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Abstract: As electric vehicles are gaining increasing worldwide interest, advances in driving range
and safety become critical. Modern automotive battery management systems (BMS) compete with
challenging performance and safety requirements and need to monitor a large amount of battery
parameters. In this paper, we propose power line communications (PLC) for high voltage (HV)
traction batteries to reduce the BMS wiring effort. By modeling a small-scale battery pack for
frequencies up to 300 MHz, we predict the PLC channel transfer characteristics and validate the
results using a PLC hardware demonstrator employing a narrowband single-carrier modulation. The
results demonstrate that battery PLC is a demanding task due to low access impedances and cell
coupling effects, yet transfer characteristics can be improved by optimal impedance matching. PLC
for HV BMS not only saves weight and cost, but also improves flexibility in BMS design. PLC enables
single-cell monitoring techniques such as online electrochemical impedance spectroscopy (EIS)
without additional wiring. Online EIS can be used for in-situ state and temperature estimation saving
extra sensors. This work unveils possible coexistence issues between PLC and battery monitoring. In
particular, we demonstrate that certain PLC data or packet rates have to be avoided not to interfere
with EIS measurements.

Keywords: battery management systems; lithium-ion battery; electric vehicles; power line communi-
cations; electrochemical impedance spectroscopy; physical layer model; coexistence study

1. Introduction

The ever-increasing demand for safe and clean energy is pushing the development
of innovative electrical energy storage and transportation systems. Electromobility has
clearly become a key innovation topic over the last decade. One of the most essential
modules of hybrid and battery electric vehicles (HEVs, BEVs) is the traction battery system.
It limits both the power and the mileage of the electric vehicle (EV). Lithium-ion (Li-ion)
batteries are most widely applied in EVs due to their high energy density, long lifespan
and high efficiency [1,2]. As Li-ion batteries are sensitive to misapplications such as over
or under voltage, a battery management system (BMS) has to ensure a safe, efficient, and
reliable operation [3]. For battery state estimation such as state of charge (SOC) and state of
health (SOH), the BMS requires external sensors attached to the cells, which traditionally
measure voltage, current, and temperature [4]. In general, the BMS is implemented
using a centralized or distributed topology, where the latter can be based on a multi
or single-cell approach [5]. The single-cell approach offers the highest battery system
modularity and variability and enables advanced single-cell monitoring techniques such
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as electrochemical impedance spectroscopy (EIS). From this perspective, the single-cell
approach forms the foundation for the emerging field of smart cells and smart battery
systems as recently reviewed in [6]. EIS is a powerful nondestructive method widely
used for electrochemical process characterization, and gains significant interest in BMS
applications, thereby often referred to as “online EIS” [7–10]. Using EIS, the battery cell’s
complex impedance over frequency is determined by exciting the cell with an AC signal
and measuring its response [11]. The quantity of publications available correlating EIS with
SOC [12–14], SOH [14,15], and temperature [12,13,16,17] estimation demonstrates its high
potential to improve future BMS designs in terms of safety and performance. A complete
review of EIS applications utilized for commercial Li-ion cells can be found in [18].

Despite the benefits coming along with a single-cell-based BMS such as gaining addi-
tional cell information by the usage of EIS, the effort for additional wiring and hardware
let the complexity and cost of the BMS increase. Data acquired by sensors attached to the
cells need to be periodically sent to the central battery management unit (BMU), which is
typically done via a serial communication bus system [19].

Recently, high voltage (HV) power line communication (PLC) has been proposed as an
attractive and innovative communication technique to improve cost efficiency and reduce
weight and wiring overhead in the battery system [20–24]. For HV PLC, the dedicated
HV power lines including the HV battery are utilized as a communication channel by
superimposing a modulated carrier signal. In this way, the existing serial communication
bus could either be omitted or used as a redundant communication system to reduce failure
risks. Putting it together, PLC over the traction battery could enable a single-cell-based
BMS featuring EIS for advanced state estimation without the need for additional wiring.

We therefore propose a BMS architecture as illustrated in Figure 1, where each cell is
equipped with a cell monitoring circuit (CMC) and a communication interface. The com-
munication between the CMCs and the BMU is realized by PLC, and the traditional sensing
of voltage (V), current (I), and temperature (ϑ) is upgraded by EIS monitoring circuits.

