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The internal core temperature of cells is required to create accurate cell models and understand cell performance
within a module. Pack cooling concepts often trade off temperature uniformity, vs cost/weight and complexity.
Poor thermal management systems can lead to accelerated cell degradation, and unbalanced ageing. To provide
core temperature an internal array of 7 thermistors was constructed; these in conjunction with cell current, via
bus bar mounted sensors, and voltage sensor measurements, we have developed instrumented cells. These cells
are also equipped with power line communication (PLC) circuitry, forming smart cells. We report upon data from
these miniature sensors during cell cycling, demonstrating successful operation of the PLC system (zero errors
compared to a reference wired connection) during typical cell cycling (C/2 discharge, C/3 charge) and the
application of automotive drive cycle, providing a transient current test profile. Temperature variation within the
cell of approximately 1.2 °C gradients, and variation of >2.8 °C during just 30 min of 2C discharging demon-
strate the need for internal sensing and monitoring throughout the lifetime of a cell. Our cycling experimental
data, along with thorough cell performance tracking, where typically <0.5% degradation was found following

instrumentation process, demonstrate the success of our novel prototype smart cells.

1. Introduction

Electrification of the transport sector is seen as the vital pathway to
reducing carbon dioxide (CO3) emissions [1]. In the United Kingdom,
this sector currently accounts for 33% of CO4 emissions [2], however,
the current generation of lithium-ion (li-ion) battery packs typically
deployed in domestic electric vehicles (EVs) are not feasible for use in
commercial vehicles. Notably, heavy duty trucks, due to lack and range
and extended downtime at required to undertake a full-charge [3,4], nor
the aerospace industry, where strict safety regulations, insufficient en-
ergy density, insufficient durability and life expectancy concerns [5].
Increasing energy density, reducing charging times and improving
motor efficiency are essential to continue electrification in the auto-
motive and aerospace industries [6]. Equally, we propose our advances
in smart cell research will be applicable to other sectors, such as energy
storage and second life applications.

The cells developed in this work will help address the challenges in
developing battery packs and associated cooling systems. Traditionally,
during pack development when sensors are placed external to the cell,
they fail to capture the peak core temperatures experienced by the cell,
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rather capturing only a mixture of the surface and environmental tem-
peratures. In this work, by instrumenting the cells internally, and
developing a viable method of acquiring sensor data, we demonstrate
the benefits of understanding core temperature and present the oppor-
tunity to better instrument cells (our data acquisition system is
compatible with, e.g. pressure, gas or other digital and analogue sen-
sors). Our novel work includes the development and experimentation
with thermistor sensor arrays, designed to be robust to the harsh cell
environment, as well as sufficiently compact, to present no degradation
to cell performance during our testing.

In the automotive market, EV sales have deviated from the 2020
reduction in overall vehicle sales, where a 143% growth in sales is re-
ported, compared to an overall decrease of 24% in new car sales [7]. In
2020 almost 1.4 million battery and plug in hybrid EVs were sold in
Europe. Current global regulations dictate EV passengers must be
allowed a 5 min period to evacuate the vehicle in the event of battery
failure. Specifically, this is the period required before smoke egress into
the cabin, or between cell failure and complete pack failure [8]. Despite
these requirements, EV fires are regularly captured in news articles,
perhaps due to the excitement of these emerging technologies, although
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their occurrence is comparable or less than internal combustion engine
(ICE) vehicles. For example, in has been reported hazardous EV failures
occurred in around 0.9 to 1.2 cases per 10,000 EVs in China, compared
to approximately 1.06 for ICE counterparts. In the United States, 7.3
cases per 10,000 ICE has been reported [9]. Consumer concern is noted
to propagate from the risk of spontaneous fires, or becoming trapped in a
vehicle, where re-ignition of EV fires is sometimes reported [9,10].

EVs are equipped with battery management systems (BMS) which,
amongst other tasks, monitor and thermally manage the battery pack. In
current EVs, these systems are typically limited to less than 20 sensors,
perhaps for a pack containing hundreds of cells electrically connected in
both series and parallel [11-13]. Increasing the instrumentation inside a
battery pack is essential to enable the BMS to rapidly respond to indi-
vidual cell issues [14]. It has been reported that a lack of sensors, and
lack of redundancy, has prevented the early detection of battery fires
and led to the failure of battery packs [5,15,16]. These incidents are not
limited to electric cars, but extend to electric buses, where faulty sensors
and no backup sensors have been found to be accountable for vehicle fire
[16]. Such hazardous events have also been reported within the auxil-
iary battery packs within aircraft. In the aerospace industry, it is vital to
understand the source of the failure, however current insufficient
monitoring does not allow the specific cell, which triggered the event, to
be found [17]. It is proposed, in the aerospace industry, rigorous
monitoring, and perhaps refined cell control systems are needed.
Furthermore, it is estimated a 15% increase in vehicle range could be
achieved through individual cell control [18].

In this work we uniquely instrument our cells with a thermistor-
based sensor array, that interfaces to a data logging BMS, via a power
line communication (PLC) network. Here we detail our cell instrumen-
tation procedure, as well as reporting upon our rigorous preliminary
experimentation to ensure the sensors are resilient to the harsh internal
cell environment. To the authors’ knowledge instrumented cells equip-
ped with powerline modems have not previously been studied. Through
our novel instrumentation and communication network, we demon-
strate a scalable method of instrumenting cells in-situ, where the number
of nodes (i.e. cells) can be increased without introducing additional
bulky wiring, as previously reported the literature and discussed in
Section 2.2. This will enable cells to be equipped with thorough
instrumentation — here temperature with high spatial resolution, current
and voltage data for each individual cell are tested. The cells are without
bulky cabling and then viable to be installed on commercial bus-bars, for
example in module configurations, and be tested without needing extra
communication/interface wiring. Traditionally, the industry standard
sensor communication cabling means cells need to be physically located
further apart to allow space for cable runs. By removing this additional
cabling, this will help develop modules for use in future applications (e.
g. EVs or aerospace), leading to deployment of instrumented cells. We
propose that throughout their lifetime, instrumented cells with PLC will
be able to record and log key data points, enabling better understanding
of their state of health, and therefore easier categorising for deployment
in second life applications. Instrumented cells are key to optimise energy
storage, and monitor cell performance from formation/manufacture to
end of life.

1.1. Li-ion cells

Compared to previous battery technologies, li-ion cells offer superior
energy density, it is reported up to 250 Wh/kg [19] per cell, compared to
a maximum of approximately 80 and 120 Wh/kg for NiCd and NiMH
cells, respectively [20]. To meet the energy density requirements, while
maintaining or improving safety systems, particularly for larger vehicles
(i.e. larger road vehicles, or aircraft), improved instrumentation is
required in the pack. This must be achieved while also minimising the
physical volume impact and integration complexity, in terms of wiring,
reliability, BMS processing load. Current pack designs decrease energy
density (nearly 170 Wh/kg [19]) due to the integration of bulky
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electrical and cooling systems. It is proposed by better understanding of
cell operation, pack design can be improved and optimised, thus
enabling a greater energy density to be achieved. It is predicted an en-
ergy density of 400 Wh/kg per cell is required to allow electric aircraft to
be feasible replacements for combustion equivalents. For example,
several flights per day are needed, with at least a 500 mile range [19]
and timely service intervals. It is noted current li-ion cells lifetime in
order of 1000 cycles [5]). Our sensor technology is designed to be
adaptable regardless of battery technology. Solid-state cells with lithium
metal anodes have been suggested to advance current li-ion chemistries
(greater than 500 Wh/kg, with improved safety and recyclability) and
prototype cells could be ready for testing in EVs in as little as the next 10
years [21]. We aim to make our sensors and networking systems capable
of integration within a range of cell formats, sizes and chemistries.

We propose, firstly, improved instrumentation (equipping cells with
a greater number of sensors, offering higher resolution and accuracy) is
required for future battery packs (EV, aerospace markets), to enable the
BMS to optimise utilization of the pack (extending pack life, preventing
thermal events, providing accurate measurement of cell state of health,
SoH). Secondly, an improved understanding of cell performance is
required prior to pack deployment, during the development of packs
(cell format, arrangements etc.) and associated temperature manage-
ment systems (air or liquid cooled, location of cooling/heating elements
etc.).

Smart cells are a key component towards better understanding of a
cell, from formation to end-of-life. During pack design, an understand-
ing of cell operation and interaction between cells are vital. We envisage
smart cells will help with pack development, and will be important in
safety-critical applications, such as in the electrifying the aerospace in-
dustry. In such applications, component cost and development effort are
secondary to the need to fully understand system operation, both during
fabrication and deployment. In other applications, smart cells can be
tailored in terms of component cost, and volume of data collected.
During development, high precision and spatial resolution data will be
required within a battery pack. In final applications requiring lower-cost
solutions, smart cells could be distributed infrequently around a pack,
and provide reference datapoints for the models incorporated within the
BMS.

In our previous work [22] we have discussed instrumenting cells
with voltage, current and external temperature sensors and networking
these cells together with a master data logger to form a smart module —
here defined as instrumented cells with integrated electronic commu-
nication circuitry. In this work we extend this concept, uniquely
demonstrating our prototype smart cells, each equipped with an internal
temperature sensing array, and a PLC modem to communicate with a
master controller. A temperature sensing array has been inserted inter-
nally into the core of 21700 format cylindrical cells (7x sensors,
providing 10 mm spatial resolution) to investigate core temperature
variation during typical cycling. In this work, cells are cycled via
charging and discharging, according to manufacturer specification, and
later further tested with a transient drive cycle. The cells are tested
individually (capacity and impedance checks), to verify successful
instrumentation. They are then arranged in a small module (2 series, 2
parallel, 2S2P) to assess performance during cycling and demonstrate
the PLC network (consisting of 4 slaves and 1 master node). In this paper
we focus on the instrumented cells - the operation of the PLC network,
with one node per cell, has been detailed in a dedicated article [23].

