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Abstract— Smart cells, instrumented with miniature sensors,
can help meet both the consumer and regulatory demands for
the battery packs of next-generation of electric vehicles (EVs).
Currently, adding sensors to battery packs entails increasing
vehicle weight and complexity with the associated wiring loom
expansion.
In this work, we demonstrate sensors for voltage, current
and temperature can be installed on cylindrical cells (21700
format) and connected to a data logger via power line
communication (PLC). We achieved zero error rate with our
laboratory setup, and transfer times of < 40 ms (relative to
dedicated wired connection). This reliable PLC method (max.
data transfer rate 115 kbps) was sufficient for logging cell data
and can operate over a wide DC voltage range (e.g. target 10 to
60 V typical in an EV). Our initial experiments highlight the lack
of understanding of the performance of a cell during its lifetime
in an EV, where temperature gradients were observed between
the terminals (0.2 °C with a peak increase of +0.6 °C, discharge
rate of 0.5 C).
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I.

INTRODUCTION

The rapid growth in the worldwide EV market (3 million
EVs on the road in 2018, double the 2016 total [1]) has
invoked demand for low-cost Lithium-ion (Li-ion) battery
cells. To maintain this EV growth rate, adoption barriers (e.g.
range anxiety and charging times [2]) must be overcome.
Next-generation Li-ion cells must offer high density and long
lifetimes (current lifetime order of 3 to 5 years [3]) to achieve
these targets.
The lack of knowledge regarding the health (e.g. rate of
aging) of an individual cell in a battery module or complete
pack currently limits the maximum achievable performance,
where blanket and conservative limits (i.e. rate of charging
and discharging) are often applied. We aim to provide this
information, through the development of smart cells, where
each cell can be instrumented with a variety of sensors (e.g.
temperature, current, voltage) and controlled (e.g.
disconnected from the pack when necessary).This will reduce
the need to over-engineer the pack, saving weight, volume and
cost. Data from these sensors can be given to computational
models within the vehicle’s battery management system
(BMS) to optimise the performance of the pack. In this work
we demonstrate a proof-of-concept system to show that PLC
can be used to provide the crucial link between the sensors
(within smart cells) and the central BMS.
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PLC systems for in-vehicle use have previously been
reported [4][5], however these systems are used outside of the
battery pack, to communicate between peripherals inside the
vehicle. PLC has been proven to serve as a replacement for
Ethernet connections inside a vehicle, serving accessories to
the vehicle, such as cameras and media systems [4]. It has not
yet been proven to operate with real-time, safety critical
applications. Communicating via the DC bus bars inside a
pack presents additional challenges; varying DC voltage
levels, the need to prioritise message traffic, reliability in a
harsh environment and connecting networks with tens of
nodes. We aim to expand upon these systems, through
development of a PLC network, addressing these challenges,
for use in an EV’s battery pack. We use our novel sensors to
provide data related to calculating the state of health of a cell.
This paper is structured as follows: Our motivation for
developing a PLC and sensor system; the methodology for our
PLC experiments describing our test scenarios; the results and
findings from our experimental data followed by the
conclusions from our trials and our future work.
II.

MOTIVATION

In EVs, the task of predicting and monitoring the health of
cells inside a pack is performed within the BMS. With the
current design of EV batteries, the BMS relies on a subset of
temperature (Nissan leaf 3 sensors [6], in general rarely above
16 [7]) and voltage sensors to measure the health of the pack.
Single sensors are used to monitor an entire module
(containing tens of cells). Hotspots can occur in cells - surface
temperature is not truly representative of the core (10 °C
difference possible [8]). Improving performance of cells is
important, with demand for faster charging EVs to infiltrate
the combustion engine market for long distance transport.
Stringent safety regulations will likely need advanced warning
of hazardous situations (e.g. 5 minute alert to passengers) [9].
Additional sensors will be required within EVs, but without
adding extra weight, cost n complicated wiring harnesses.
PLC offers an ideal solution to reducing the wiring harness
within a pack, while allowing an unrestricted number of
instrumented cells. Bi-directional communication is typical,
permitting two-way communication between cells and the
BMS (e.g. disconnect malfunctioning cells). We propose the
PLC system interfaces to the BMS via a CAN bus, enabling
perhaps independent networks in each battery module.
Previously, techniques such as wireless transmission have
been considered [10]. In the automotive industry this raises

concerns regarding reliability / security [11]. These systems
are complex and bi-directional communication cannot be
assumed to be trivial. Integrating an antenna within a battery
module or pack is difficult, considering the physical space
needed, pack materials and robustness.
The PLC network will be adaptable to operate at the DC
voltage range of the pack (not fixed). We target reliable
operation regardless of module configuration (while
maintaining operation in the case of a cell failure). The system
must retain functionality when the module is removed from
the pack (e.g. for second-life servicing). A module, containing
for example 16 lithium ion cells, (such as in the Renault Zoe,
containing 12 modules), can vary between approximately 43
V and 70 V (nominal cell voltage of 3.75 V) [12].
III.

