects strain and temperature [15]. However, this method
can be challenging when the sensors are embedded in electrochemical materials, due to the
necessity of involving the strain-free FBG sensors in other material [20]. Typically,
conductive microtubes are used, at the cost of increasing the invasiveness and the possibility

of interacting with the electrochemical materials [20].

Other methods are based on the use of different sensing elements that have different
responses to strain and temperature. For example, methods have been reported that use an
FBG pair [21], chirped FBG [22], or cascading an FBG with a thermochromic material
coated fiber tip [23]. All these methods have good response to strain and temperature,
however they are inappropriate for precise measurements due to low spatial resolution. FBGs
were also recorded in high birefringence [24] or doped [25] fibers, however they require a
fiber laser system for demodulation. Combined Fabry-Perot (FP) and FBG sensors were
studied; however, the production is complex and photosensitive fiber is needed [26].
Furthermore, the FP cavity was produced using a capillary tube with a length of
~420 um [27].

Recent studies show the wide use and utility of this type of sensors to monitor physical
parameters of LIBs, both internally and externally. FBG sensors were extensively used to
discriminate simultaneously external bi-directional strain and temperature in a prismatic
LiB, using an independent strain-free FBG [15]. On the other hand, FBGs were also utilized
to determine fast and slow ion diffusion processes in Li-ion pouch cells [16], to monitor
internal and external temperature variations in lithium-ion pouch bag cells [17], and to
monitor the strain evolution of LIB electrodes [19]. FP sensors based on air cavities are
typically used to monitor strain or pressure variations [28, 29] due to the fact that they are

almost insensitive to temperature shifts [28].

However, when this type of sensors is integrated inside materials, their sensitivity to
temperature and strain changes due to the mechanical stresses produced by the surrounding

material, and an internal calibration is required [31,32].
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Internal discrimination of strain and temperature in LIB can be improved by combining
the signals of FBGs and FPs, by writing the FBG sensor as near as possible to the FP cavity.
The main advantages of this process are the different strain and temperature sensitivities
obtained by the FP cavities comparatively with the FBGs, together with the necessity of
using a single fiber to monitor the same point, decreasing the invasiveness inside the battery.
Besides, no extra-material is needed to be integrated in the discrimination method.

In this study, a hybrid sensing network of FBGs and FPs was preliminary tested on the
surface of a smartphone battery to discriminate external strain and temperature variations.
The sensing network was also embedded in a LIB to monitor and discriminate operando and
in situ internal strain and temperature shifts. Galvanostatic cycling at different C-rates was
applied to correlate the variations in temperature and strain with processes in the LIB. To
the best of our knowledge, this is the first time that this innovative methodology is presented

for this type of application.

2. Materials and methods
2.1 Theoretical considerations: FBG and FP sensors

Typically, an FBG sensor consists of a short segment of a single-mode optical fiber (with
a length of a few millimeters) with a photoinduced periodically modulated index of
refraction in the core of the fiber. The FBG resonant wavelength is related to the effective
refractive index of the core mode (nef) and to the grating period (A). When the grating is
illuminated with a broadband optical source, the reflected power spectrum presents a sharp
peak, which is caused by interference of light with the axis of the grating and can be
described through Equation (1) [13],

/13 = ZneffA, (1)

where g is the so-called Bragg wavelength. When the fiber is exposed to external variations
of a given measurand (such as strain, temperature, stress or pressure, among others), both

Neff and A can be modified, causing a shift in the Bragg wavelength.

A FP sensor is designed of two parallel reflecting surfaces separated by a certain length
(L). Interference arises due to the multiple super positions of both reflected and transmitted
beams at two parallel surfaces. In an optical fiber, the FP can be formed by intentionally
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building up reflectors inside (intrinsic) or outside (extrinsic) the fibers. The intrinsic FP fiber
sensors have reflecting components within the fiber itself. The intrinsic FP cavity can be
designed by different methods such as micro machining [29], chemical etching [33], and thin
film deposition [34]. The wavelength dependent intensity modulation of the input light
spectrum, that occurs due to the optical phase difference (6zp) between two reflected or
transmitted beams describes the reflection or transmission spectrum of an FP. This phase
difference of the FP can be tailored according to Equation (2).