This paper is structured as follows: firstly, we discuss previous works
in the literature regarding cell instrumentation and integration with
communication circuitry; we then introduce our experimental setup and
explain our component selection process. In the results and discussion
section we highlight a subset of the overall findings from our smart cell
experimentation. Finally, we conclude our smart cell work and briefly
summarise our ongoing and future work.
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2. Cell instrumentation background
2.1. Temperature monitoring and cooling system design

Thermocouple sensors are typically used in EV battery packs to
monitor temperature at specific locations within the pack [12]. Each
sensor requires a cold junction; thus, each sensor is normally connected
to a reference unit, preventing multiple thermocouple connections in
series. In a traditional setup, this entails each additional sensor requires
further wiring, leading to a trade-off for pack designers between
instrumentation resolution and pack cost/complexity [14].

Temperature gradients inside li-ion cells cause inhomogeneous cur-
rent density distributions within the jelly roll of the cell, leading to local
ageing and subsequently influencing global ageing [24,25]. The distri-
bution of these temperature gradients is not yet fully understood.
Manufacturing defects and tolerances can create unpredictable tem-
perature gradients. These defects sometimes exacerbate during the life
of the cell, thus making it challenging to detect faults during manufac-
ture [26]. These local defects can eventually grow significantly, and lead
to cell failure and possible thermal runaway [27]. Cooling systems
should be designed to maintain a uniform temperature profile
throughout the cell. These systems however, influence the energy den-
sity of the pack and therefore vehicle cost, range and driving perfor-
mance capability [28]. Energy density is critical to enable electrification
of the transport and aerospace industries, as well as matching capability
(range or endurance, weight, size) of ICE vehicles [6,29]. Thus BMS size
and weight, including that of associated wiring, circuitry and integrated
systems, must be minimised. This is a key driver for automotive manu-
facturers [30]. Cell instrumentation is critical to develop accurate
models during cell modelling or cooling system development. However,
we propose a level of cell instrumentation would be beneficial during
operation, to quickly identify hot spot formation and monitor the ageing
of individual cells.

Air cooling has been implemented in many EVs on the market (e.g.
Nissan Leaf, Toyota Prius, Volkswagen ID.3 [31]); the low thermal
conductivity of air limits its effectiveness in environments with higher
ambient temperatures. Liquid cooling offers superior heat capacity and
thermal conductivity, although its effectiveness is still governed by
system design [31]. The temperature profiles of 18,650 cells cooled by
radial and tab techniques have been studied [32]. Radial cooling re-
quires a more complex system, i.e., greater access needed to the surface
of the cells. However it has been reported it can maintain a temperature
gradient of <5 °C cell; in the scenario of a drive profile [32]. In this case,
heat generation was assumed to be less than 1.1 W, with around a 2C
charge rate. Tab cooling was noted to be able to maintain similar per-
formance. However, this type of cooling moved the hot spot of the cell
from the core to the un-cooled tab. Non-uniform cooling of cells can
increase ageing effects and therefore degrade the cell. A study of 2C
discharge by Robinson et al. found a large temperature gradient of
~10 °C with an 18650 format cell, where the higher temperatures were
observed towards the positive end of the cell [33] (an external mea-
surement technique was implemented, avoiding the use of internally
instrumented cells). A poorly designed cooling system can worsen the
condition and quickly degrade the overall capacity of the pack [34-36].

In many applications, such as laptop computers, small vehicles and
hand tools/equipment [37], cylindrical format cells are preferred
compared to pouch or prismatic for their maturity, potentially improved
life cycle and improved consistency. Their shape reduces the accessi-
bility of surfaces for cooling, thereby increasing the difficulty of prac-
tically implementing an effective cooling system [28]. Lai et al. discuss
the design of a cooling system for cylindrical cells, and investigate the
necessary cooling structure around each cell, needed to maintain a
functional temperature when the cells were charged at 5C [28]. The
importance of optimising the cooling system design is expressed, and
visualised by the formation of hot areas within the cell, when coverage
of the cooling system is sub-optimum. The study demonstrates the need

Journal of Energy Storage 50 (2022) 104218

for careful design of cooling structures, but also highlights the reliance
on simulated data, despite the acknowledged error to experimental data
(> 1 °K in cases).

Despite the challenges cooling cylindrical cells, due to their low core-
to-surface ratio, such a mature technology is still preferred for pack
development in many applications. One advantage of cylindrical cells is
noted, where it is estimated a pack based on pouch cells requires a
volume three times greater (considering the overall pack structure) to
achieve similar energy capacity, as well as protection against the
vulnerability to puncturing (soft material) [20]. In this work we focus on
21700 format cylindrical cells, although our techniques could be
adapted to prismatic or perhaps pouch cells as required.

2.2. Miniature sensors

In general, cylindrical cells require greater spatial resolution to
locate hot spots compared to pouch cell counterparts (considering both
of equal energy capacity). Compared to a pouch cell layout, the circular
wrapping of the jelly roll and greater layer density leads to poorer
thermal conductivity properties in the radial plane of cylindrical cells.
This phenomenon has previously being explored, via the placement of
miniature thermocouples inside an 18,650 cell (between layers of the
jelly roll) [38]. In the through plane direction between the separator and
electrodes, low energy density of around 1 W m™! K~! was reported.
This is supported by studies cycling cells, and demonstrating up to 5 °C
variation between surface and core temperature during standard oper-
ation when the cell is operated within its manufacturer’s defined spec-
ification [14, 39-41]. It is reported in the order of around only 3 °C is
found for pouch cells [42,43].

In this work we expand upon these previous studies by integrating
our unique thermistor array into 4 x 21700 format cylindrical cells,
offering temperature measurements with a spatial resolution of 10 mm
along the central cavity of the cells. Uniquely we study the cells in a
2S2P arrangement, utilising PLC to communicate sensor data between
the cells and a data logging system. Previous reports typically demon-
strate instrumentation with single cell cycling (1S) or with bulky data
acquisition systems limiting the system scalability [14,39,41,44,45].

Fleming et al. demonstrated instrumenting a cylindrical cell with an
optical sensor [41]. This demonstrated the importance of internal cell
temperature sensing, but the sensor required bulky logging equipment.
In Fleming’s study only a single cell was tested, without considering the
repeatability of the instrumentation process, nor how the sensors can be
used to observe a module of cells. Optical sensors have also been tested
by Fortier et al. in this case, with coin cells [45]. Zhu et al. developed a
flexible resistive temperature sensor for use with pouch cells. However
this again required large apparatus to perform measurements and was
not designed to test several cells in a module configuration [44]. New
developments, such as wireless transmitters inside li-ion cells, have been
investigated, for example Yang et al [39]. These offer promising flexi-
bility to install within a single cell or cells within a module, but in the
study published, only 1 cell was tested. Furthermore, there has not been
sufficient rigorous testing to demonstrate wireless operation within the
environment of a (metallic) battery pack.

Richardson tested a single cell with an impedance analyser during
cycling, to show an alternative solution to measuring performance via
current and temperature sensing [46]. The relation between cell
impedance and parameters such as temperature has been a research
topic of great interest in recent years. Electrochemical impedance
spectroscopy (EIS) is a proven technique for grading cells based on the
response to a range of excitation signals [47]. It is commonplace to
analyse the health of individual cells or modules via EIS, which is
non-invasive and relatively quick (module grading has been reliably
demonstrated within the order of perhaps 3 min or less per
device-under-test [47]).

EIS measurements were previously limited to bench-top experi-
ments, where individual cells were tested alone, preventing their use in
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real-time nor in-situ within a pack. It has been proposed individual cell
EIS measurements within a module are possible through integration
within an active balancing system [48]. This concept has been further
extended, via decoupling ageing and environmental temperature effects
from the EIS data, to enable non-invasive estimation of internal cell
temperature [49]. EIS is a valuable technique to understanding cell
performance, which could be integrated into future smart cell circuitry
and included within a collection of on-cell algorithms. Research by
Angelis et al. has demonstrated EIS on cells can be performed using
similar hardware (i.e. a microcontroller and ADC) already integrated in
our circuitry [50]. It is noted extracting parameters such as cell state of
health and internal temperature from EIS measurements requires
extensive perquisite knowledge, usually obtained from cycling poten-
tially hundreds of identical cells over a period of months [49]; in one
case researchers undertook over 20,000 EIS measurements to gather a
training dataset for this purpose [51].

In this way, extrapolating temperature estimations would likely
require measurements for each type of cell tested. The age and condition
of the cell also add variables to the relationship between impedance and
cell performance. Our smart cells aim to reduce the processing load on
the central BMS, although processing modelling data would be compu-
tationally intensive and power consuming for an on-cell processor.
Therefore, in-situ temperature measurements are required in many sce-
narios, particularly during the development phase, where the perfor-
mance of different cells needs to be compared. In industries where
device monitoring is critical, such as the aerospace industry for example,
cells would likely need to operate over a wide temperature window [52],
multiplying the volume of data required to build training datasets. These
types of applications would benefit greatly from a complete under-
standing of cell performance, and proven methods of data collection
over a long lifespan.