METHODOLOGY

The proof-of-concept PLC system (block-diagram Fig. 1)
comprises: Three cylindrical cells (21700 40T, 4000 mAh
capacity, charged to 50 % state of charge, Samsung SDI,
South Korea), two microcontrollers (Teensy 3.2, PJRC, USA)
and interface circuitry for our cell sensors and two PLC
transceivers (SIG60, Yamar Electronics Ltd, Israel).
The SIG60 modem, operational diagram shown in Fig.2
[13], was chosen for its operation at low voltage DC levels
(suitable for low voltage laboratory testing and worst case
scenarios, if cells fail in a module). The SIG60 allows for up
to 16 different frequency pairs on each power line, allowing
separate networks to operate concurrently. Thus, it is proposed
a separate frequency pair is assigned to each module inside a
vehicle. For this work, the frequency pair of operation was set
to F0 5.5 MHz and F1 6.5 MHz (range selected for robust link
while above the range of frequencies where impedance of the
cell causes interference). Data from one instrumented cell is
collected. Data transfer rates required are in the order of 100s
of kbps, (115 kbps maximum possible with this configuration)
to allow changes in cell temperature to be monitored in realtime. In this application, higher data transfer rates are needed
than found in narrowband PLC modems, where other devices
are limited to low kbps (e.g. 2.4 kbps [14]) transfer rates.
The power-lines within a battery module offer greater
challenges (harsh environment, large temperature variation)
compared to the DC rails in a vehicle’s cabin. Frequency shift
keying (FSK) is preferred over phase shifting keying (PSK);
the impedance of the cells will vary over their lifetime and
battery state of charge (SOC) and varies greatly depending on
the transmission frequency (this effect is advantageous for
studying cell health via Electrochemical Impedance
Spectroscopy [15]). The SIG60 modems were selected to offer
robust communication regardless of cell age.

Fig. 1. Block diagram showing components in cell PLC instrumentation
system and operation of bi-directional communication.

Fig. 2. Operation of Yamar Electronics SIG60 PLC modem with host
microcontroller.

It is important to analyse trends in temperature response in
real-time to aid detection of thermal runway events. A module
of cells is ideal for safe prototyping and laboratory testing (e.g.
this PLC system is currently capable of operating at a voltage
range of 10 to 36 V). The setup is designed to operate at low
DC voltages for different configurations in a module (selected
PLC modem and microcontroller operate at nominal 3.3V).
Measurements of current, temperature and cell voltage are
considered pertinent to model cell behaviour. In this
application, these sensors must be resilient to the harsh
environment experienced inside a battery pack (electrolyte
leakage possible), and capable of withstanding wide
temperature fluctuations.
An array of thermistors enables a map of the cell
temperature to be created. We have developed a flexible
(polyimide substrate) PCB to hold the sensors inside the cell.
In this work the sensors are placed externally on the cell
surface, with the cell placed in a custom designed and
manufactured cell holder, as shown in Fig. 3 (a). The custom
holder allows the terminals of the cell to be accessible (small
pins used for electrical contact), and permits space for cells to
be internally instrumented through the negative cap.
Thermistors are preferred to measure an array of temperatures,
as the usual sensors used in modules (thermocouples) are
suitable for single measurements only (requiring a cold
junction, and not possible to combine into an array of sensors).

Fig. 3. Cylindrical cell instrumented with thermistor temperature sensors; (a)
thermistor strip installed externally; (b) layout of inserting strip into core of
cell and (c) completed assembly process of internally instrumented cell.

