Journal of Power Sources 592 (2024) 233980

Contents lists available at ScienceDirect

JOURNAL OF

-

Journal of Power Sources

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/jpowsour

Check for

updates

Global thermal image of cylindrical 21700 Li-ion batteries with distributed
optical fibre sensor

Zhen Guo , Calum Briggs, Timothy A. Vincent, Begum Gulsoy, Jonathan E.H. Sansom,
James Marco

Warwick Manufacturing Group (WMG), University of Warwick, Coventry, CV4 7AL, United Kingdom

HIGHLIGHTS

o Cylindrical cells with optical fibre sensors for the global thermal image.

o Distributed optical fibre sensors presented with mm-level spatial resolution.
o Thermal gradient observation along the circumference of the cell.

o Correlation between cell tabs’ location and heat generation.

ARTICLE INFO ABSTRACT

Keywords: The ability to monitor the thermal behaviour of lithium-ion batteries (LIB) is an essential pre-requisite to opti-
Li-ion battery LIB mise performance and ensure safe operation. However, traditional point measurement (thermocouples) faces
Temperature

challenges in accurately characterising LIB behaviour and notably in defining the hotspot and the magnitude and
direction of the thermal gradient. To address these issues, an optical-frequency-domain-reflectometer (OFDR)
based distributed-optical-fibre-sensor has been employed to quantify the heat generation within a cylindrical
21700 LIB. A 3 mm spatial resolution within the optical sensor is realised. The optical fibre has been wound
around the cell surface for over 1300 unique measurement locations; distributed around the circumference and
axially along the LIB. Distributed measurements show the maximum thermal difference can reach 8.37 °C during
a 1.5C discharge, while the point-like sensors have 4.31 °C thermal difference. While a temperature gradient
along the cell axial length is well understood, for the first time, this research quantifies the temperature varia-
tions along the circumference of the cell. The global thermal image highlights heat generation is accumulated
around the positive current tab, implying that a fundamental knowledge of internal LIB structure is required
when defining sensor placement within the traditional characterisation experiments and deployment within the
battery management system (BMS).

Optical fibre sensor

Distributed measurement
Optical-frequency-domain-reflectometer
(OFDR)

the form of fires or explosions if operated improperly. For example, the
Tesla electrical car battery fire [1], the Boeing 787 battery problems [2]
and Samsung Note mobile explosions [3], have attracted massive media
concern. These incidents continuously remind the safety must remain
the predominant factor for batteries.

1. Introduction

During the ongoing transition from fossils fuels to renewable energy,

Li-ion batteries play an essential role as one of the most versatile energy
storage technologies. Their increasing energy density and gravimetric
helps to advance the rechargeable Li-ion batteries to ranges of strategic
industries such as automotive, power grid, aerospace and consumer
electronics. However, such broader application has always been chal-
lenged by factors such as cost, lifespan, durability, and susceptibility to
unexpected failure. High chemical energy can be abruptly released in
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Two methods are usually explored to ensure the battery safety: in-
ternal or external protection. Internal protection relies on the intrinsi-
cally safe materials [4-6], cell components [7,8] and cell format [9,10].
On the other hand, external protection focuses on the accurate moni-
toring the functional statue for batteries management, such as current,
voltage, temperature, pressure and strain. Temperature is critical to the
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Nomenclature

Abbreviation
BMS Battery Management System
BOTDR Brillouin Optical Time Domain Reflectometer

BTMS Battery Thermal Management System
CC Constant Current

CT Computerised tomography

Ccv Constant Voltage

DAQ Data Acquisition Card

EFR Equal Frequency Resample

FBG Fibre Bragg Grating

FUT Fibre Under Test

LIB Lithium Ion Battery

LiNiMnCoO, Lithium Nickel Manganese Cobalt Oxide
LO Local Oscillator

OFDR  Optical Frequency Domain Reflectometer
OFS Optical Fibre Sensor

OPD Optical Path Delay

OTDR  Optical Time Domain Reflectometer
PD Photon Detector

TC Thermocouples

TLS Tuneable Laser Source

Symbol description Unit

Position, m

Light intensity, W
Electrical field of light, V
Speed of light, m/s
Refractive index
Temperature, °C
Wave number, m™
Permittivity, F/m
Wavelength sweep speed, nm/s