Optical fibre sensors have been demonstrated to offer high spatial
resolution (~2 mm) inside either pouch or cylindrical cells [41,53].
Distributed fibre sensors enable detailed measurements of internal
temperature and strain, for example temperature maps can be formed
across larger format pouch cells, via weaving the fibre across the front or
inside x-y plane of the cell [53,54]. Their thin diameter (<1 mm,
including chemically resistive protective sheaf) enables insertion into
pouch or cylindrical cells with minimal impact on volume-loss. How-
ever, due to their thin construction the fibres are delicate, and currently
lack the robustness required for in-operando experimentation outside of
a laboratory environment. Long fibres (typically 5 m length) enable
multiple cells to be instrumented with one fibre (dividing the high
equipment cost), although sacrificing redundancy.

Resistive based sensors (such as thermistors [40][55] and resistive
temperature detectors, RTDs [44,56,57], for example the PT100 [43])
have been trialled inside pouch and cylindrical cells. Flexible RTDs have
been constructed suitable for internal instrumentation, although the
complete system with communication circuitry has not been developed
[44]. In this work we measure at 7 points inside a 21700 format cell,
compared to previous works monitoring only a single point in a smaller
cell [57]. A complete understanding of the temperature gradient within
a cell is required to optimise cooling system design.

2.3. PLC network

In this work we use a PLC modem integrated into the electronic
readout circuitry to communicate with the data logging system. This
network is potentially scalable to cover the hundreds of cells within a
pack, without requiring communication wiring. This will enable smart
cell integration without increasing weight, volume nor wiring
complexity. Our PLC network also allows bi-directional communication,
which we plan to exploit further in an upcoming publication. In this
case, the master can individually address and control the slave modems,
enabling commands to be transmitted to an individual cell. Each cell is
given a unique address (contained in a 1-byte variable, thus 255 nodes
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possible in this configuration), enabling the master to control an indi-
vidual cell, as well as identifying the data received from each node.
Example commands would be to take action (e.g. disconnect from the
module) if abnormal behaviour was detected. Wireless solutions, such as
capacitive coupling [58], or radio wireless have been suggested as
alternative methods of wire-free communication channels [39].
Although wireless channel reception inside the complex metallic struc-
ture of a pack cannot be considered reliable without thorough testing in
final hardware [59]. Furthermore, wireless technologies are not suitable
for real-world systems, due to security concerns (possible intrusive
external access [60]) and reliability concerns (external noise factors
could degrade signals). These flaws are unacceptable in such a critical
system. It has been reported that PLC systems fundamentally can be
refined to require lower power consumption compared to a similarly
developed wireless system, due to the effectiveness of the transmission
over a wired connection [61].

Embedding the sensors, PLC modem and data acquisition/processing
circuitry on a cell is a key step towards developing smart cells. As dis-
cussed in Section 2.2, the previous works regarding miniatures sensors
usually neglect development of a viable data acquisition and commu-
nication network, which would help make best use of the instrumented
cells for practical development work. Smart cell development in the
literature usually focuses on the deployment of a network or link be-
tween a cell and a central management system. For example, Lorentz
et al. reported on one of the first capacitive coupling system to enable
control (active balancing) and sensing (temperature) within a battery
module [62]. This system was developed to offer a means of interfacing
with a cell without using wires with connectors, which are prone to
damage. This was achieved, although there was no comment on the
expandability of the system, nor the difficulty of designing a battery
pack to contain additional buses to carry the data signals.

The concept of a wireless smart cell has been presented previously in
the literature. Initial publications in the area demonstrated, for example,
bulky 2.4 GHz radio transmitters, which were difficult to integrate at a
single cell level (principally due to the large size of the required an-
tenna) [55,63]. Recently, there has been development of embedded
wireless solutions, for example by Yang et al [39]. This included the
cycling of a battery cell with an embedded temperature sensor. The
proof-of-concept system produced data for the complete test of 100
cycles, although the article did not discuss the possibility to scale-up the
concept, nor how to position receivers within a pack or module to ensure
robust communications regardless of the cells location within the sys-
tem. Critically, the ability to be able to send commands to the cell was
not discussed. The construction of a bi-directional network is an
important step towards developing smart cells. Cells are usually defined
as being smart when data can be sent to a master, which can then return
a command to actuate a response from the cell (e.g. switching the cell in
or out of the circuit for active balancing etc.). Wei et al. summarise the
development of smart cell technologies [43]. Embedding sensors inside
cells leads towards the development of smart battery packs, although at
the expense of additional wiring a complexity regarding BMS develop-
ment. Smart cells offer a further level of autonomy, where limited ac-
tions can be performed without instruction from the master controller.
This reduces the load on the BMS, although it requires careful structural
design of the battery pack, so the performance of the pack can be
maintained, while individual smart cells may be required to limit (or
actively balance) their performance.

In the following section we describe our instrumentation process to
install a flexible thermistor array, which offers a reliable and repeatable
method to instrument cylindrical cells with negligible impact on per-
formance. Our cell cycling experiments verify the performance of the
instrumented cells is equal to cells in unmodified condition. We also
instrument the cells with a Hall Effect current sensor (located externally)
to monitor individual cell currents. This is a further element to aid
modelling work and understanding individual cell operation. Quanti-
fying individual cell currents is paramount to understand cell life and
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performance. In the literature [64] and our previous work [22], it has
been observed currents in parallel cells can converge and diverge during
a charge/discharge cycle. To monitor and understand this effect, it is
essential to monitor the individual currents through each cell. In this
work, individual cell voltage is also recorded. We record data via PLC as
well as a dedicated wired USB connection, to demonstrate the reliability
of our novel data collection method.

3. Methodology

Our research targets the instrumentation of cells with a variety of
sensors (temperature, pressure, gas etc.) with minimal impact on cell
performance (capacity, current draw capability, life expectancy). To
meet this goal, we have developed a drilling procedure to, in this article,
instrument 21700 format cylindrical cells. In many studies instrument-
ing cells, near complete disassembly of the cell is required to install the
sensors [38,41,65], we believe impacting sensor life expectancy and
performance, and limiting the scalability of the procedure. We aim to
develop our method, so in further work, it could be integrated into a cell
assembly procedure, thus enabling sensors to be installed within cells at
the point of manufacture. Due to the business confidential nature of our
work, we are not able to provide raw data files, and can only present the
plots shown in this work.

3.1. Interface circuitry components and sensor selection

Our previous work described the external instrumentation of 8 cells
(4S2P arrangement) using two PLC transmitting (slave) modems and
one receiver (master) [22]. Here, we provide proof-of concept build and
evaluation of smart cells, where each individual cell is able to commu-
nicate to the master (i.e., 1 modem per cell). The cells are internally
instrumented; the circuitry was miniaturised to a 20 mm diameter PCB,
which can fit on top of a 21700 cell can — as shown in Fig. 1, a concept
smart cell.

This miniature PCB comprises the following components: a PLC
transceiver modem (Texas Instruments, USA, THVD800ODDFR) which
costs less than $3 per unit at 1000-unit quantity; a microcontroller
(Microchip, USA, ATSAMD21E18A); a dedicated analogue to digital
converter (ADC, Texas Instruments, ADS114S08) and a low-dropout
(LDO) voltage regulator (Texas Instruments, TPS73133). The ADC pro-
vided excellent performance, with a maximum of 12 inputs, all of which
are buffered. Furthermore, the ADC enabled high resolution acquisition,
up to a maximum of 16-bit, where one bit is used to sign direction. The
PLC modem offers communications up to 500 kbps, operating at a

PCB Interface
Mounting S
Cap
21700
Cell Can

Fig. 1. Concept smart cell - 20 mm diameter PCB installed on-top of 21700
format cell can, with thermistor internal temperature sensor.
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central frequency of 5 MHz (which can be adjusted in the range of 1 to 5
MHz). This board was designed to enable PLC at a cell level, however,
the board could be customised to facilitate interfacing to several cells,
integrating with different sensors (i.e., digital 1°C, SPI devices) or
alternatively, a reduced bill-of-materials (BOM) cost version.

In this case, the higher resolution ADC and faster microcontroller
were selected to offer detailed sensing, where full ADC resolution was
selected, at 10 Hz sampling rate, per each of the 4x cells. A reduced BOM
could be devised, for example, using the microcontroller built-in ADC,
which would reduce the resolution to 12-bit and would come with the
loss of the buffer input measurements, but this could significantly save
on BOM cost. The 48 MHz microcontroller, with SPI and multiple UART
inputs available, was selected to offer processing capabilities needed for
the 10 Hz sampling rate of 9x sensor inputs. A reduced BOM could
replace this component with a slower modem, potentially compromising
between resolution and quality of data sampling against power con-
sumption and processing speed. The reduced BOM is perhaps suitable
for practical applications, where as well as a reduction in cost, the fewer
components and lower sampling rates would also reduce power con-
sumption. We propose cell instrumentation will, in the future, be inte-
grated into the cell manufacturing process. The integration of sensors or
electronic circuitry will increase the cost of the cells. However their
valuable contribution and insights during safety critical applications (e.
g. aerospace) or development (low-volume) activities will outweigh
these additional initial costs. In this 2S2P configuration (Fig. 2), 1
modem was installed per cell. Of the available 10 ADC channels, 9 were
used: 7x thermistor temperature sensors, 1x voltage sensor — measure-
ment directly input from power line, 1x current sensor, per cell. Equally,
these channels could be split between several cells — further reducing the
BOM per cell, if desired. For example, 3 cells could be sensed via one
interface/modem board, if only 1 selected temperature point, 1 Voltage
and 1 current measurement were made per cell.