The flexible PCB design allows the temperature to be
monitored at 10 mm sections along the surface of the cell.
0402 size thermistors are mounted on the PCB, layout shown
in Fig. 3 (b). The assembled PCB is coated with a uniform
polymer layer (Parylene C, ~ 15 µm thick) to prevent damage
from the electrolyte inside the cell. Fig. 3 (c) shows an
instrumented cell, during the assembly process when inserting
the flexible PCB into the core of the cell.
A Hall Effect sensor was selected for current measurement
(MAX31850K, Maxim Integrated, USA). This method allows
a wide range of current to be detected (10s of mA range to 5
A), without danger of external heating (shunt resistor, which
could also dominate the impedance of the cell). In this
prototype design, the voltage is measured across the power
line. In future work, a reference electrode is proposed to
measure voltages at the cathode and anode, adding further
refinement and accuracy to the experimental set-up.
The use of a microcontroller (interface between sensors
and PLC modem) removes the limit on the number and type
of sensors it is possible to install in the cell (SIG60 offers only
UART interface, which is used to communicate with the
microcontroller). The Teensy 3.2 offers ADC, I2C, SPI
interfaces (for this work, 9 ADC channels are used). The
complete transmission system (microcontroller, sensor
interface boards, PLC modem) are powered off the same
power line.
For laboratory measurements, 10 Hz data logging rate was
considered suitable to track changes in cell temperature. For
monitoring of a module (for example containing > 8 cells) it
is proposed the data rate is reduced to 1 Hz, where the
microcontroller can be used to perform initial signal
processing. Measurements of voltage, current and temperature
(12-bit ADC) were taken at 100 Hz, then averaged prior to
output via PLC. A string (length 488 bits per cell) is
transferred over the power line (to computer via USB
connection), containing the data in raw format. At the
occurrence of a sudden increase in temperature (e.g.
exceeding defined limit), the data rate can be
increased/prioritised to log the onset of this temperature rise.
The PLC method was verified under four cell discharging
scenarios (Sn):


(S1) baseline conditions, minimal current drawn
(powering PLC modems/interface circuitry
only);



(S2) high resistance wire connection (LED strip,
2m length, discharging rate ~0.166 C);



(S3) similar discharge rate (0.2 C) but with
resistive load;



(S4) higher discharge rate (~0.5 C).

In each of these conditions, data were logged from a direct
USB/serial connection to the microcontroller acquiring data
from the sensors (‘direct connection’) and secondly a
microcontroller collecting data from the PLC modem receiver
(‘PLC connection’). The success of the transfer was verified
(direct vs PLC connection) in terms of bit error rate (BER).
The transmission speed was verified by subtracting the
timestamp of the data logged on the computer via each
method.

Fig. 4. Photograph of laboratory setup configured for scenario S1.

IV.

RESULTS AND DISCUSSION

The first connection scenario was used as a baseline prior
to any adjustment of load or power line configuration, where
a short connection (< 0.3 m) was inserted as the power line.
Data were logged continuously from the instrumented cell
sensors throughout the experiment. Fig. 4 shows a photograph
of the system configured as per S1. Data shown in Fig. 5,
demonstrates acquisition of data from the thermistor PCB
(PLC connection); here data from the cell terminals and
central thermistor are plotted. A 3 minute period was allowed
in baseline conditions, scenario (S1), before switching to (S2)
for 15 minutes. A period of ~ 20 minutes settling was allowed
at the end (returning to S1).
Voltage and current data were logged during the
experiment, shown in Fig. 6 (a). The additional time taken to
receive the PLC data (relative to the direct USB connection)
is shown in Fig. 6 (b). On average, each data string was
delayed by circa 38 ms (total number of ~21.6 k messages).
During a comparison of the raw data received from each
connection, no bit errors were detected.
Thermistor data demonstrated a minor increase in cell
surface temperature (environmental temperature ~21.7 °C to
peak temperature of 22.1 °C). The positive terminal shows
~+0.1 °C offset compared to negative terminal for this
experiment. This effect has been previously reported [16],
although it is magnified at higher charging rates.

Fig. 5. Thermistor measurements recorded along surface of cell; Three data
plots shown – thermistors located at positive and negative terminals and
centre of cell (data recorded via PLC). Scenarios 1 and 2 tested.

Fig. 6. (a) Voltage and current data recorded via PLC connection. Low
current load (~0.7 A maximum), data logged via PLC. (b) Time between
messages received via direct and PLC connections. Scenarios 1 and 2 tested.

The cells were not actively cooled during this work, and
(for safety reasons) were operated below their maximum
discharge rate. The PLC link was proven to be unaffected by
the LED power line, and all data was successfully transferred
with acceptable time delay (< 100 ms delay).
Scenarios S3 and S4 were tested using resistive loads to
apply discharge rates of 0.2 and 0.5 C (10 and 6 Ω loads,
respectively). Data shown in Fig. 7 shows the thermistor data
(terminals and centre of cell), for when the cell was subjected
to the following regime: 1 min baseline S1; 3 min S3 (0.2C
discharge); 4 min S4 (0.5C discharge) and 10 min return to
baseline (S1).
A similar temperature gradient is observed; the positive
terminal is ~+0.1 °C higher temperature compared to the
negative, particularly at peak load. The cell does not cool back
to baseline during the course of the experiment, although no
cooling was implemented. This work focuses on the ability of
the PLC system to transfer data not on cell operation).