Time delay of position z, s

Phase, °©

Optical fibre thermal coefficient, °C™!
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performance, durability and safety of Li-ion batteries. Low temperature
or overheat will greatly deteriorate the batteries performance. The best
operating temperature are defined between 25 °C and 40 °C [11,12].
Excessively heat can lead to breakdown of solid electrolyte interface,
decomposition of electrolyte and even explosive thermal runaway.
With the current trend of larger format and increasing cell number in
one pack for high energy density, following challenges are proposed for
the temperature monitoring in the current battery thermal manager
system (BTMS) 1). Larger cells and/or module will experience more
significant and complex thermal gradient during operation. With the cell
size expanding from 18650, 21700 to 46800, from the cylindrical cells to
pouch/prismatic cells, point-like sensor cannot provide accurate and
reliable heat characterisation and sometimes will miss the hotspot
generation for the hazard alarm. The radial temperature distribution
inside a cylindrical 18650 cells is studied to optimise the cooling con-
ditions, and further validate electrochemical-thermal coupled battery
models [13]. It is found that thermal gradients perpendicular to the
stack of pouch cells can lead to higher local currents and faster degra-
dation compared to in-plane thermal gradient [14]. 2). Theoretically,
BTMS requires accurate sensing of each cell for the model parameter-
isation and management. But commercial battery pack usually has
limited sensors due to the issue of volume/cost/complexity. Take Tesla
Model 3 for example, one battery pack has nearly 7104 cells. But current
EV systems typically have limited sensors less than 20. 3). Besides the
cell surface, the internal sensing can provide a more accurate under-
standing and state prediction. By instrumenting an optical sensor inside
the cylindrical 21700 cells, the maximum temperature difference be-
tween the cell core and surface can be high to 9.7 °C [15]. Smart cell
with an array of thermistors is constructed for the internal core tem-
perature sensing, which observe 2.8 °C thermal gradient along the axial
direction of a cylindrical [16]. Such cell internal monitoring usually
requires the sensors with extra mechanical robustness, immunity to
electromagnetic radiation, resistance to corrosion and low invasiveness.
Optical fibre sensor is a promising methodology to address the dis-
cussed issues. Compact size of sub-millimetre diameter and composition
of silica enables the convenient instrumentation and minimum influence
on cell performance. Infrared camera is also used to record the thermal
picture of operations cells [17,18]. It has competitive sensing resolution
and accuracy. But the cell’s pre-painting to black, limited vision of the
camera aperture and oversized setup makes it difficult to integrated to
current battery thermal management system. Varieties of optical fibre
sensors based on fibre Bragg grating, optical interferometer, evanescent
waves and photo-luminescent, have been investigated for batteries [19].

The FBG sensor was first integrated in Li-ion batteries to measure tem-
perature variations in 2013 [20]. Nascimento et al. presented an in-situ
and in-operando temperature monitoring approach of Li-ion batteries.
The internal and external temperature variations were measured by
integrating two internal FBG sensors and two external FBG sensors in
Li-ion pouch cells [21]. Customized optical fibre birefringent sensors
based on FBG-PANDA have been developed and employed to instrument
a cylindrical 18650 cell to track temperature and radial strain simulta-
neously [22]. Compared to the point-like and semi-distributed FBG
array sensors, scattering-based optical fibre sensor can provide the real
distributed measurement, allowing all-fibre sensing [23,24]. Optical
frequency domain reflectometer (OFDR) [25] with a tuneable laser
source is able to deliver distributed measurement as well as a fine res-
olution, which makes it a preferable candidate for the battery thermal
monitoring.

In our previous study, a distributed optical fibre sensor with ultimate
sub-mm spatial resolution is realised by efficient suppression of laser
nonlinear sweep and phase noise [26,27]. Therefore, in this paper, we
utilise this OFDR-based distributed sensor to investigate the surface
thermal of cylindrical 21700 cells. In the first section, principle of
distributed optical sensor and cell instrumentation with optical fibre
sensor is discussed. Under the merit of compact size and fine resolution,
the optical fibre sensor is instrumented on the 21700 cells for the global
surface thermal image. Further relationship between thermal generation
and cell current tab is discovered and investigated. In the last section,
both point-like thermocouple and optical fibre sensor are studied to
further validate the cell thermal behaviour.