Each cell transmitted data to the external data logger at a 5 Hz
sampling rate via PLC as well as dedicated wired USB connection. This
USB connection was used only a reference to verify the integrity of
identical data transmitted over the PLC network. It is proposed the in-
ternal sensors need only PLC to communicate with the BMS. An external
thermistor array was installed on the surface of each cell (power and
data via USB connection only). This external array was used to
demonstrate the usually limited dataset available, when surface sensors
are installed on a cell compared to internal core measurements. The
2S2P configuration (each cell 2.5 V to 4.2V, 5 Ah) provides a maximum
voltage output of 8.4 V (10 Ah capacity). In pristine condition, the cell
has an impedance of around 24 mQ (experimentally measured). During
normal operation in these experiments, the power consumption of each
PCB was measured at 48 mW, reaching a peak of around 150 mW during
PLC transmission. This is the worst-case power consumption, where the
boards were regularly and repetitively transmitting data, sampling all
sensors at full resolution. It is proposed this additional power demand
can be reduced by adjusting the sensor sampling rate according to cur-
rent or temperature events (i.e., low sampling rate when cell is in rest
condition). Further power savings could be achieved by optimising
component selection for lower power operation, where in this work
components were selected favouring high precision data acquisition.

3.2. Sensor design

To avoid increasing the impedance of each cell while monitoring the
current throughput a Hall Effect current sensor was selected (ACS37612,
Allegro Microsystems, USA). The manufacturer and model of the cell is
not disclosed. This Hall Effect sensor was fitted to the bus bar, where a
notch was created in the 1 mm thick material. This reduced the width of
the bus-bar to around 4 mm minimum diameter at the position under-
neath the sensor, as shown in Fig. 3. A sensor was installed between each
cell and the module. The selected version of the sensor, operating on a
3.3 V supply, has a typical sensitivity of 10 mV/G (Gauss, magnetic flux
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Fig. 3. Photograph of bus-bar mounted current sensor, 1 sensor per cell.
Measurement performed via Hall Effect, no added impedance to
cell connection.

density) [66]. This unique approach to individual cell current moni-
toring (without using a sensor in series) merits the use of a high reso-
lution ADC (in this work, currents up to 10 A are expected).
Traditionally such Hall Effect sensors are used for applications in-excess
of 200 A. The sensor would also be able to measure greater current
ranges, if for example, one sensor was used to measure the current
through several cells in parallel.

In our study, we demonstrate our custom bus bar design enables
accurate measurement of individual cell current (current < 0.5 A,
equivalent to C/10). Prior to cell cycling, the sensors were calibrated
using a bench-top power supply (HMP4040, Rohde & Schwarz,

Germany) and resistive loads (e.g., 1, 2 and 5 Q); current drawn from
supply was instigated via resistance in series. The sensor was reversed to
trial current in either direction, as well as line voltage to calibrate
voltage sense ADC channel. The calibration procedure is described in
full in our previous work [22]. In this previous work, we tested a sensor
in series with the cell to measure current flow. However, in this work the
measurement system is improved by utilising a sensor which is placed on
top of the current-carrying conductor. This avoids adding any additional
impedance to the system (i.e. a current sensor in-series may add around
1 mQ impedance). This reduces sensitivity of the sensor, thus requiring a
higher precision ADC to detect small changes in current flow.

The spatial resolution of the internal temperature measurements was
defined as 10 mm, along the internal length of the cell. Initial computed
tomography (CT) scan images of the 21700 cells demonstrated an empty
volume along the centre of the cell (left vacant after removal of the
mandrel, during manufacture). This volume stretches the length of the
cell, with diameter of ~3 mm. We aim to fit our sensors within this
empty volume, avoiding encroaching into the jelly roll or active areas of
the cell, to ensure no capacity or capability loss.

To produce a reliable flexible PCB with thermistor sensors, the board
must be protected against the corrosive electrolyte inside the cell.
Furthermore, the instrument must be inserted through a drilled hole in
the aluminium can at the negative end, to allow integration alongside
with our cell instrumentation process. Considering these requirements,
the maximum PCB width was found to be ~1.4 mm. In this current
evolution of the design, a maximum of 7 thermistors could be equally
spaced along the length of the cell (centrally positioned in the x plane,
Fig. 4(a)), allowing for sufficient track width on a 2-layer PCB. The
spatial resolution could be improved via implementing a flexible PCB
with internal signal layers, to enable a greater number of devices to be
installed within the maximum permitted width of flexible substrate.

Thermistor sensors (100 kQ nominal, NCPO3WF104FO5RL, Murata
Manufacturing, Japan) were selected, offering miniature size (0201
imperial component size), low cost (cost ~$0.10 per unit, at 1000 unit
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Fig. 4. Development of array of 7x thermistor sensors to insert into cylindrical cell. (a) Schematic of sensor layout, (b) flexible PCB post-sensor soldering, but prior to
preparation for instrumentation and (c) final sensor ready for calibration and insertion.

quantity), low current load and suitable sensing range (up to 100 °C).
The sensors were attached to the flexible PCBs, Fig. 4(b) via soldering —
all components were laid flat to the surface, with a maximum height of
around 0.3 mm. The custom flexible PCBs were externally manufactured
at a cost of ~$0.70 per board. The dedicated ADC allows every channel
to be buffered prior to digitalization, thus the varying resistance of the
thermistors during operation did not detriment acquisition perfor-
mance. The LDO regulator provided the reference voltage for the sen-
sors, where the stable output (low noise) aids precise temperature
sensing.

The sensors were protected with a heat shrinkable cover tube,
designed to protect against harsh chemicals (electrolyte) and physical
damage during instrumentation and cell operation, as shown in Fig. 4
(c). Previous works have protected sensors with conformal coatings [38,
40], such as Parylene. This provides excellent chemical resistance, but
the circuitry is still relatively delicate for a manufacturing process, as the
coating layer can easily be removed by friction and the thin PCB (<0.2
mm usually, such as our design) is susceptible to tears. In our initial
trials, we also found flexible PCBs coated with a conformal coating did
not offer precise placement of the sensors inside the cell, i.e., as the
flexible circuit ‘flexed’ and contoured in the cell. Thereby, the sensors
were not held in the centre of the jelly roll.

Preliminary experiments were performed to ensure the resilience of
the tube coated thermistor arrays against the corrosive electrolyte. Two
Parylene coated arrays, two tube covered arrays and two uncoated ar-
rays (bare PCBs, with thermistors attached but no protection) were
inserted into vials of electrolyte (one vial per array), with the end two
thermistors in each array submerged. The vials were sealed with screw
caps; each cap had a hole drilled in the centre to enable the connector of
the thermistor array to pass, in a similar way to instrumenting a cylin-
drical cell. The vials were inserted into a block heater (Techne DB100/
2TC) to maintain a constant temperature (25 °C was selected). The ar-
rays were left submerged in the vials for a period of around 5 days, with
data logged every 120 s via a bench top data acquisition unit (Keithley
DAQ6510). The measured resistances were converted into temperature
readings, as shown in Figure 5, where the uncovered sensors are shown
in (@), the tube covered sensors in (b) and the reference Parylene sensors

in (c). Each subplot contains data from two sensor arrays, where each
array is numbered, i.e. [1] or [2] and then each sensor in each array also
numbered, i.e. [S1] or [S2].

In these preliminary remeasurements, the thermistors were not
calibrated, therefore discrepancy is expected between the block tem-
perature and calculated temperature readings. Importantly, both sets of
covered/coated sensors remained stable, following a similar trend
throughout. This demonstrates the tube coating was effective during the
experiment. The performance of the uncoated sensors quickly deterio-
rated, with an abnormal drift in temperature observable after a period of
only around 100 mins. These experiments will be extended to test the
resilience of the coatings over a longer term, as well as across a range of
temperatures expected during cell operation (e.g. perhaps up to 45 °C).

In this work we measure the temperature axially along the length of
the cell. This avoids major disassembly of the cell, while providing core
temperature measurements (thus temperature measurements can be
recorded without the delay usually found as the temperature dissipates
through the can of the cell). We target axial measurements as indicators
for key areas, to help develop effective cooling systems, and also quickly
identify hot spots forming in the cell structure.

3.3. Cell instrumentation process

To avoid disassembly of the cell and associated potential perfor-
mance impact, a unique drilling process was developed for the 21700
format cells. Similar to previous works [67], the negative cap is
preferred as the entry point for instrumentation. This avoids disrupting
the safety features often included in cylindrical cells (pressure vent) and
poses less risk of short circuits (the aluminium can is in effect connected
to the negative terminal). In the literature we have not found studies of a
repeatable nor automated approach to cell drilling. The drilling of small
holes (less than 2 mm) has been reported, but insufficient details are
provided regarding precautions against cell damage [46,68].

In this work we create a custom process based around friction dril-
ling. Here, the material is formed and pushed (not cut). Therefore,
minimal material loss is achieved (for the construction of the cell and
negative current collector). Furthermore, no swarf (dust or waste
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material) enters the cell during the process, which reduces the risk of
short circuit or contamination within the cell. There is no reliance on
magnetism [67], which could drop larger debris into the cell.