Figure 1. Proposed BMS architecture enabling single-cell monitoring including EIS, while saving
additional wiring effort by employing HV PLC. The HV battery supplies the electric power train and
the DC-link capacitor Cdc. The BMU is connected to the 12 V on-board power supply and the control
area network (CAN) of the EV.

Several challenges come along with integrating PLC and EIS into the battery system.
Besides the characterization of the PLC channel and development of a suitable PLC modem,
also the compatibility between PLC and the coexisting battery monitoring including EIS
needs to be clarified. Beyond this, the HV power line channel provides a harsh environment
for data communication as it is optimized for power transmission and suffers from many
noise sources such as motor drives and DC/DC converters [25,26]. Specifically, the HV
traction battery contains hundreds of single Li-ion cells to obtain sufficient energy and



Energies 2021, 14, 1851 3 of 26

power capability [27]. This leads to an extensive number of PLC nodes, which is still
accompanied by low PLC access impedances due to low-ohmic cell impedances [28].

While research on PLC for smart grids (e.g., [29]) and in-vehicle low voltage (LV) PLC
(e.g., [26,30,31]) is already well advanced, HV PLC for automotive battery systems is still
an emerging research field, where only little work has been published. The main reasons
are its high Automotive Safety Integrity Level (ASIL) requirements [22] and the specific
serial channel topology that is entirely different to conventional PLC systems, where all
PLC modems are connected in parallel between the power line rails [32].

Takanashi et al. [33] developed an HV PLC system that can control multiple power
electronic devices in real time. Although they evaluated the PLC channel characteristics of
the HV power line, they did not consider a PLC within the HV battery pack.

First, Ouannes et al. [21] proposed an HV PLC for the potential application in an
automotive BMS. By characterizing and modeling a prismatic Li-ion cell, they were able to
predict the channel transfer characteristics of an HV PLC system. Continued in [34], the
authors specialized on the physical layer performance analysis using different single and
multi-carrier modulation techniques.

Bolsinger et al. [22] introduced a high frequency model of a prismatic Li-ion cell to
simulate the PLC channel transfer characteristics in an HV battery stack and investigated
serial and parallel PLC coupling methods.

In [24,35], Opalko et al. concentrated on PLC signal coupling using Rogowski coils,
channel performance simulations, and disturbance investigations. For modeling the PLC
channel, they extended the circuit-based model from [21] by a three-dimensional (3-D)
electromagnetic (EM) model of the battery pack environment.

The cited previous works did not consider hardware implementations of PLC for
battery cells. Still, small-scale PLC demonstrators for BMS applications can be found in
various works [23,32,36] proving the concept of PLC for cylindrical Li-ion cells.

However, it becomes noticeable that the cited works concentrated on either PLC
channel modeling or hardware implementation, and a comparison between predicted and
actual channel characteristics on an implemented PLC system is missing in literature.

In this work, we address this issue by developing a novel bottom-up PLC channel
model parametrized by high frequency (HF) impedance measurements and 3-D EM simu-
lations on cylindrical 18650 Li-ion cells. Including coupling effects among adjacent cells,
the cell-based model is scaled up to predict the channel transfer characteristics of a small
battery pack, which is validated by using a real hardware PLC demonstrator that we have
presented in [32].

To the best knowledge of the authors, there is no literature available investigating the
compatibility of PLC and the coexisting BMS monitoring, which inherently share the same
power lines. Thus, in the second part of this work, we will analyze the coexistence between
PLC and BMS monitoring tasks such as voltage and online-EIS measurements and give
suggestions how to avoid interference.

This paper is structured as follows: Section 2 presents the PLC hardware demon-
strator. Section 3 introduces the PLC channel model components giving an insight into
the high frequency properties of cylindrical Li-ion cells and their physical interpretation.
In addition, capacitive and inductive coupling mechanisms are examined in detail by
measurements and 3-D EM simulations. In Section 4, the model components are arranged
to a complete PLC channel model to simulate the channel transfer characteristics. For the
model validation, the PLC hardware demonstrator is used to compare the predicted with
the actual channel characteristics. The coexistence between PLC and battery monitoring is
investigated in Section 5, and Section 6 concludes the paper with a summary.