Opp = %, (2)

where, A, L and n are the wavelength of the incident light, the length and the refractive index
of the cavity, respectively. It is important to note that the phase difference is changed with
the variation in the optical path length difference of the interferometer, when some
perturbation is presented to the sensor. For example, a phase variation occurs when
longitudinal strain is applied to the FP sensor due to a change in the length of the cavity or
a change in surrounding refractive index. It is possible to quantitatively obtain the strain

applied, by measuring the wavelength shift of a FP spectrum [35].

2.2 Strain and temperature discrimination using a hybrid sensor

As aforementioned, with a single measurement of the Bragg wavelength-shift it is not
possible to discriminate the effect of changes in strain and temperature. The strain and
temperature discrimination can be performed using a combination of the wavelengths of
FBG with a FP cavity sensor, forming a hybrid sensor. The methodology presented is based
on writing the FBG sensor as close as possible to the FP cavity sensor, which simultaneously
detects strain and temperature. If the wavelength-shifts to strain and temperature are linear,

a response to a strain shift, Ae and a temperature shift, AT, is given by:

Appe = kFBGgAg + kFBGTATJ (3)
where krgg:, and krset are the strain and temperature sensitivities of the FBG, respectively,
determined in the calibration procedure. The FP cavity of the hybrid sensor also acts as a

strain and temperature sensor. In this case, the wavelength shift, Adrp, is related to strain

variation, Ae, and temperature variation, AT, according to:
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AAFP = kFPEAE + kFPTAT’ (4)

where krp; and krpt are the strain and temperature sensitivities of the FP cavity, respectively.
Therefore, the temperature and strain variations can be determined through the matrixial

method, using Equation (3) and (4), expressed as:

AAFBG] - IkFBGE kFBGT] [AS (5)

Adpp kep,  kepp | LATY

If these sensitivities are known, a sensitivity matrix for simultaneous measurement of strain
and temperature can be derived as:
[AS] - l _kFPT kFBGT AAFBG:l (6)
ATI M | kpp,  —kppg, |LAApp I’
where M = krpe KraeT - krpT Krag: IS determinant of the coefficient matrix, which must be

non-zero for possible simultaneous measurement [36].

2.3 Sensor design

The proposed sensing structure constituted by an FBG in series with a FP cavity is shown
in Fig. VII.1 a. The FP cavity was fabricated by producing an air bubble between a single
mode fiber (SMF, 28e, Thorlabs Inc., Newton, USA) and a multimode fiber (MMF, GIF625,
Thorlabs Inc., Newton, USA). Initially the two fibers were placed in the splicing machine
(Fujikura 62S, Tokyo, Japan) and aligned using the manual mode. The SMF was removed
and an arc discharge was applied to the MMF tip. The electrical discharge high power was
transferred to the MMF tip, causing a partial melting. Because of the surface tension, the
fiber acquired a round shape. Afterwards, both fibers were aligned once again, and a small
amount of compression was applied between them. After one arc, the energy transferred to
the fiber tips will cause their melting and, as the temperature in the fibers outer region
decreases faster than on the inside, some air is trapped, forming a microbubble [37] (Fig.
VI1.1 b). Typically, the length of such cavities is lower than 100 um, giving rise to a high
free spectral range.

The FBGs used in the monitoring system, with estimated length of ~3.0 mm, were written
by the phase mask method. A pulsed Q-switched Nd:YAG laser system (LOTIS Tl LS-

2137U Laser, Minsk, Belarus) lasing at the fourth harmonic (266 nm), focusing the beam in
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the SMF with a plano-convex cylindrical lens (working length of 320 mm), was used. The
single pulse used to produce the FBGs was 8.0 ns duration with measured pulse energy of
0.9 mJ. The FBGs were written as close to the FP cavity as possible, to allow nearly punctual
detection of strain and temperature. Furthermore, as the SMF used was photosensitive, the

FBGs were written in that region.