Our drilling process uses a mini milling machine (MF70 Proxxon,
Germany) selected to offer programmable feed rates and adjustable
rotation speeds in a package sufficiently compact for use inside a glove
box. This was a sterile argon environment for cell instrumentation,
maintained strictly <0.1 ppm moisture and <10 ppm O». The friction
drilling process, using a 1.6 mm diameter and operated at high drill
speed of 9000 rpm and 1 mm/s feed rate, leaves sufficient material to
form a thread in the cell end. These drill setup parameters were exper-
imentally determined to offer the optimum hole formation, with mini-
mal damage. A M2.5 thread was selected (created via form tap) to allow
sensors up to 1.8 mm diameter to be inserted via custom fittings.

This process avoids the need to permanently affix sensors into the
cell (i.e., via gluing, which was found to be unreliable, with potentially
substance could leak into the cell). It also enables repeatable instru-
mentation across different batches of cells. Importantly, sensors can be
fully prepared prior to entry into the glove box, allowing precise
alignment of sensors, shown in Fig. 4(c). During fabrication the fitting is
placed in the desired location i.e., 695 mm from tail of sensor, to position
sensors along complete length of cell. The brass fitting is slid over the
protective layer and adhesive heat shrink applied above the fitting, to
prevent electrolyte leakage during operation. To avoid introducing
moisture into the cell, sensors are dried for a minimum of 8 h prior to
instrumentation (drying oven, 40 °C under vacuum).

The design of the sensor arrays and complete instrumentation pro-
cess focused on creating a repeatable method of installing thermistor
sensors inside a cell. Importantly the process ensured the sensors were
positioned at reproducible locations inside the cell, with minimal impact
to the physical cell integrity. In terms of expanding to larger scale pro-
duction or automation, two key points are noted: (i) no manual place-
ment of glue or sealant is needed during assembly; (ii) sensor
components are sourced from off-the-shelf, and flexible PCBs can be
fabricated using a standard process. Securing the sensors via a screw
fitting enables the sensors to be removed if necessary. This process could
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be simplified, for example through replacement with a one-time push-fit
or rivet interface, which may better suit an automated manufacturing
process.

3.4. Instrumented cell formation

The stages from receiving a pristine cell requiring installation of
sensors and releasing the complete instrumented cell for experimenta-
tion can be summarised as follows. In pristine condition, the cell
impedance and voltage are recorded (using a Hioki Bt3564, Hioki E.E.
Corporation, Japan). The first reference performance test (RPT) is per-
formed — details of this cycling test are given below. In pristine condition
we find most cells from the factory, are received at 30% state of charge
(SoC), which equates to around 3.5 V. At the end of the first RPT, the cell
is discharged to 10% SoC, around 3.0 V. Inside a glove box the cell is
drilled using the forming drill process, and then a thread is formed using
the tapping process described above. The hole is then ready to be sealed
using a polyamide screw.

At this stage, the instrumented cell can be removed from the glove
box (can integrity is preserved, via the sealing screw). The voltage and
impedance of the cell is recorded again. The cell is then installed in a test
rig, and the RPT is repeated (inside a climatic chamber at 25 °C). The cell
is then returned to the glove box, along with the desired sensor. In this
case, with a thermistor array, which has been dried in a vacuum oven.
The polyamide screw is removed, and the sensor inserted, then screwed
into place. A polyamide washer is used to ensure a hermetic seal, as
shown in the completed instrumented cell in Fig. 6(a). Side and top
views of the cell are shown in Figure 6(b) and (c), respectively.

The instrumented cell is then removed from the glove box, and the
voltage/impedance recorded again. The RPT procedure is repeated for
the final time, prior to cycling experimentation. Following satisfactory
results from the voltage/impedance measurements (meeting the criteria
detailed in Table 1) the cell is ready for further experimentation. In this
case, developing proof-of-concept cells, to verify the positioning of the
sensors, the cells were sent for x-ray computerised tomography (CT)
scans (UniTOM XT, Tescan, Czech Republic), performed in-house. The
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Fig. 5. Preliminary study to verify resilience of thermistor arrays to submersion in electrolyte, (a) unprotected PCB, (b) tube covered PCB (as proposed for cell

instrumentation in this work) and (c) Parylene coated PCB (reference).
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Table 1
. Success criteria for instrumented cells.

Measurement Nominal Tolerance  Notes
Value
1 kHz 24 mQ 0.5 mQ Measured using impedance analyser
Resistance prior to cell cycling experiments.
Capacity 4.8 Ah 0.05 Ah Measured during RPT using cell

cycler. Capacity measured for each
cell when pristine. Manufacturer
datasheet notes cells specified as 5 Ah
capacity.

sensors are held rigidly in the centre cavity of the cell, Fig. 6(d) and (e),
without risk of damage to the jellyroll.

The construction of a thermistor sensor array comprises the
following steps (final assembly shown in Fig. 4(c)). The flexible PCBs
were designed and fabricated. In this case, 7 thermistors were required
per PCB, which were soldered in-house. A basic test, consisting of a
simple test of resistance when soldered, and a readout via the miniature
PCB is performed prior to further assembly. The PCB is covered with a
protective heat shrink tube (a transparent sleeve was chosen, approxi-
mately 80 mm length needed to cover the sensors and extend outside of
the cell). The tube must under-lap the fitting (with the screw thread) and
thus sufficient length is needed so the tube will protrude slightly from
the top of the fitting to allow sealing. The tube is then shrunk down with
a hot air pencil.
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The brass fitting is then passed over the shrunk tubing. The end of the
transparent tube is then sealed, via a second heat shrink tube layer
(black colour) applied over the end of the fitting and tube. The cali-
bration procedure (detailed below) is performed on each array, with
each individual thermistor receiving a calibration output. The calibra-
tion procedure involves stepping from 20 to 50 °C (5 °C steps) in a cli-
matic chamber. We accept the sensor as successfully assembled, if
temperature aligns with the reference sensors (Type K Thermocouple).
The thermistors are expected to be consistently within + 2 °C minus any
offsets etc. Any offsets are removed according to this calibration pro-
cedure. The calibration data is stored and recalling during plotting after
experimentation. Finally, the sensor is dried in a vacuum oven (40 °C for
8 h), before being ready for instrumentation.

3.5. Thermistor calibration

Manufacture standard calibration, provided with the thermistors,
was not sufficient for cell instrumentation (sensors placed on thin flex-
ible PCBs with protective coating could skew the calibration). Each
sensor on every completed thermistor array was calibrated against a
reference thermocouple (SE027 with TC-08 Picologger, PicoLog, UK).
The flexible PCBs were placed in a climatic chamber (MKF56, Binder,
Germany) along with associated interface circuitry (USB communica-
tion) with individual thermocouple sensors attached within 2 mm. The
temperature was incremented in steps from 20 to 50 °C (5 °C intervals,
each step maintained for 2 h), to represent the temperature range

(a) 70 mm

Fig. 6. Photographs of completed instrumented cell (thermistor array). (a) overview of 21700 cell with sensor, (b) top view of sensor showing sensor threaded into
cell with sealing washer and (c) side view, fitting flush with can. CT scan images, side view (d) and top-down view on Cell 3 sensor 6 (e) show integrity of cell and

jelly roll post-instrumentation.
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expected at the core of a cell during cycling. Calibration data (performed
in MatLab 2020a, Mathworks, UK via a curve fitting procedure) was
calculated for each thermistor. The exponential equation describing the
sensor performance was provided on the datasheet, with parameter
tolerances set + 2% and an offset up to 1 °C allowed from factory
specifications [69]. Fig. 7. demonstrates the thermistor offset (around
0.5 °C for S1, enlarged view shown inset) is removed through the cali-
bration process (original data using data sheet calibration, data with
thermistors calibration procedure applied and reference measurements
shown for sensors 1, 3, 5 and 7 in the array).

3.6. RPT

Battery impedance (typically measured with a 1 kHz AC signal) is a
typical datasheet metric, and relatively fast (order of a few seconds)
measurement (which forms part of our instrumentation process, above).
Variation (less than 0.5 mQ) was permitted to verify cell integrity. It is
noted this test alone is not sufficient to comprehensively characterise the
performance of a cell [70]. In this work we assess the performance of our
cell via RPTs at three stages during the process (cells tested individu-
ally): (i) pristine condition (delivered from manufacturer), (ii)
Post-drilling (i.e. hole drilled and tapped in can, then sealed) and (iii)
post-instrumentation (complete instrumented cell). Here we track the
possible degradation of the cell through each step and we verify via our
RPTs there is negligible impact on cell capacity (< 0.05 Ah capacity
variation) and DC resistance at any stage. Our criteria are summarised in
Table 1.

The steps of our RPT will be described in detail in a future dedicated
article and will therefore not be repeated here. For completeness a
summary of provided for reference. the RPT consists of two static ca-
pacity tests (C/1 and C/10) and pulse discharge tests (2C and C/2) at
four different SoCs (100%, 80%, 50% and 20%). Each RPT lasts
approximately 24 hrs. These RPTs were performed via a cell cycler (VSP-
300, Biologic, France), configured with maximum charge/discharge 10
A (2C), compliance voltage 5 V. Here we will focus on the cell energy
capacity data to confirm the reliability of the instrumented cells. In a
future article we will study the variance and reliability between groups
off cells in greater detail. During the RPT (with instrumented cells),
internal and surface temperature were monitored, to investigate if any
internal fluctuations could be observed (not measurable externally [14])
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and to demonstrate the surface temperatures normally monitored are
significantly cooler than the core.