2. Experimental method
2.1. Distributed optical fibre sensor

It is beyond the scope of this paper to discuss, in detail, the under-
pinning principles of employing a distributed optical fibre sensing
method. However, a summary is provided below for completeness [26].

2.1.1. Principle of operation

Optical frequency domain reflectometer is one of the Rayleigh
backscattering-based distributed optical fibre sensing methods. The
basic configuration of an OFDR comprises a tuneable laser source and an
optical interferometer, as shown in Fig. 1 (a). The fibre under test (FUT)
lies in one arm of the interferometer. A non-idealistic optical fibre
refractive index will inevitability lead to random Rayleigh
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Fig. 1. (a) Schematic diagram of optical frequency domain reflectometer [26]. (b) Nonlinear sweep noise of the tuneable laser source [26]. (¢) Spectrum distribution
of fibre under test. Inset - Comparison of spatial resolution between the zero crossing resample and equal frequency resample (EFR). (d) Distributed temperature

measurement with 3 mm resolution.

backscattering along the length of the FUT. Therefore, while a tuneable
laser source with wavelength sweep speed y launches into the FUT, the
interference between the Rayleigh backscattering at position z on the
FUT and the reference arm of the local oscillator (LO) can be expressed
as:

I(1) = E(z)* cos |:277,' (uorz + Tt — %y'rf) +o,(t, 1,)} 1)
where T, is the time delay between the position z in the FUT and the
reference arm LO. vy and ¢, denote the initial frequency and phase noise
respectively. The position of z along the fibre corresponds to the beat
frequency of yt,. The term beat frequency defines the specific Rayleigh
backscattering happening at position x. The linear wavelength sweep
provides the position information along with the FUT.

To realise each unique temperature measurement, the variation of
the randomly distributed permittivity in the fibre is introduced by
filtering the specific spatial frequency components [28]:

A
/ 18— Bo)exp(—iprydp = Eyr Poag (2, +7) @

_ap ni 2

where f, is the detected wave number, Af is the range of measurement
wave number, r is the reflectivity of the Rayleigh scattering, Ae is the
variation of permittivity at the certain spatial frequency components, c is
light speed, zy is the center position on the corresponding sensor, x is the
sensing resolution. A cross correlation of the spectrums between the
section with and without temperature variation is conducted for the
frequency shift Av, which is related to the corresponding applied
temperature:

A
7“: —K;AT €)

where v is the mean optical frequency and K7 is the optical fibre thermal
coefficient. It is noteworthy that the optical fibre sensor measures the
temperature variation, not the absolute temperature value. Therefore,
additional calibration is required before experimental measurement.

2.1.2. Nonlinear sweep noise

With the wavelength sweep range (in the order of 10-100 nm), OFDR
has the theoretical capability to retain a fine distributed measurement
with a spatial resolution of less than 1 mm. However, there are intrinsic
noise that must be addressed to obtain a reliable and robust measure-
ment. Fig. 1(b) represents the nonlinear sweep of the laser source. Such
nonlinear noise would cause random frequency deviation during the LO
and FUT interference, which further blurs the position identification
adding uncertainty to the measurement.

The use of auxiliary interferometer shown in Fig. 1(a) is an efficient
method to estimate and compensate for such nonlinear noise. In our
previous works [26,27], equal frequency resample (EFR) and random
wavelength-range calibration are proposed as viable methods to sup-
press this noise and deliver accurate sub-mm spatial resolution mea-
surements. Fig. 1(c) shows the comparison between our proposed EFR
technique and the use of conventional zero crossing resampled mea-
surement methods. In this study, the length of the FUT is 12 m. The
optical fibre sensor is Corning SMF-28e+. Measured intensity peaks at
circa: 1 m, 4 m, 9 m and 12 m are optical connectors. With a sweep
wavelength range of 30 nm, the measured peak width at the location
9.19 m is found to be 30.12 pm (inset in Fig. 1(c)). This is close to the
theoretical limit of 27.4 ym (Az = c¢/2nvsqn), proving the efficient
elimination of nonlinear sweep noise. Conversely, as shown in inset of
Fig. 1(c), the conventional zero-crossing resampling method cannot
identify the peak at the same level of spatial resolution (e.g. 3 mm). To
realise the distributed measurement with a 3 mm spatial resolution, each
109 points in Fig. 1(c) are filtered by a slide-window for calculating the
frequency shift Av, which is related to the temperature variation defined
in (Eq. (3)).