(a) FBG FP Fibercladding (b)
Incident T 1 T T
light i
—_ CME Fiber core '
Reflected
light SME MMF 100 pm

Figure VII.1. a) Experimental diagram of the hybrid sensor. b) Microscope image of the FP cavity
formed between the SMF + MMF.

2.4 Experimental setup
2.4.1 External monitoring of strain and temperature

The battery used in the proof-of-concept experiment was a commercial hard prismatic
rechargeable smartphone LIB (iPhone 5G Battery, Singapore) with an open-circuit voltage
of 4.3V, nominal capacity of 1440 mAh, cut-off voltage of 3.2 V, and dimensions of 8.6 cm
(length) x 3.0 cm (width) x 0.3 cm (thickness). The internal structure of this battery is
constructed by winding the ribbon-like electrode and separator to form a ‘jelly-roll’
structure. The negative and positive active materials, carbon/graphite and pure cobalt,
respectively, are coated on each side of the separator materials, and thin layers of copper and

aluminum foils are used as the current collectors [6].

The fiber with the hybrid sensor was pre-tensioned and fixed to the battery on its
extremities, being placed in direct contact with the surface and in the center of the LIB, as is
shown in Fig. VII.2. To calculate the length variations, the distance between the two fixed
points (8.6 cm) was considered. As the glue was placed as close to the edge of the LIB as
possible, the length variations are related to the battery dimension. This configuration allows
the discrimination of strain and temperature in the same point, where both sensors detect

strain and temperature shifts.
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CHNNNE]| ) | «— Hybrid sensor

Fixed RS Fiyed

—

Figure VII.2. Hybrid sensor location to external temperature and strain discrimination of a

commercial LIB.

The reflected spectra were measured with an optical interrogator (sm125-500, Micron
Optics Inc., Atlanta, GA USA) operating at 2.0 Hz and wavelength accuracy of 1.0 pm. The
commercial LIB was subjected to charge/discharge cycles under a discharge rate of 1.32 C,
through a power resistor of 2.0 Q until a voltage of 2.0 V was reached.

A charge rate of 0.70 C was applied, using a commercial battery charger with output
voltage of 5.0 V (ETAOUB3EWE, Samsung, Vietnam). Between the charge/discharge steps,
a resting time of 10 min was selected to stabilize the battery. The voltage signal was
monitored using a 12-bit resolution data acquisition system (DAQ) (USB6008, National
Instruments, Austin, TX, USA), and controlled by a LabVIEW® customized application,

allowing the real-time monitoring of the acquired data.

2.4.2 Li-ion pouch cell assembly

The pouch cell was assembled using a commercial lithium iron phosphate (LFP, Clariant,
Muttenz, Switzerland) cathode (91:4:5 LFP: Super C65:JSR, 12 mg cm™2 active mass
loading) on aluminum foil and a graphite anode (92:3:5 SBG-1:Super C65:CMC, supplied
by SGL Carbon, 5.6 mg cm2 active mass loading) on copper foil with an active area of
16 cm?, following a procedure already described in literature [38]. The Li-ion pouch cell
assembly was carried out inside the dry room (relative humidity < 0.1% at 20 °C), where all
materials were stored prior to usage. Two sheets of a single layer polyolefin membrane

(Hipore SV718, 10 um, Asahi Kasei, Tokyo, Japan) were used as separator. 500 uL ofa 1 M
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lithium hexafluorophosphate (LiPFs) in ethylene carbonate/dimethyl carbonate (1:1 vol%)

with 1 wt% vinylene carbonate solution were used as electrolyte.

The sensors network was internally placed between the two separators layers, in the x-
axis, on the top (near the tab-electrode connection), middle (center of the electrochemical
active area), and bottom of the cell, to get a total gradient mapping of the strain and

temperature in all cell area, as shown in Fig. V1I.3.

FBG To
P FBG Middle
FBG Bottom

Bottom

v <
FBG FP
D—> Optical fibers with internal
1 hybrid sensors

\~<" External optical fiber

with FBG sensors

SM 125 Interrogator

Figure VI11.3. Experimental setup diagram of the internal and external optical sensors network used

to temperature and strain monitoring of the Li-ion pouch cell.