3.7. Cell cycling experimentation

To demonstrate the reliability of the sensors and PLC communication
setup, a testing procedure was defined as follows, testing the complete
instrumented 2S2P arrangement: (i) Pulse discharge stages (similar to
RPT, pulses at 100, 80 and 50% SoC, to verify operation with transient
pulses of current demand); (ii) 5 cycles of C/2 discharge (cut off at 50%
SoC), then C/3 charge cut-off at 4.2 V (to verify PLC operation, and
monitor cell core temperature during prolonged discharge), (iii) pulse
discharge stage repeated. Experiments were performed using module
cycler (FTV 200-60, Bitrode, USA), with the cell SoC not decreasing
below 50%. The detailed current profile is shown in the results plots,
Fig. 8. shows the instrumentation on each cell, (a) assembled rig with
PLC network, (b) enlarged view of single cell, complete instrumentation
(internal thermistors PLC, external thermistors USB, single external
thermocouple on surface central).

3.8. Drive cycle experimentation

To verify the operation of the current sensor to a transient stimulus, a
drive cycle (taken from a real vehicle driving within the urban envi-
ronment of Coventry city, UK [71]) was scaled (to a maximum discharge
1C). This was then applied to two cells in parallel (VSP-300 cycler). We
have presented the scaled current profile in previous work [22].
Compared to the original current values in the drive profile, the module
configuration was reduced to 2P in this work, to verify the operation of
the sensors and PLC network powered directly from the cell voltage cells
with overall voltage varying from 2.5 to 4.2 V. In this case, the LDO
regulator was replaced with a buck-boost regulator (MAX20343, Maxim
Integrated, USA). The cycle was repeated three times (100%, 80% and
50% SoC across the 2P layout). The list of experiments performed is
summarised in Table 2.
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Fig. 8. Photographs of instrumented cell rig, (a) overview of setup with PLC (internal thermistor) instrumentation, (b) enlarged view of fully instrumented cell

(internal/external thermistors and reference thermocouple).

Table 2
Summary of experiments and configurations.
Name Cell Cycler*  Notes
Layout
RPT Single VSP Performed 3x: prior to cell modification, post cell-drilling and post cell-instrumentation. Test serves as benchmark to verify cell capacity and
Cell impedance.
Cell 2S52P FTV Repeated 3x. Test used to verify PLC operation during cycling.
Cycling
Drive 2P VSP Reduced to 2P configuration due to limited cycler compliance voltage. Repeated 3x. Test verified operation of PLC during full state-of-charge
Cycle range, and with transient current profile.

*Cycler Key: FTV = Bitrode FTV 200-60. VSP = Biologic VSP-300.

4. Results and discussion
4.1. RPT

Prior to cycling experimentation, every cell was reference tested
(VSP-300) at pristine condition, post drilling and post instrumentation.
The impedance was also measured (BT3564, procedure above), as a
precursory check. The results are summarised in Table 3 (capacity) and
Table 4 (impedance). Our preliminary measurements noted maximum
deviation of circa 2% in cell capacity could be account for by mea-
surement tolerances (for example, quality of connection cell to cycler,
apparatus calibration, etc.). Delta capacity listed below refers to

11

capacity lost between pristine condition and post instrumentation
measurements. Similarly in Table 4, delta impedance refers to the
impedance increase between the two states.

Cells 1, 2 and 4 present similar degradation over the experimental
period, with an average 0.2% decrease in capacity. Minor fluctuations in
capacity (around 0.05 Ah) are likely due to measurement tolerances. In
the future, a revised cell holder for instrumented cells will be developed
to ensure a consistent connection to the cycler. Preliminary testing
showed minor variation was observed between repeat measurements of
the same pristine cell. Slightly higher loss was observed for cell 3, but it
was still accounted for by measurement error. The standard deviation
for the impedance and capacity measurements shows only a minor
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Table 3
Capacity of cells measured via RPT.
Capacity Cell 1 Cell 2 Cell 3 Cell 4 Standard
[Ah] [Ah] [Ah] [Ah] Deviation
[Ah]
RPT 1 4.828 4.803 4.828 4.792 0.018
(Pristine)
RPT 2 (Post 4.831 4.818 4.764 4.775 0.028
Drill)
RPT 3 (Post 4.823 4.802 4.767 4.769 0.023
Instr.)
A Capacity —0.005 —0.001 —0.061 —0.023 -
[Ah] (%)  (0.10%)  (0.02%)  (1.26%) (0.48%)
Table 4
Impedance of cells, measured via analyser, 1 kHz signal.
Impedance Cell 1 Cell 2 Cell 3 Cell 4 Standard
[mQ] [mQ] [mQ] [mQ] Deviation
[mQ]
RPT 1 23.95 23.17 23.19 23.74 0.34
(Pristine)
RPT 2 (Post 23.89 23.52 23.73 23.57 0.15
Drill)
RPT 3 (Post 23.05 23.65 24.09 23.96 0.40
Instr.)
A Impedance 0.90 0.48 0.96 0.22 -
[Ah] (%) (3.76%) (2.07%) (4.15%) (0.93%)

increase in spread is observed throughout the instrumentation process.
Considering pristine cells (in ideally identical condition) there is a 0.018
Ah spread and 0.34 mQ spread in capacity and impedance, respectively.
This shows there is a slight variation in cell condition before any testing
or instrumentation occurs. Post-instrumentation this deviation has
increased slightly to 0.023 Ah and 0.40 mQ, for the capacity and
impedance measurements, respectively. As all four cells remained
within our specified tolerances (Table 1), all the cells were considered
successfully instrumented. Cell 4 consistently was noted to be lower
capacity, from initial tests prior to instrumentation and throughout
experimentation.

(a)
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Minor impedance variation was observed, in the order of less than
0.5 mQ target, for cells 1, 2 and 4 during the instrumentation process,
most notably after the drilling process. In future work we will aim to
further refine our drilling process, to ensure minimal damage or
reduction in available material on the internal current collector and
welds. Cell 3 was noted to increase by just under 1 mQ. As this is a
manual process, where probes are needed to connect the cell to the
measurement equipment, variation in contact point, and force applied
potentially influenced measurements.

During each RPT sensor data were logged, an example subset of data
from cell 2 is shown in Fig. 9, showing (a) voltage, (b) current, (c)
external and (d) internal temperature measurements (data acquired at 5
Hz sampling rate). Here, these measurements are relative to ambient/
baseline temperature readings of approximately 25 °C, inside climatic
chamber. In this experiment, voltage and current data were recorded via
the cycler only, due to the lack of connection to the power line, and all
temperature data were logged via USB. This enabled the interface boards
to be powered from the data logging computer, which prevented vari-
ation in power demand from influencing the capacity measurements.

A large variation between internal and external temperature data is
observed throughout, notably peak variation of ~2.8 °C. The 1C
discharge causes a peak increase in core temperature, where the hottest
temperature was observed by sensor S7 located close to the positive
terminal. A maximum peak of around 14.7 °C increase above ambient
was observed, with similar temperature also observed for cell 1. In the
surface temperature measurements shown Fig. 9(c), peaks due to higher
current charge/discharge can be observed, although at lower magni-
tude. The internal sensor data contains a greater detail of information
regarding cell performance. For example, different temperature in-
crements are observed at the individual SoCs (when subjected to the 2C
discharge during the period of 800-1300 min). The internal sensors
detect a peak 1.5 °C rise at 100% SoC, compared to a greater peak of
2.1 °C above ambient, at 20% SoC. The surface sensor data demonstrates
only a minor variance, of 1.3 and 1.4 °C peak increases, during the 2C
pulse at 100% and 20%, respectively. To verify the internal sensors did
not effect the operation of the cell, nor temperature distribution, an
unmodified (pristine) cell was fitted with only external sensors. The RPT
was performed on the cell, as shown in Fig. 10.

The gradients observed during the RPT are within expected
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tolerances to those observed with the instrumented cells. The variance in
temperature for both the instrumented (Fig. 9) and unmodified cell
(Fig. 10) generally follow a pattern where coolest temperatures are
observed near the negative terminal, with hotter areas recorded closer to
the core and positive terminal of the cell. This demonstrates the tem-
perature profiles in the cell are not greatly influenced by the sensors
placement in the cells. In both the instrumented and unmodified cells, a
peak temperature of around 10 °C is observed, demonstrating the
thermal performance of the cell is not noticeably affected.

It is noted in some cases during preliminary testing, minimal features
were visible on external sensor data, and greater delta internal vs
external data. This demonstrates the poor reliability of attaching an
external sensor, and the uncertainty introduced by measuring effectively
the external surface between the usually hotter cell core, and

surrounding environment. External sensors are also prone to damage
during cell transportation. When installed correctly, internal sensors
offer reliable data, without requiring bulky sensors located around the
radial outside of the cell housing. The variation between internal core
and surface temperature measurements aligns with data in the litera-
ture; larger variations (5 or 10 °C) have been reported [14,46], depen-
dant on SOC, current profile and magnitude.

4.2. Cell cycling

The 2S2P module was cycled with our test procedure for three rep-
etitions — representative data from one repetition is presented here.
During these measurements data were logged via PLC (internal tem-
perature, voltage and current) with the circuitry powered from each
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individual cell; an external thermistor array was installed on each cell,
radially aligned, and logged via USB. To align the sensors, the internal
and external sensors were positioned to face inwards and outwards,
respectively. The orientation of the sensors was observed via CT scan
data, and visually during operation, via the orientation of the flexible
PCB (the connector of this board is directional and only present on one
side of the board). Temperature data is reported in degrees Celsius above
ambient climatic chamber set-point (25 °C — baseline temperature taken
for each sensor prior to experiment).