The distributed optical temperature measurement is shown in Fig. 1
(d). The chamber temperature changes from 25 °C to 35 °C. Conven-
tional zero crossing cannot perform stable measurement due to various
noise, while the proposed EFR can provide a fine distributed measure-
ment. Such temperature measurement with small deviation and a fine
resolution proves the proposed OFDR for the thermal monitor in
compact cylinder cells.
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2.2. Cell specification and instrumentation

2.2.1. LIB specification

The candidate LIB employed in this research is a LG INR21700 M50
with a 4.85Ah nominal energy capacity. The cathode comprises a
LiNiMnCoO, material paired with a graphite anode. The cell operates
between a lower and upper voltage of 2.50V-4.20V respectively. The
maximum charge and discharge rates are 0.7C and 1.5C respectively. A
cylindrical rechargeable 21700 LIB is utilised here because: (1) this
represents one of the most common formats, highlighting the practical
value of the global thermal image for reliable cell characterisation and
system design, (2) the physical size is sufficiently small to easily
demonstrate the use and value of the OFDR technique for quantifying
temperature gradients and location variability for the cell’s hotspot and
finally, (3) the cylindrical structure inherently provides a more chal-
lenging surface to instrument compared to larger prismatic or pouch cell
formats.

Computerised tomography (CT) scanning of the cylindrical cell is
shown in Fig. 2. TESCAN UniTOM XL is used for the non-destructive
imaging and VGStudio employed for post-image analysis. The di-
mensions of the cell comprise a diameter of 21.20 mm and height of
70.10 mm. The cross-section of the cell is shown in Fig. 2 (a). The ar-
chitecture of the cell includes one positive current tab and one negative
current tab. The positive current tab is located within the jellyroll (be-
tween the 8th and 9th layers), while the negative current tab is placed
between the jellyroll and the internal of the battery wall. The corre-
sponding angle between two tabs is measured at 95.88 °C. The longi-
tudinal sections of both tabs are shown in Fig. 2 (b, ¢). The positive
current tab starts from the positive cap with a length of 61.98 mm.
Conversely, the negative current tab starts from the bottom with a length
of 33.90 mm towards the centre of the cell. The unrolled image of both
the positive and negative current tabs is presented in Fig. 2 (b)-right and
(c)-right. The widths of the positive and negative tabs are measured at
4.14 mm and 3.85 mm respectively. Section 3 highlights the correlation
between tab position, length and width and the thermal characteristics
of the cell in terms of both absolute heat generation and gradient.

2.2.2. Sensor instrumentation and calibration

To create a global thermal image of the cylindrical cell represents a
challenging research problem, because of the size and curvature of the
cell. Fig. 3(a) shows the pristine cell and the instrumented derivative
with the wrapped optical fibre. The length of the optical fibre is 5 m and
comprises 63 complete coils or turns from the base of the cell to a value
of 4.6 mm below the positive cap. With a spatial resolution of 3 mm
along the length of the fibre, this equates to 21 unique measurement
locations along each turn of the fibre (circumference) and about 1300 in
total along the length of the cell.

Positive TAb

Journal of Power Sources 592 (2024) 233980

The optical fibre sensor is relatively insensitive to the magnitude of
the bend radius as it is wrapped around the cell. To confirm the tight
bonding between the cell surface and the optical fibre, a steady force is
added on one end of fibre while winding along the cell length. Because
the bare optical fibre is sensitive to both temperature and strain, the
optical sensor is loosely encapsulated within a 1 mm diameter PTFE tube
to insult strain interference.

Due to the thermal resistance of PTFE tube, the temperature cali-
bration of PTFE-encapsulated optical fibre sensor is undertaken, as
shown in Fig. 3 (b). Before cell wrapping, a segment of the fibre was
placed into a thermal chamber and bonded to a metal plate. A reference
thermocouple (RS PRO Type K) was also bonded to the metal plate
directly adjacent to the fibre. Due to the 3 mm spatial resolution of the
fibre, there are a total of 33-point optical sensors corresponding to the
100 mm segment of fibre. For different temperature set-points, the
average value of frequency shifts is calculated for calibration. Fig. 3(b)
clearly shows a linear correlation between the measured frequency shift
and the temperature variation. The coefficient of correlation is 0.9982
with the optical fibre sensor sensitivity of 1.55 GHz/ C.