The Li-ion pouch cell was heat-sealed under vacuum, and the fibers with the hybrid
sensors were fixed to the pouch bag in the region of the seal. The distance between the fixed
points was 6.0 cm. Externally, a network of 3 FBGs was placed in direct contact with the
surface of the pouch cell, parallel to the above-mentioned internal ones. To increase both the
contact area and the thermal conductivity, a thermal paste was used to attach the sensors to

the pouch cells. The Li-ion cell was cycled several times at different discharge rates.
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2.5 Sensors calibration

Prior to the fiber sensors attachment to the LIB, a calibration to strain and temperature

was carried out. The strain characterization was performed using a micrometric translation

stage between 0 pe and 1200 pe. The thermal calibrations after and before the integration in

the Li-ion pouch cell were performed in a thermal chamber (Model 340, Challenge

Angelantoni Industrie, Massa Martana, Italy), between 10.0 °C and 150.0 °C, in steps of

20.0 °C. Figures VI1.4 a and VI1.5 a show the spectral response of the hybrid sensor under

the temperature and strain calibrations, respectively.
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Figure VI1.4. a) Spectral response of the hybrid sensor at two different temperatures and b)

wavelength shift with the applied temperature.

Optical Power / dB

3.5
3.0
250

= 2.0 I

% 1.5]
1.0

. 0.5

a) 0.0

1540

1550

b) |

1560 1570 1580

Wavelength / nm

1590 0

200 400 600 800 1000 1200

Strain / pe

Figure VI11.5. a) Spectral response of the hybrid sensor for an applied strain of 0 ue and 1200 pe

and b) wavelength shift with the applied strain.
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Tables VII.1 and VII.2 show the temperature and strain sensitivities obtained for each
hybrid sensor before and after embedded in the LIB and for the network of external FBGs.

The length of each FP cavity produced is also presented in Table VII.2.

Table VII.1. Temperature and strain sensitivities of all FBGs obtained before and after

embedding.
FBG
. kr £0.1 pm/°C ke £0.1 pm/pg
Sensors location As/nm Before . After Before . ther
embedding | embedding | embedding | embedding

Hybrid Sensor Top 1536.01 8.1 30.0 1.2 0.9
Hybrid Sensor Middle | 1535.83 8.0 14.0 1.1 0.8
Hybrid Sensor Bottom | 1556.48 9.0 24.0 0.9 0.7

External 71.-0'0 1559.40

FBGs Middle | 1561.41 9.2 -
Bottom | 1562.64

Table VI1.2. Temperature and strain sensitivities of all FPs obtained before and after embedding.

FP
. kr£0.1 pm/°C ke £0.1 pm/pg
Sensors location Before After Before After L /Er%l
embedding | embedding | embedding | embedding
Hybrid Sensor Top 0.1 40.0 2.3 1.9 66.2
Hybrid Sensor Middle 0.1 28.0 2.0 0.9 53.9
Hybrid Sensor Bottom 0.1 29.0 2.8 2.2 79.5

From the internal strain and temperature calibrations, and according to the matrixial
method (Eq. 6), determinant values of 21.0, -9.8, and 32.5 were obtained for the hybrid
sensors placed at the top, middle, and bottom positions, respectively.

3. Results and discussion
3.1 Preliminary test: External temperature and strain discrimination

The temperature and strain variations registered by the hybrid sensor fixed externally and
parallel to the prismatic battery are presented in Fig. VI1.6. The cycling protocol, where the
discharge rate of 1.32 C was applied, is also presented. The temperature and strain
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discrimination were performed considering the matrixial method previously presented in Eqg.
(6), and the calibrations presented in Tables VII.1 and VI1.2.

160 |
140 |

100 |

Voltage / V

L 1 L 1 1 1 1

0O 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Time / min Time / min

Figure VI1.6. External temperature and strain variations detected by the hybrid sensor.

The step (1) corresponds to constant voltage (CV) steps of ~10 min, which were used to
stabilize the LIB during the cycling protocol. Over the constant current (CC) charge step (2),
a maximum temperature variation of 4.0 £ 0.1 °C was measured during the first 12 min, and
a maximum strain variation of 110.0 + 0.1 pe was obtained near the end of this step. During
the CC discharge step, two moments of increase of temperature occurs. The first, during the
first ~5 min until the voltage reaches the cut-off (3.2 V), registering a AT of 8.3 + 0.1 °C.
The second fast increase of temperature was recorded between the 3.0 V and 2.0 V, reaching
AT of 15.3+0.1 °C.