Typical data from a single cell (designated cell 4) is shown in Fig. 11.
In these plots, data were logged at 5 Hz continuously from each cell.
Reference external temperature data, measured via a thermocouple and
Picolog equipment, were logged. The point measurement probe was
located closest to S4 on the external array. Fluctuations in temperature
can provide early warnings to cell failure. The internal measurements
shown, Fig. 11(d) compared to external (c), demonstrate small changes
in temperature (<0.5 °C internal) are not observable externally;
consistent with previous findings [14].

The internal core temperature data for cells 1,2 and 3 (Fig. 12, a—c,
respectively) follows similar trends, where the sensors towards the
positive cell terminals (S7) exhibit hottest temperatures. This highlights
the importance of temperature measurements in addition to current and
voltage readings, where peak temperatures are observed following a 1C
discharge. For example, at points circa 250 and 3430 min experiment
time, the peak current demand (1.5 C for 1 min) causes a minor tem-
perature rise (< 1 °C).

The peak temperature observed during cycling alone is not repre-
sentative to the cell capacity degradation, nor performance of the cell.
The temperature gradient along the length of the cell can influence cell
ageing and degradation [12,34,38]. An enlarged view of the peak
observed temperature during this cycle (around 3400 min experiment
time), Fig. 13, (a)-(d) for cells 1 to 4, respectively, demonstrates mini-
mal gradients. These gradients were measured as <1.2 °C at a peak
temperature increase of almost 8 °C above ambient. It is concluded
insignificant gradients are present in this early stage of cell lifetime; here

Journal of Energy Storage 50 (2022) 104218

lifetime to this point consists of 3 RPT studies, 3x experimentation cycles
and 3x drive cycles. These results are summarised in Table 5. In general,
the consistent cell performance is further evidence of a robust and
repeatable instrumentation process.

Cell 3 has been observed to decrease to the lowest capacity post
instrumentation (4.767 Ah) and does not exhibit the greatest magnitude
of temperature increase. However, cell 3 does show the maximum
temperature gradient (S7 hottest to S1 coolest, 1.2 °C temperature delta,
relative to maximum 7.9 °C increase), demonstrating a larger gradient is
forming. In future work, these instrumented cells will be aged. It is
proposed the cells will be fully charged and discharged across around
100 cycles or when the state of health has reduced by approximately
20%, to observe if these trends magnify.

To verify the performance of our bus bar current sensors and voltage
readout, these data were compared to the reference values recorded by
the cycling equipment. Individual values for each cell were logged,
example shown Fig. 11(a) and (b) for voltage and current, respectively;
for comparison with the overall module (2S2P) readings logged, the
values have been summed in series and parallel for voltage and current,
accordingly. For example, module voltage is calculated by summing the
series chains of cells 1 & 3 and 2 & 4; module current via summing cells 1
& 2 and 3 & 4. The data shows excellent response compared to the cycler
(FTV 200-60); Fig. 14 shows (a) current data and (b) voltage data.

The bus bar current sensor is capable of measuring minor current
fluctuations (< 1 A), demonstrating with our bus bar notch design, the
sensor has successfully been calibrated to an appropriate range for 5 Ah
cylindrical cell testing. The small sensor (package 3 x 4 mm) is suitable
for installing on smaller bus (notch 4 mm width or lower) bars, enabling
contact free measurements in compact module designs. The 16-bit res-
olution ADC is appropriate for laboratory measurements; a lower cost,
smaller PCB would be possible if lower accuracy and precision could be
accepted via the inbuilt microcontroller ADC (relying therefore on un-
buffered, 12-bit inputs). Excellent voltage resolution and sensor
readout precision has been achieved, demonstrated via the inset voltage
plot, Fig. 14(b). This shows stepped bit levels in cycler data records at
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Table 5
Summary of peak temperature and gradients measured during cycle.

Measurements at
peak temperature
after 1C discharge

Temperature [
°C above
ambient]

Temperature [ °C
above ambient]
(Second Coolest

Temperature [
°C above
ambient]

(end of cycle, 3430 (Hottest Sensor) Sensor) (Coolest Sensor)
min interval)

Cell 1 8.0 (S6) 7.6 (S2) 7.0 (S1)

Cell 2 7.8 (S7) 7.5 (S2) 6.9 (S1)

Cell 3 7.9 (S5) 7.6 (S2) 6.7 (S1)

Cell 4 8.0 (S7 > S2 NA 7.4 (S1)

within 0.1 °C)

the 890 min location, where voltage is exponentially decreasing, veri-
fied by miniature sensor output. Inset current plot, Fig. 14(a), demon-
strates fast sensor response, where the sensor response is time aligned
with step changes in current application. To further analyse sensor
performance, drive cycle data is presented below, to verify transient
response.

Data were logged via USB, with a dedicated wired connection (1
cable required per cell) for all sensors (internal temperature, current,
voltage) for comparison against the PLC network Fig. 15. demonstrates
identical data received for voltage (a), current (b) and temperature (c).
Zero errors were found, as shown in plot (d). Minimal time difference
was noted when comparing the time data was received via the reference
wired USB connection and the PLC link. It is noted in this experiment, a

15

computer was used to record the message time received. This introduced
an undeterminable offset into the timestamps, as the system was not
optimised for real-time data logging. In preliminary experiments we
note a time delay of < 30 ms is expected.

Data were logged for a period of nearly 4300 min (5 Hz sampling rate
per cell, 4x cells) successfully, with identical data logged via dedicated
connection. During this experiment, the complete 16-bit ADC resolution
data set was maintained. In this period, around 12.5 m messages were
received in total, requiring storage in a file consuming over 1 GB in size.
These experiments expanded our initial proof-of-concept study [22],
and vastly expand upon the limited data transfer capability previously
reported in the literature [72,73]. Further experiments reported sepa-
rately in a later article focused on the PLC element, will demonstrate
comparable performance to a CAN bus, in terms of baud rate and reli-
ability. Advantages of PLC compared to a CAN, include reduced
complexity (no ground isolation required), lower power consumption,
less wiring (PLC uses bus bars) and reduced weight. The miniature low
power consumption, low voltage components selected, demonstrate the
technology is available for PLC modem and acquisition hardware to be
appropriate size for smart cells.

4.3. Drive cycle (operation over full SoC)

To verify operation of the PLC system over the full cell SoC (2.5 to
4.2 V) and to validate the current sensor with a transient profile, a
vehicle drive cycle, described above from [71], was repeated for four



T.A. Vincent et al. Journal of Energy Storage 50 (2022) 104218

I I T T
Cell 1 + Cell 2 [A] (PLC) Cell 3+ Cell 4 [A) (PLO)]

10 T T
(a) [—Bitroce (o]

=
g ’
5
O 51— Py pop—
Stable and Repeatable Current Sensor Performance
01— (5x 1C discharge) =
ask | | | | | | | =
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250
Time [min]
10 - . T T 8.4 T 1'—\“’“‘”1 e
. | ‘ e
<:é. . el A %s.z  mm— |
£ 5 I 118 8
3 10 s
.5 Enlarged (a) =iT8 Enlarged (b)
i 76 -
800 820 840 860 880 900 800 820 840 860 880 900
Time [min] Time [min]
(b) | \ \ | | T T T \ 1 | T T T \
R . AN A f Ay
825 — 3 N T = = =y = B =y e Y I
8 / ot / / | / \ sl B
7.75 — / {a ] | —
N . [
& 75— / [ \ / -
K / LLf I \ ‘ ‘ ’
725\ = \APP== A A ~ ~ A == “(ﬂ,y)
= “ \ I \ / _
6.75 — o= S 2
[ Bitrode [V] Cell 1+ Cell 3 [V] (PLC) Cell 2 + Cell 4 [V] (PLC)]
65 T T T T T | | | | | | | | | | | |
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250
Time [min]

Fig. 14. Data recorded overall from 2S2P module, (a) current and (b) voltage data. Summed individual cell data (logged via PLC) with bus bar Hall Effect current
sensor and 16-bit ADC compared to cycler reference measurements.

I I
i " A Al / 3 (A
{ ] / \
\ 1 \ & 1
= ' \r
[ Y. | | | | | | | | | | L]

(b) 0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250
z:C 1 T 1 1 T T, 1 T T 1 1 T T 1 1 1 ]
= - = L —— r i SO i r = i T
Tolmd i_\ﬁ_j‘f N R T S~ - SR S i 1 s S i S PRSP M L
e [ 1 (o] it L i i | [ ] L 11 -
52— i ' i — s (== (= = il =
e H i Ll n
e—""-—"—7dm74—7-—"7""-+—"""F 1+t [meme= Cell 4 Curr (PLC) [A] = = = Cell 4 Curr (USB) [A] —
3 \ | ! \ | | ! | | | \ i z : S !

(c) 0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250
10 T T T T
o T T T T T T I T T T I T [ cimsieora caamsiwsara)|

g T
e 7 I e o
2
56— —
g
E 5 —
5
[y - —
K
A N
f-ppY - -
<

(@) = e W W i e B B e B | i i - [ LA o
5 0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250
]

s I I I I I I T I I I I I L L L I L

> [=== Volt Sensor Error ===+~ Curr Sensor Error Temp Sensor Error
e

e T L | L o T T L T T TETE! | S
o 0

&

[

B | | | | | | | | | | | | | | | | |

2 0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250

Time [min]

Fig. 15. Reliability and capability of PLC network verified against reference dedicated wire connection (USB), comparison of (a) voltage, (b) current and (c) internal
temperature data from cell 4. Zero errors demonstrated in this period (5 Hz sampling rate), (d).