During CT scanning of the candidate cell, the physical locations of
both the positive and negative current collectors were defined and
marked on the surface of the cell’s metal can. To calibrate the start and
end locations of the fibre, a heated cube was placed on the first coil
(bottom of the cell) in the exact location of the negative tab. The end
location of the fibre was determined by placing the same heated cube on
the final fibre coil at the top of the cell. Fig. 3(c) clearly shows the
temperature increase at these two locations. The fibre’s start and end
locations are 682.78 mm and 4865.15 mm respectively. Given there are
a total of 63 coils of optical fibre along the length of the cell, the average
fibre length per coil is estimated at 66.39 mm. This value corresponds
well to the theoretical value (zD) of 66.60 mm, given the cell diameter
(D) was measured to be 21.2 mm from the CT scan.

The optical measurement accuracy is shown in Fig. 3(d). Optimisa-
tion of measurement accuracy and resolution have been discussed in our
previous study [26] and will therefore not be repeated here. With a 3
mm resolution, the optical measurement accuracy is limited to within
+0.2 °C.

2.3. Experimental set-up

Fig. 4 presents the experimental setup employed for thermal char-
acterisation of the cell with the optical fibre sensor. After instrumenta-
tion, the cell is placed in the holder and connected to the battery test
system. A BioLogic VSP 300 is used to control and monitor cell charge
and discharge. Additional thermocouple data is recorded via a Pico
Logger. The optical fibre sensor is connected to the OFDR interrogator.
The instrumented cell is located within the thermal chamber (Binder

Fig. 2. CT scan of LG INR21700 M50. (a) Cross section in the middle of the cell. (b) Longitudinal section (- left) and unroll view (-right) of positive current tab. (c)

Longitudinal section (- left) and unroll view (-right) of negative current tab.
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MKF56) to maintain an ambient temperature of 25 °C for the duration of charge/discharge rates were employed to exercise the cell (1) 0.5C
the experiment. charge - 0.5C discharge; (2) 0.7C charge - 0.7C discharge; and finally (3)
Cell charge and discharge follows a conventional constant current - 0.7C charge - 1.5C discharge.

constant voltage (CC-CV) charge and constant current (CC) discharge
protocol. During charge, the cell is charged to the maximum voltage of
4.2V, at which point the voltage is held at the upper limit until the value
of current is reduced to C/20. For discharge, a constant current rate is
applied to reduce the voltage to the lower limit of 2.5V. Three sets of
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3. Experimental results
3.1. Spatial temperature variations

Fig. 5 shows the distributed temperature measurement during the
0.5C discharge - 0.5C charge rate. There are two periods of discharge/
charge with a current of 2.425A in Fig. 5(a).

To highlight the value of the OFDR technique, Fig. 5(b) shows two
representative points to be discussed in the time domain. Two-
dimension coordinate system (h,0) is defined to locate the points on
the surface of cylindrical cells. h represents the point height (unit: mm)
from the cell’s bottom, while 8 is the clockwise angle starting from the
centre of the positive current tab. Thus, Point A (35, 0°) is the surface
location on the positive tab at middle height of the cell. Conversely,
point B (35, 180°) is the same longitudinal location on the cell but on the
opposite side to point A. Both measurement locations are within the
same fibre coil wrapped around the cell. Their corresponding positions
along the optical fibre length is 3175 mm and 3207 mm respectively.
Both locations experience the same heat generation profile as the cell in
charged and discharge, as a function of cell voltage observed in other
publications. It is noteworthy that the peak temperature at point A is
circa 1.92 °C higher than that measured at point B (32.03 + 0.12 °C vs
30.11 + 0.09 °C) during 0.5C discharge peak, with an average difference
of 0.9 °C throughout the profile (average in time-domain). Most publi-
cations primarily discuss the temperature gradient that may exist along
the axial length of the cell as a function of different cooling strategies
[15,16,29,30]. By the proposed distributed sensor and instrumentation,
the existence of a thermal gradient along the circumference of the
21700 cell is quantified for the first time.