Regarding the strain variations during this step, also two moments of increasing occur,
however, a relaxation of ~60.0 pe can be observed between these two maxima. In the first
and second increases, A¢ values of 138.9 £ 0.1 pe and 118.5 + 0.1 pe were registered by the
hybrid sensor, respectively.

The AT and Ag values obtained through this preliminary test along the real time battery
monitoring are in accordance with the already reported in the literature [15,18]. Thus, the
methodology used proves to be a satisfactory, precise and useful for the simultaneous

discrimination of temperature and strain.
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3.2 Li-ion pouch cell: Internal temperature and strain discrimination

Three different positions (top, middle and bottom) were internally monitored in the Li-ion
pouch cell. Fig. VII.7 presents the AT and Ae values recorded by all optical sensors during
the galvanostatic cycling protocol. In total, 8 charge/discharge cycles between the voltage
values of 3.9 V and 2.0 V were applied. The three first cycles were at 0.5 C, the following
three at 1.0 C, and the last 2 cycles at 0.25 C. Three different steps were applied: CC charge,
CV charge, and CC discharge.

The temperature and strain variations registered by the optical sensors placed on the top
positions are presented in Fig. VII.7 a) and b), respectively. Analyzing all the reported data,
it is evident that during the cycling protocol, all the internal sensors follow with high
accuracy the voltage signals, evidencing the reliability of these sensors to monitor internal
parameters in LIB. It is also possible to observe that a significant difference between the AT

values detected by the internal and external sensors occurs.

During all cycles, the increase of temperature is more accentuated when the battery is
submitted to the charge process. Internally, the temperature variations that occurs in the
battery are higher, reaching differences of 1.2 + 0.1 °C when compared to the external sensor,
during the lower C-rate. Maximum AT of 2.7 £ 0.1 °C and 1.8 £ 0.1 °C were recorded in the
end of the CC charge process at 0.3 C, for the internal and external sensors, respectively.
Regarding the strain variations (Fig. V11.7 b) recorded by the hybrid sensor placed in the top
position, a contraction of ~20.0 £ 0.1 pe was detected during the lower C-rate cycles, in
particular at the end of each CC charge step, i.e., at ~12h and ~18h. However, this variation
represents a contraction of the cell in this region, probably due to the Li* transport to negative
electrode area. During the discharge processes, variations of 13.0 = 0.1 pe can be observed,

representing and expansion on this area, reflecting the inverse flux of the Li".

Figures VII.7 ¢) and d) show the temperature and strain variations monitored by the
sensors in the center of the active area of the cell. Internal and external maximum AT values
of 3.3£0.1°C and 2.5+ 0.1 °C were recorded in the end of the CV charge process,

respectively. Comparatively with the top position, this greater sensed variation is probably
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Figure VI1.7. a), ), and e) Internal and external temperature variations monitored by optical sensors

and b), d), and f), internal strain variations detected by the hybrid sensors, on the top, middle and

bottom positions, respectively.

related with some heat accumulation and higher electrochemical activity in this area. In this

area, a difference of ~2.5 £ 0.1 °C was found, during the CV charge step, between the internal

and external sensors.

Concerning strain (see Fig. VII1.7 d)), the maximum variation detected by the internal

sensor was of 38.0 £ 0.1 pe, in the end of the slow CC charge process. After this, when the

126



Optical fiber sensors networks for in situ lithium-ion batteries monitoring

discharge process begins, a decreasing of the strain variation can be observed, and
simultaneously, a relaxation of the cell in the center of the active area. Under the CV charge
step, between 11.8 h and 12.4 h, a successive contraction in this area up to 28.0 £ 0.1 ug, as
indicated by arrows in Fig. VI1.7 d), can be observed. The reason behind the negative strain
detected by the sensor located in the middle in the first hour is still not fully understood. One
explanation can be attributed to the fact that this sensor misaligned during the battery

assembly and a small curvature was created.