2. PLC Hardware Demonstrator

In our previous work [32], we developed a small-scale PLC demonstrator proving the
concept of a single-cell-based PLC system. As illustrated in the schematic view of Figure 2a
and the photograph of Figure 2b, a PLC system was designed involving six serially con-
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nected ICR18650-26J Li-ion cell with a nominal capacity of 2600 mAh (value from the
datasheet) by Samsung SDI Co., Ltd. (Yongin, South Korea). Two printed circuit boards
(PCBs) were developed each containing a PLC modem, PLC coupling networks and a
stable power supply unit. The slave PCB is connected to and directly supplied by a sin-
gle 18650 Li-ion cell, whereas the master PCB is attached in parallel to the small-scale
battery pack being supplied externally. The PLC signal is fed into the HV power lines
by coupling capacitors denoted as Cc, thus high DC voltages are not a concern for the
AC-coupled low voltage PLC signal. The PLC demonstrator employs a narrowband single
carrier modulation using on-off keying (OOK) also known as binary amplitude shift keying
(2-ASK). Narrowband communication was selected because of its high reliability and
energy efficiency. The carrier frequency was chosen to be 20 MHz for the following reasons:

(1) The PLC system needs to meet high data rate requirements of 2 Mbps as reported
in [33,35]. High data rates are required because voltage and current measurements of
all cells within the pack need to be updated every 50–100 ms [5].

(2) Li-ion battery cells provide a low-ohmic access impedance to PLC devices. In consis-
tence with [37], the access impedance defines the impedance seen by a PLC modem
connected in parallel to a PLC access point, which in our case is a single Li-ion cell as
indicated in Figure 2a. Due to their rolled-up geometrical structure, cylindrical Li-ion
cells inherently exhibit an inductive nature for frequencies above some kilohertz [38].
Considering the inductive reactance XL = 2π f L, high frequencies are favorable to
obtain a higher access impedance. As will be discussed in Section 3.1, frequencies
above 1 MHz are preferred.

(3) The HV power lines are corrupted by various electrical devices connected to the
network, which generate impulsive noise [26]. Noise investigations on the voltage
and current harmonic content of the HV power lines [31,33,39] revealed that the noise
power decreases significantly for increasing frequency and can even be considered as
“white” for narrow frequency bands above approximately 10 MHz.

(4) The PLC system needs to comply with electromagnetic compatibility (EMC) reg-
ulations. For HV components, the EMC is tested according to CISPR 25 [40]. To
keep radiated electromagnetic emissions to a minimum, PLC frequencies have to
be selected as low as possible, which is contrary to (1)–(3), demanding a tradeoff
between the stated points.

Figure 2. PLC hardware demonstrator composed of a small-scale battery pack and both a master and a slave PCB comprising
PLC modems and coupling circuits: (a) Schematic representation; (b) Photograph of the laboratory setup [32]. The slave
board is connected to cell 2 as indicated in (a) by putting the PCB on top of the stack (b).

For proving the concept of PLC over battery cells, the hardware demonstrator was
designed to establish a PLC link among a master and a slave modem connected to the
battery pack as in Figure 2a. In various test scenarios, battery parameters such as cell
voltage were recorded by the microcontroller on the slave PCB and periodically sent to the
master upon request in a half-duplex communication. Data packets containing 12 bytes
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of data and a cyclic redundancy check (CRC) were sent to the master, while no bit errors
were found. More information on the hardware implementation and verification can be
found in [32]. To develop the presented proof-of-concept board further towards an actual
PLC system for HV batteries, we will introduce our PLC channel modeling approach in the
following Section.

3. PLC Channel Model Components

PLC system development requires a thorough understanding and modeling of the
channel transfer characteristics. To gain broadband information about the PLC channel, a
wide frequency range from 10 kHz to 300 MHz is considered in the following.