Fig. 5 (c) shows the spatial temperature distribution at two specific
time instances in the experiment (t = 02:39 at 0.5C discharge peak, t =
04:21 at 0.5C charge peak). With the sensing resolution of 3 mm, there
are circa 1300 temperature measurement locations within one single
fibre. The average temperature of this segment is 30.71 °C under 0.5C
discharge, and 29.15 °C under 0.5C charge. The average thermal dif-
ference between the time of 0.5C discharge peak and the time of 0.5C
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charge peak is 1.56 °C (average in spatial domain).

Regarding the cell surface thermal gradient, measured temperature
distribution has a well-defined periodic pattern. The zoom-in of the fibre
segment from 3000 mm to 3500 mm are presented in Fig. 5(d). Both
patterns have uniform period of about 66.40 mm, which agrees with
circumference of the instrumented fibre coil. Moreover, the measured
temperature peak and valley are found at the same position under both
charge and discharge, indicating a fixed and repeatable profile of the
thermal generation regarding to the cell’s architecture.

Further 0.7C discharge (CC) - 0.7C charge (CC-CV) and 1.5C
discharge (CC) - 0.7C charge (CC-CV) are shown in Fig. 6. The current of
0.7C charge/discharge is 3.395A, while the 1.5C discharge current is
7.275A. With the increasing charge/discharge rate, more heat genera-
tion is predicted and observed. For the point-measurement in Fig. 6(a),
the temperature on the positive tab (Point A(35, 0°)) produces a 33.45
+ 0.13 °C peak with 0.7C discharge current. Two points (point A(35, 0°)
and B(35, 180°)) thermal difference at 0.7C discharge peak is measured
to be 2.43 °C. With a further increase in discharge rate to 1.5C, the
measurement temperature has a significant temperature rise. The
discharge temperature peak reaches up to 50.10 + 0.15 °C, and the
thermal difference between Point A(35, 0°) and B(35, 180°) is 4.31 °Cin
Fig. 6(b).

It is noted these are just two measurement locations, higher peak-
temperature and more obvious thermal gradient can be expected with
optical fibre-based distributed measurement. Fig. 6(c) presents the
distributed temperature measurement at specific times. The distributed
measurement of 0.7C discharge peak and 0.7C charge peak at time of
01:52 and 03:37 (as in Fig. 6(a)) respectively. The distributed mea-
surement of 1.5C discharge peak happens at time of 06:30 (as in Fig. 6
(b)). Take 1.5C discharge for example, the peak temperature of the
distributed measurement is 52.85 °C, while the peak temperature of
Point A is 50.10 + 0.15 °C. The hottest spot is found at (66, 32.7°), near
the cell positive cap and aligns to the location of the positive current tab.

As in Fig. 6(c), the measured maximum thermal difference with
distributed optical sensor for a 1.5C discharge is 8.37 °C (between the
hottest spot 52.85 °C at (66, 32.7°) and coolest spot 44.48 °C at
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Fig. 5. (a) Current and voltage in the 0.5C discharge — 0.5C charge. (b) Temperature measurement of two specific sensor points. (c) Distributed measurement at the
time of charge and discharge temperature peak. (d) Periodic pattern in the distributed measurement.
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(30,310.9°)). Conversely, for the two-points, thermal gradient between
(A(35, 0°) and B(35, 180°)) is only 4.31 °C, indicating a 194 % differ-
ence. With the 1.5C discharge rate, a higher temperature fluctuation is
observed with distributed optical sensor, indicating the existence of
significant thermal gradient on the cell surface.

Table 1 further shows details about the distributed temperature
when the LIB is electrically loaded with different C-rates. It is proved
that the proposed distributed optical fibre sensor can deliver accurate
determination of the hottest on the cell surface and detailed thermal
gradient of cells compared to conventional point-like sensors. These
results further highlight that the common practice of placing a ther-
mocouple on the surface of the cell, often simply at the mid-point along
its length can lead to unreliable measurements and uncertainty when
comparing cell performance evaluated by different organisations,
different experiments, or different cells with varying number of internal
tabs.