The optical sensors identified successive temperature and strain fluctuations in the bottom
area, as can be seen in Fig. VIL.7 e) and f), respectively. This probably is related to the
successive activation/inactivation of the Li* to flow between the negative and positive
electrodes along the galvanostatic cycling protocol. When the CC charge process starts, a
progressive increase of AT values is not observed, and an interruption occurs around the
3.8 V with a small decrease of the AT values. After this, it is observed a new increase of the
temperature, reaching a maximum of 2.5 + 0.1 °C, in the end of the CC charge step.

When the CV charge process was applied, a consequent decrease of temperature can be
observed, and after this, when the CC discharge starts, a successive decreasing was
measured, with a subsequent increase when the cell voltage crosses the 2.9 V, reaching
internal temperature variation of 1.5 £ 0.1 °C.

The strain variations detected by the sensor located at the bottom are presented in
Fig. VII.7 f). During the first hour, when the cycling protocol begins, an expressive
expansion of 27.0 £ 0.1 pe was detected in this area of the cell. As in the temperature signals,
also the strain signal undergoes constant fluctuations during all the experiment. In this area,
higher strain variations of 34.0 £ 0.1 pe were obtained between the beginning of the CV
charge and the CC discharge steps, reaching a maximum Ag value of 65.0 + 0.1 pe, as
indicated by arrows in Fig. VIL.7 f, followed by a decrease and subsequent relaxation of

23.0 £ 0.1 pe, up to the end of this last step.

This strain values can be translated to displacement values (AD), in micrometers, through
the Equation (7),

AD = Ae X D, ©)

where D represent the distance between the fixed points of the fiber. Thus, a maximum

displacement in the x-axis of 3.9 um was obtained by the sensors in the bottom area. These
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calculated values are in accordance with the reported in the literature through a 3D digital
image correlation [1].

All the strain variations are correlated with the temperature variations detected, due to the
thermal expansion of the material that compose the cell, and with the constant Li* fluctuation

and intercalation from and to the positive electrode on the charge/discharge processes.

4. Conclusions

In this study, a hybrid sensing methodology based on an FBG sensor in series with a FP
cavity, was used in the surface of a LIB to discriminate strain and temperature variations.
After a successful prove of concept, it was embedded in a lithium ion pouch cell to monitor
and discriminate operando and in situ internal strain and temperature shifts in three different

areas of the cell (top, middle and bottom).

Galvanostatic cycling at different C-rates was applied to the cell and the evolution of
strain and temperature was followed with the proposed sensor. In the end of the CC charge
step at lower C-rate, maximum temperature and strain variations, i.e., 2.7 + 0.1 °C and
20.0 £ 0.1 pe, respectively, were recorded by the sensor placed in the top position. In the end
of the CV charge step for the same C-rate, maximum temperature and strain values of

3.3+ 0.1°Cand 38.0 £ 0.1 pe, were measured in the middle point, respectively.

The maximum absolute strain variations were detected in the bottom and were obtained
in the beginning of the CC discharge step, also at the lower C-rate, registering values of
65.0 £ 0.1 pe. However, the higher AT detected in this area, with the value of 2.5 + 0.1 °C,
occurred in the end of the CC charge step.

It is evident that higher temperature variations lead to higher strain variations, which are
promoted by the rapid Li* transport/intercalation between/into the positive and negative
electrodes. There is an expansion increase when the temperature also increases, due to the
thermal expansion of the battery materials. Thus, the internal structure of the battery is an
important parameter to consider which can influence the behavior of battery materials in

terms of expansion and contraction over its operation.

To the best of our knowledge, this is the first time that this hybrid sensing methodology

is proposed for in situ measurement in LIB, and that, an internal quantification of the strain
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values produced during charge/discharge processes are reported. The sensing methodology
presented to discriminate internal strain and temperature proved to be an effective, non-
invasive, and precise option to monitor lithium batteries real time, multipoint and operando.