Fig. 8. (a) Voltage and current data recorded via PLC system, when cells
discharged at 0.2 and 0.5 C rate. (b) Direct vs PLC connection delta time to
receive given message. Scenarios 1, 3 and 4 tested.

Data were recorded for the current load and voltage of the
cells during the experiment, shown in Fig. 8 (a). The peak
discharge rate (~1.7 A) initiated a peak change of ~+0.6 °C
from the baseline temperature. The peak temperature is
reached after the resistive load is removed (~1 min delay),
demonstrating the need to internally instrument the cells, to
provide faster warning of high temperatures.
Fig. 8 (b) demonstrates that across the ~12.5k messages
transmitted, the delay between the direct and PLC connections
was ~34 ms. Again the BER was zero, where it was found that
all messages were received successfully and integrity
preserved. The experiments serve as proof-of-concept that our
PLC system can operate with a module to transmit sensor data
between the acquisition point and a central logging system.
From each cell, ~3.9 kB of data is transmitted per
measurement period (10 Hz rate), highlighting the need for
faster PLC data transfer rates considering the potentially high
number of transmitting nodes, e.g. >16 cells in a module. The
zero BER achieved in these experiments proves the robustness
of the system in a laboratory setup.
V.

CONCLUSIONS

Previously, PLC systems have been demonstrated for invehicle use, and we further this research demonstrating a
system for use within a battery pack. Our novel sensors allow
cells to be instrumented with temperature, voltage and current
sensors, to provide important data regarding the cells health
and performance to the BMS. Currently, the cells have been
externally instrumented to verify the functionality of the PLC
system at low DC voltage (~ 10 V), but in future work we aim
to instrument the cells with an array of thermistor sensors (7
sensors in a 21700 cell, providing a 10 mm resolution map of
core temperature). Together with our miniature PLC system,
we aim to provide a cost efficient means to instrument our
smart cells, and create batteries for the next generation EVs.

Fig. 7. Temperature data recorded (positive, negative terminals and centre
location thermistor data shown) of surface of 21700 cell subjected to current
load of 0.8 and 1.7 A (scenarios 1, 3 and 4 tested) Temperature graident
visible: positive terminal highest temperature; central TH4 data lower
temperature; lowest temperature for sensor located on negative terminal.

The PLC and module system was subjected to four
discharge scenarios to demonstrate the resilience of the
communication link to varying DC voltage and current
supply; baseline conditions (0.1 A discharge), high resistance
wire discharge (LED strip, 0.7 A discharge), resistive load (0.8
A discharge) and lower resistive load (1.7 A discharge).

Data were logged from the temperature, current and
voltage sensors throughout. A zero BER was achieved,
demonstrating the system was resilient to changes in power
line quality and unaffected by resistive loads.
The external thermistors demonstrated the need for
understanding the operation of a cell in a pack, where a
temperature gradient (~16 %, 0.2 °C) was consistently
observed between the positive and negative terminals of the
cell (0.5 C rate, magnitude of gradient likely to be higher at
nominal C rate). The temperature gradients observed are
consistent with values previously reported in the literature,
thus demonstrating our PLC system can successfully
transferring temperature data to a central logging system,
without influencing cell performance. The delayed response
(~ 1 min) demonstrated the need to further our work
instrumenting the cells internally, to provide an instant
response to hotspots.
VI.

FURTHER WORK

We aim to further assess the resilience of the system with
greater discharge loads, additional noise sources and greater
voltage changes (operating between 60 V and 8 V). Future
work also involves testing the PLC system with a module of
cells in a temperature controlled environment, at higher
discharge and charge rates. We aim to benchmark the Yamar
modem against system-on-chip modems, which offer a
complete solution to acquire data and transmit over a power
line. We will analyse the robustness of the developed PLC
systems considering injecting noise into the system (similar to
that found in real-world EVs).
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Our system has been shown to be function with a 3-series
cell configuration. Our testing methodology will be extended
to test a range of series/parallel configurations with a larger
number of cells (e.g. 8 cells, 4-S-2-P). We will verify the
system remains functional with a battery module with higher
charge and discharge rates.
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