Fig. 6(d) shows the overall distributed measurement in both time and
spatial domain under 1.5C discharge - 0.7C charge. Two periods of
discharge-charge can be observed in time domain. The periodic pattern
in spatial domain is also distinguishable and stable, which will be
studied in the following.

3.2. Correlating cell tab location to heat generation

Fig. 7(a) shows how the surface of a 21700 cell can be unrolled to a
rectangle with a length of 7%21 mm (x axis) and width of 70 mm (y axis).
As the global thermal image in Fig. 7(b), the spatial resolution of the
optical fibre is 3 mm and 1 mm along the x and y axis respectively. The
red zone defined in the figure corresponds to the physical size and
location of the positive tab within the cell structure. It becomes clear

Table 1
Experimental data measured by distributed optical sensor.
C Charge/ Max. Min. Average AT (Max.
rate Discharge Temperature Temperature — Min.)
0.5C Charge 30.69 28.08 29.29 2.61
Discharge 32.40 29.46 30.08 2.94
0.7C Charge 31.43 28.45 30.96 2.98
Discharge 33.91 30.01 31.94 3.80
1.5C Discharge 52.85 44.48 49.36 8.37

how the pattern of heat generation is distributed around the surface of
the cell. A correlation can be observed between the higher temperature
locations and the interna placement of the positive tab in the cell. The
higher temperature fluctuation with 1.5C discharge in Fig. 6(c) can also
be explained. The heat is more easily accumulated on the positive tab
during the high-rate discharge, which underpins the thermal gradient
generation correlating to the tab location.

Of particular interest to this study is the variability around the
circumference of the cell (x axis) for the same location along the cell
length (y axis). For example, for y = 50 mm, the value of cell temper-
ature varies from 44.94 £ 0.10 °C, 49.41 4 0.11 °C to 47.71 & 0.10 °C
degrees at locations x = 12 mm, 30 mm, 60 mm respectively. In contrast
the placement of the negative tab has much less impact on the magni-
tude and distribution of cell temperature under electrical load. This
result may be counter intuitive, since as shown in Fig. 2, the negative tab
is located physically closer to the cell wall. Further research is required
to identify why the contribution from the positive and negative tabs vary
in this way. Other 21700 cell designs that have multiple tabs will be
investigated and validated for a more even temperature distribution.
The existence of a temperature gradient along the length of the cell is
widely documented [15,16,29,30], in relation to different thermal
management strategies. However, to the authors knowledge this is the
first time that the magnitude of the temperature gradient has been
quantified to this level of spatial resolution with a much greater focus on
variations that exist along the circumference of the cell and the cor-
elation of this value to cell tab location.

4. Discussion

The relationship between the thermal gradient and cell’s internal
architecture has been observed with the proposed distributed optical
fibre sensor. To further explore the thermal behaviour and validate the
thermal gradient in the 21700 cells, a segment of optical fibre sensor
(OFS 1) and a thermocouple (TC 1) are placed directly on the positive
cap as shown in in Fig. 8(a). During the cell instrumentation process,
both the optical fibre sensor and thermocouples are made sure not to
interfere with any battery connections to the experimental rig. OFS 2
and TC 2 are placed in the middle height of the cell, at a location (35, 0°).
OFS 3 and TC 3 are placed in the corresponding cell bottom (5, 0°). All
thermocouples and corresponding optical fibre are placed as close as
possible to confirm the identical point monitor.
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Fig. 8. (a) Schematic of calibration and validation of optical fibre sensor. (b) Current/voltage, optical sensor and thermocouple measurement in the 0.5 charge — 0.5C
discharge. (c) Current/voltage, optical sensor and thermocouple measurement in the 0.7 charge — 1.5C discharge (d) Distributed temperature measurement with

different charge/discharge rate.

For a 0.5C charge (CC-CV) - 0.5C discharge (CC) and 0.7C charge
(CC-CV) and 1.5C discharge (CC) are carried out (Fig. 8(b), (c)). The
ambient temperature is controlled to be 25 °C. The measurement
agreement between the optical fibre sensor and thermocouples validates
the proposed distributed optical measurement. The peak temperature of
OFS2-TC2 and OFS3-TC3 are 29.5 °C with a 0.5C charge, while the
temperature is 31.08 + 0.09 °C with a 0.5C discharge. With the
increased rates, the peak temperature rises to 33.60 °C with a 0.7C
charge and 56.83 °C with a 1.5C discharge, respectively.