This is a helpful tool to design future batteries promoting particularly their safety.
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Final remarks and future developments

The sensing of characteristic parameters, such as temperature and strain variations in
lithium-ion batteries (LIBs) seems to be an essential issue to ensure their operation in safe
conditions. Typically, LIBs are monitored through electronic sensing devices. However, in
addition to low resolution and accuracy, higher dimensions and invasiveness, these sensors
are not suitable to be embedded in LIBs, due to the harsh electrochemical environment of
the battery. Alternative solutions, with higher precision, multipoint capabilities, reduced the
system costs, and that can be easily integrated in LIBs with low invasiveness, are the fiber
optic sensors.

In this Thesis, this matter was addressed by proposing different sensing networks based
on fiber Bragg gratings (FBGS) to study, monitor, and quantify multipoint temperature and
strain variations in different configurations of LIBs (cylindrical, prismatic, and pouch cell).
The studies comprised both external and internal monitoring; during normal and abusive
operating conditions, i.e. under different environments and/or charge/discharge C-rates.

The following lines summarize the main results and contributions for each Chapter,

together with future work perspectives.

[Chapter I1] The optical sensors responses were compared with electronic devices,
namely K-type thermocouples (TCs). The results obtained show that the FBGs had a rise
time 28.2% lower than the TCs, making them a better choice for the real time monitoring for
this specific application. However, other type of studies could be done, for instance, by
comparing the thermal responses of the FBGs with other type of TCs or other electronic
Sensors.

[Chapter 111] Temperature and strain shifts in the surface of a cylindrical rechargeable
LIB were monitored with FBG sensors, based on the FBG strain-free method. During the
discharge at 1.33 C, a higher temperature fluctuation was measured, with a consequent strain

increase, induced by a larger internal pressure of the battery.

In the future, other type of experimental tests could be done, by integrating a rolled up
elliptical sensing configuration along this type of battery, to monitor the battery thermal

expansion in that direction.

[Chapter IV] Temperature and bi-directional (x- and y-direction) strain variations were

simultaneously monitored in a prismatic rechargeable LIB surface through a network of FBG
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sensors. When the battery was subjected to abnormal operating conditions, it is evident that
higher temperature and strain variations occur, which are promoted by the rapid Li* transport
between the positive and negative electrodes. Over the CC charge step, maximum
temperature and strain variations were reached at the end of the process. A maximum LIB
longitudinal expansion of 0.06% was detected. Due the thermal expansion of the materials
that compose the battery, its internal structure is an important parameter to have in
consideration and can influence the behavior of the battery materials in terms of expansion

and contraction over its operation.

The simultaneous monitoring of temperature and different components of strain could
also be assessed by inscribing FBGs in birefringent fibers, such as the bow-tie or the PANDA

fibers.

[Chapter V] Temperature changes in a smartphone LIB surface were monitored by a
FBGs network, during testing under different environmental conditions (cold, temperate,
and dry climates) at constant charge and different discharge rates (1.32 C, 2.67 C, and
5.77 C). According to the cycling tests, when the battery is exposed to the cold environment,
the time that the battery took to perform the same cycling protocol was ~35% lower when
compared to the others two environments. In general, lower temperature variations were
detected when the LIB operated under the cold environment. The higher temperature shifts
detected by the FBGs in the other two environments, are related with the greater performance
of the LIB in terms of discharge capacity and power capabilities, indicating that these

environmental conditions are the best to operate the LIBs in order to extend their lifetimes.

However, studies under other types of environmental conditions can be implemented, and
other type of batteries configurations can also be tested. In this case, special attention should
be given to the pouch cells, a configuration that is still being actively investigated in the lab-

scale.

[Chapter VI] A network of 37 FBG sensors was used to temporal and spatial thermal
mapping the interfaces of a lithium polymer batteries (LiPBs) pack connected in series. In
general, over the charge and discharge steps the hotter zones were located at the both
collector tabs, due to the higher current density of the Li* in that region, and the cold zones

were at the bottom of the LiPBs pack.
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A comparative study, with the LiPBs pack connected in parallel should be developed, in
order to completely understand how the type of pack connections can influence the zones of

appearance of hot spots.