SoCs (100%, 80%, 50% and 30%). Here the SoC level was set via Section 3 (remaining in parallel thus, 1S2P). The cycling equipment
charging or discharging to a voltage after the previous cycle. The SoC selected for the RPTs was primarily targeting single cells to be tested
voltage was determined for this cell type via the initial RPT studies. individually, so did not permit the higher compliance voltage needed to
Here, cells 1 and 2 were taken from the experimental setup shown in maintain the 2S2P layout. The PLC network was powered entirely from
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the cells, via buck boost regulators (logging rate set to 10 Hz). Data were
logged via PLC for cells 1 and 2, as shown in Fig. 16(a) and (b), voltage
and current, respectively. Data for cell 1 external (USB thermistor array)
is shown in Fig. 16(c) with corresponding internal temperature data
(PLC) shown in (d).

Hotter temperatures were observed at the lower SoC cycling, with a
peak nearly 4 °C rise for S7 at 30% SoC cycle, compared to 0.8 °C S7 at
100 and 80% SoC. Note, in the current sensor plots, the cell current is
half the current value recorded by the cycler; this is due to the cells
parallel configuration, meaning the current path is split between the two
cells (therefore the sum of both current sensors will equal the cycler
recorded current). The current sensors demonstrated excellent perfor-
mance the transient (and less than 1 A) current variation; inset plot,
Fig. 16(b), demonstrates fast data logging during initial 5 min of drive
cycle. The enlarged plots demonstrate the current sensor (b) responds
rapidly to a transient drive profile, while there is no crosstalk or
degradation in the thermistor measurement system, shown in enlarged
plot (d). The PLC network maintained reliable communication with the
master node throughout the experiment, where zero errors were
detected. The experiment was halted by the cycler when the cell reached
minimum SoC (2.5 V).

5. Conclusions

Our unique instrumentation process, via friction drilling and thread
forming, has been proven to provide a secure, reliable and repeatable
method to internally instrument cylindrical 21700 format cells (5 Ah
cells tested). Our RPTs and thorough investigation, sample of CT scan
images Fig. 6(d) and (e), demonstrate the minimal impact on cell per-
formance (capacity and resistance measurements taken). On average,
cell capacity decreased by only 0.47% during the entire instrumentation
process, which was verified pristine, post-drilling and post-
instrumentation RPTs.

Journal of Energy Storage 50 (2022) 104218

The fabrication of thermistor arrays (7 sensors, fitted 10 mm apart on
flexible PCBs) outside of the restrictive environment of a glove box,
enabled precision and reproducible arrays to be developed. The devel-
opment of custom brass fittings with screw thread provided a means to
securely install the sensors within the modified cells. The standard M2.5
thread avoids use of glue during instrumentation and provides a plat-
form to expand the range of sensors internally installed within the cy-
lindrical cells. A chemically resistant heat shrinkable tube was preferred
to offer protection (physical against friction damage during insertion)
and chemical (electrolyte during operation), compared to a conformal
coating. Internal CT scan images showed the tubing also maintained the
physical structure of the flexible PCBs; thus sensors were placed pre-
cisely in the centre of the cell mandrel, without the risk of introducing
twists or crushing.

The RPT test included a peak discharge of 2C, demonstrating the
greatest rise in internal temperature (cell 2, hottest S7 14.7 °C above
25 °C ambient, thermistor nearest positive terminal) and cementing the
need for internal measurements (corresponding external sensor reading
~2.8 °C lower). This shows internal sensing provides vital cell perfor-
mance information, such as core temperature and location of hotspots.
Previous internal sensing was not suitable for deployment in modules, i.
e., not usable for development and testing work, as cabling required
(affecting physical volume of the module) to interface with sensors.

Our novel PLC network avoids the need for cabling within the
module, although in this work, for data integrity checks, reference wired
measurements were also taken. Without bulky cabling, realist module
structures can be formed. The PLC network demonstrated excellent
performance, with zero errors detected compared to dedicated wired
USB reference.

The PLC system was further tested over the full SoC of the cell (2.5 to
4.2 V), where the LDO (operating above 3.3 V) was replaced with a
buck-boost regulator. A drive cycle was used to test the transient
response of the sensors; excellent performance was observed, with no
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erroneous spikes or data points found during the 800 min experiment.
This consisted of a drive cycle repeated four repetitions, at 100%, 80%,
50% and 30% SoC. A peak temperature increase (positive terminal
thermistor S7) of 4 °C was found, during the lowest SoC cycle.

The reliability of the PLC system has been proven, however the
system would need scaling up to suit battery packs of modules con-
taining tens or hundreds of cells. There is no strict limit to the number of
cells in the PLC network, but it is acknowledged additional sources of
noise and interference will be present in a real-world application. The
miniaturisation of the traditionally complex circuitry and wiring, offers
improved deployment in developing and testing environments, easing
the placement of cells within prototype module layouts. The circuit
could be simplified further, with a reduced BOM, although at the
expense of ADC resolution and precision. In this way, the PCB in this
work was designed to capture data from a thoroughly instrumented cell,
at 16-bit resolution. Trading off the sampling capabilities would reduce
the BOM cost, and likely reduce the power consumption (~48 mW in
standby).

This work has demonstrated our smart cells, instrumented with
thermistor, current and voltage sensors, and incorporating a novel low-
bandwidth PLC system are ready for further experimentation and veri-
fication, leading to data aiding cell modelling and pack development.

Further work

The creation of a secure fitting (via M2.5 thread) presents opportu-
nities to reliability install other sensors (e.g., pressure, reference elec-
trode) into the cylindrical cells. The flexible PCBs can be protected
against corrosion; it is proposed additional sensors (e.g., miniature
digital sensors) can be integrated within a cell. This will enable redun-
dancy or perhaps precise sensing at a desired temperature range, or
operation at an extended range, beyond 150 °C, which is the current
limit of these thermistors. It is noted, the methodology behind protecting
the thermistor arrays, via protective coating or covering, will be directly
transferable to other cell formats, such as pouch or prismatic. With
different cell constructions, the drilling/forming process will need
adaptation to suit the format. The sensors, interface circuitry, PLC
network and flexible PCBs will need only minor modifications.

The integrated circuity and communication systems on the cells are
key to our goal of developing smart cells. This future work goes beyond
integrating the sensors into the cells, and also includes developing the
processing algorithms needed to interpret data without overloading the
BMS with raw signals. Given this processing capability with precise
sensor data available on a smart cell, this presents opportunities to
integrate features such as EIS into the cell. Further understanding of cell
performance or control systems (such as active balancing) are more
readily available through smart cells.

We aim to investigate further the impact of our drilling process on
the internal current collector, to minimise damage or material loss; in
this work, approximately 0.5 mQ increase in cell impedance was
observed after the drilling procedure. We believe it will be possible to
integrate our method into the cell construction process, thus enabling
sensors to be installed at the point of cell manufacture.

In this work the process of cell instrumentation has been verified and
the sensors demonstrated to provide insightful data. These instrumen-
tation procedures and sensor construction is ready to support modelling
work and pack development work. In future work, the data collected
from surface and internal sensors can be compared with cell models for
validation of the theoretical data.

It is acknowledged the developed cells in their current state are at the
proof-of-concept stage, where further development work would be
required to prepare the technology for volume production. A key point
during the conceptualisation of the instrumentation process was to
avoid the use of glue or the application of any material that would be
challenging to scale-up or that would impair the operation of the cell. In
this way, the developed instrumentation procedure would require

18

Journal of Energy Storage 50 (2022) 104218

refinement for production readiness, but fundamentally demonstrates a
robust/reproducible method to instrument cells. Similarly, the internal
measurements were only performed axially, to avoid substantial
disruption to the construction of the jelly roll. If radial measurements
were desired, the sensors would likely need integration into the jelly roll
build-up (and could not be integrated into a cell post-production).

The PLC system has been proven reliable (zero errors versus refer-
ence USB connection) but could be optimised further to improve ease of
scalability. Only one transmission frequency is tested here, where it is
proposed one frequency is used for general data transmission (normal
operation) and a separate channel (frequency divided) is used for pri-
ority messages that may be sent when sensors detect the cell is operating
outside pre-defined parameters. Our next steps will include testing the
PLC network and data collection methodology with a larger module. We
also propose logging the data via a dedicated real-time system, to avoid
the errors noted when using a standard computer to record the time-
stamp data was received. This will allow a reliable indication of any
delays introduced when sending data via PLC compared to a reference
dedicated wired interface.

The RPT measurements demonstrate minimal impact during instru-
mentation on cell characteristics, although this progress must be tracked
over the cells lifetime. Our next experiments will include ageing data, for
example 100 cycles over a 1-month period or when the State of Health
has reduced to circa 20% with intermediate RPT studies. This will allow
comparison to published ageing data, and thus verification instru-
mented cells offer equal performance to pristine counterparts. Longer
term studies will also be performed on the flexible sensor array, to verify
resilience to electrolytic environments over a period representative of a
cell lifetime.

The cell rig design shown in Fig. 8, limits the benefits of smart PLC
instrumented cells, where inter-cell interactions are not observable (i.e.,
cells in a module are located physically close). It is proposed a new rig
and tab designs would enable a compact system, to house cells in close
proximity to enable investigation of realistic module designs.
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