The interesting part is instrumented OFS1 and TC1 on the battery
positive cap. The measured temperature on the cap is always higher than
the ones on the cells surface (OFS2, TC2, OFS3, TC3). The average
temperature difference between the cap and the surface is about 1.67 °C
with 0.5C charge/discharge. The measured peak temperature on the cap
further increases to 82.81 °C with 1.5C discharge as shown in Fig. 8 (c).
The corresponding thermal difference increases significantly to 25.98 +
0.09 °C as well. Together with the surface thermal gradient from positive
tab and hottest spot on the positive cap, it will help to guide the rela-
tionship between the resistance heat and chemical-mechanical heat
during the cell operation in the future investigation.

The spatial distributed measurement at the specific time is further
shown in Fig. 8(d). The first peak from 1526 mm to 1578 mm is the fibre
segment of OFS1. The OFS2 is from 1614 mm to 1682 mm, while the
OFS3 is from 1716 mm to 1762 mm. The corresponding position of TC1,

TC2 and TC3 is located at 1539 mm, 1635 mm and 1723 mm, respec-
tively. In the distributed measurement, the positive cap with OFS1 is
always the hottest spot on the cell. Besides, the OFS2, lies in the middle
height of the cell, has a higher temperature compared to OFS3, which
also agrees with the global thermal image indicated in Fig. 7.

5. Future work

Realisation of distributed optical fibre sensor with fine resolution
expands the field boundary of cell design, characterisation and optimi-
sation. Such cylindrical cells global thermal image can be transferred to
other format of cells, as pouch cells and prismatic cells, where the
thermal gradient is reported to be more sever due to the physical larger
size [14,31-33]. Detailed thermal gradient observation provides insight
to the thermal management solution. Based on the discovery of partic-
ular role of positive current tab in the cylindrical cells, tab architectur-
e/material/numbers/deployment can be priority optimized for a more
uniform heat distribution.

Precise temperature distribution measurement for the battery pack is
the foundation of battery thermal management system. Sufficient
detailed measurement via distributed optical sensor will empower the
capability of cell modelling and pack development [34,35]. In future
work, the data collected from the distributed sensor can be compared
and employed to further parametrise and validate LIB models.
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Optical fibre sensor is not only sensitive to temperature, but also able
to sense the strain/pressure/ion density et al. [36-38]. The optical fibre
sensor has the potential for the multi-physics parameter monitoring,
which will give more insight and intrinsic understanding of ‘chem-
ical-electrical-thermal-mechanical’ insides the cells and packs. The
long-distance optical fibre sensor (hundreds of metres) can be further
explored for the practical EV battery pack or larger containerised power
storage for grid applications.

This developed OFDR utilise a tuneable laser source and commercial
telecom fibre as a sensor, which means the sensor unit costs little (less
than 1£/m). Most budget of the optical interrogator is the tuneable laser
source, whose price is currently high for the practical BMS/BTMS.
During thermal sensor instrumentation, the optical measurement can
help to identify and locate the place of interest for the low-cost ther-
mocouples. Eventually, future study of the price friendly silicon-based
laser source [39,40] and external wavelength modulation [41,42]
should be focused for the budget control.

6. Conclusion

OFDR-based distributed optical fibre sensor is proposed to deliver a
global thermal image of a cylindrical 21700 cell. The cell is instru-
mented by winding the optical fibre around the cell surface. Distributed
measurement with a 3 mm spatial resolution, for the first time, helps to
reveal a detailed thermal gradient of the cell. The temperature variation
along the circumference of the cell is firstly discovered. Proposed global
thermal image further helps to identify the heat accumulation around
the positive current tab under the cell high-rate discharge. The result
indicates the common existence of thermal gradient even within one
compact 21700 cell. Large format cells (pouch and prismatic) and
modules/packs are expected to experience more severe thermal gradi-
ents. The global thermal image also helps to investigate the cell heat
behaviour, as heat generation, transmission and dissipation under
different conditions. Therefore, such distributed optical sensor is
believed to be an effective and high-performance method for the further
design and optimisation of battery and energy applications.
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