[Chapter VII] The simultaneous measurement of internal temperature and strain
variations in a Li-ion pouch cell configuration was achieved by employing a hybrid sensor,
that combined the operational characteristics of both FBG and Fabry-Perot interferometer
sensors. Galvanostatic cycling at different C-rates was applied to the cell and the evolution
of strain and temperature was followed with the proposed sensor. Higher temperature shifts
lead to higher strain changes, which are promoted by the rapid Li* transport/intercalation
between/into the positive and negative electrodes. There is an expansion increase when the
temperature also increases, due to the thermal expansion of the battery materials. Thus, the
internal structure in this type of battery configuration is also an important parameter to
consider, which can influence the behavior of battery materials in terms of expansion and
contraction over its operation. To the best of our knowledge, this is the first time that this
hybrid sensing methodology is proposed for in situ measurement in LIBs, and that, an
internal quantification of the strain values produced during charge/discharge processes are

reported.

However, a different approach could be performed by writing FBGs in a multicore fiber.
The FBGs can be written in different cores, enabling an internal 3D strain monitoring of
locations of interest. More internal points could also be monitored to get a total knowledge
of the entire active area of the battery. The influence of different cathode materials or pouch
cells dimensions might also be studied. Furthermore, the integration of optical sensors in

different layers should be tested.

In the future, all information gathered from the optical sensors could be readily available
to the user, through the creation of a digital platform where the data would be acquired and
analyzed in real time. This could also be integrated in the battery management systems
already available, which are currently focused on detection of voltage, current, capacity, and

external temperature.
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The sensing networks presented in this Thesis, proved to be an effective, precise, non-

invasive and alternative and useful tool to:

v Real time, multipoint, in situ and operando monitor temperature and bi-directional

strain changes in LIBs surfaces;
v Promote the design optimization of next LIBs generation;
v" Develop new intrinsic materials for the prevention of thermal runaway in LIBs;

v" Improve thermal management and safety of LIBs, identifying critical zones for

the appearance of hot spots, due to the thermal profile’s recognition.

v Discriminate internal strain and temperature in Li-ion pouch cells.

The optical fiber sensing network developed in this work, associated with the
development of other types of fiber sensors, can be used to monitor internal and external
characteristic parameters in other types of emerging batteries, such as the hydrogen fuel
cells. Hydrogen has been widely used in many industrial processes, such as automobile fuel,
petroleum extraction, and most importantly, power generation. However, great safety
concerns are associated with the transportation, storage and usage of hydrogen, because it is
highly explosive in air when its volume concentration reaches to the lower explosive limit
(4%) [1, 2]. Therefore, the reliable and accurate monitoring of hydrogen at low
concentrations is extremely important [3]. Temperature and relative humidity (RH) are also
important hydrogen fuel cell parameters, as they significantly affect the performance of
proton exchange membrane fuel cells, particularly due to the effect that these coupled
parameters have on the water balance within the cell, charge transfer resistance, as well as
catalytic activity, mass transfer, and heat management [4]. Thus, it is essential to monitor
characteristic parameters inside the hydrogen fuel cells during its operation, such as,
hydrogen and oxygen concentrations, temperature, and RH. All these parameters can be
measured using adequate fiber sensing configurations. Furthermore, the integration of
optical fiber sensors with hydrogen fuel cells will allow a significant scientific breakthrough
in the field of energetic sustainability with significant advantages in safety and autonomy of
these cells.
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Recently, the sensing networks developed in the context of this Thesis have also been
applied in a different application. They have been integrated during the additive
manufacturing-based hybrid processes for long and continuous fiber reinforced
thermoplastic matrix composites. It is expected that these networks can be used for
improving the hybrid additive manufacturing design, as well as the multifunctional and
graded features.

Optical sensing networks were successfully embedded simultaneously to the printing of
new materials, in order to monitor the fabrication process temperature. The results were
compared with the data provided by thermography. In a near future, the sensing networks
will be further developed and used in matrices of different types of composite materials,
such as, polylactic acid (PLA) matrix, PLA matrix reinforced by nickel-titanium wires,
polyether ether ketone matrix, and carbon matrix in different carbon concentrations. The aim
IS to attain accurate responses towards strain, temperature and RH, among other parameters

of interest.
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