Commonly, there are two main approaches for PLC channel modeling reported in lit-
erature: deterministic and statistical [25]. The first approach relies on a detailed description
of the network topology including accurate data link models, whereas the second approach
uses statistical descriptions of the topology, often supplemented by extensive measurement
campaigns used for model fitting [25]. Conventional in-home PLC systems usually require
statistical modeling because the number of PLC coupling points and its locations within
the system can vary [30].

In contrast, automotive HV batteries are large-format systems that are built from
Li-ion cells connected in series, parallel or mixed configurations to obtain the necessary
power for the traction motor and auxiliary systems [41]. Once implemented in the EV, the
HV battery does not change its topology because no additional, unpredictable loads can be
connected to the system except of an electric charger. Hence, we can consider the battery
PLC system as static [24] enabling us to apply a deterministic channel modeling approach.

In the following, we present our bottom-up modeling approach, which is based on
circuit-based models of (1) the battery cell, (2) coupling mechanisms among cells, and (3) the
electrical connection between cells. The model components are derived from measurements
and 3-D EM simulations and aim to describe the small-scale battery pack presented in the
previous Section. Although it is quite common to use transmission line theory for PLC
channel modeling [25], we applied circuit-based modeling throughout this work to obtain
a meaningful PLC channel model allowing physical interpretations of the results. This is
reasonable because the physical dimensions of the battery pack components are well below
the considered wavelengths.

3.1. High Frequency Model of a Single Battery

As the development of EVs advances, an increasing number of highly dynamic loads
such as DC/DC converters and motor drives are being connected to the HV battery.
To predict their impact on conducted emissions in the HV power lines, high frequency
modeling of batteries recently gained increasing attention [42]. However, as most of the
reported HF battery models such as [21,22,43,44] are limited in frequency and follow a
black-box approach, we presented a novel physical-based model of cylindrical Li-ion cells
valid for frequencies from 1 kHz to 300 MHz in [45]. The derived equivalent electrical
circuit (EEC) model is depicted in Figure 3a and can be considered as a grey-box model
as it gives insights into different resistive-inductive effects occurring inside the battery in
specific frequency bands. Besides, the physical-based model elements are related to the
geometrical structure of the cell. In general, cylindrical Li-ion cells are manufactured by
coating metallic current collector foils with the active electrode materials to form anode and
cathode, which are wound with separator foils in between into a jelly roll. The rolled-up
layers are usually placed into a firm metal casing, where metallic tabs connect the cathode to
the positive terminal and the anode to the negative terminal and cell casing [46]. Typically,
additional safety devices such as current interrupt devices (CIDs) are implemented [47].
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Figure 3. High frequency characterization of a cylindrical battery cell: (a) Physical-based EEC battery model including
internal and external cell impedance valid from 1 kHz to 300 MHz; (b) Measured and modeled HF impedance response
versus frequency and percentage deviation.

The spiral structure inherently leads to an increased inductive behavior of the cell
for high frequencies (already starting above some kilohertz), which is modeled by the
inductance Lw and the resistance Rw of the current collector windings, and the ionic re-
sistance Rion of the stacked electrode layers. Remaining external inductive effects due
to tabs, bonding wires, and the cell’s electrical length are summarized in the component
Lext. The resistance Re summarizes ohmic effects caused mainly by the limited electrolyte
conductivity and contact resistances within layers and between layer interfaces. For fre-
quencies above 10 MHz, the current penetration depth in the collector foils decreases
due to electromagnetic field effects, which is known as the skin effect. The increasing
current concentration on the conductor’s surface let the internal resistance of the conductor
increase, while the internal inductance decreases. In the EEC model, this is described
by Rint and Lint, respectively. It should be noted that the EEC model does not include
electrochemical battery reactions with time constants >1 ms as they are not relevant for
the PLC frequency range of interest [45]. The model was parametrized by HF impedance
measurements on the Samsung ICR18650-26J Li-ion cell using a vector network analyzer
(VNA) with the shunt-through method, which is specialized for broadband low-ohmic
impedance measurements [48]. The model parametrization was optimized for PLC fre-
quencies yielding an adequate fit from 500 kHz up to 300 MHz as visible in Figure 3b. The
resulting fitted values of the EEC elements are summarized in Table 1. As designated in
Figure 3a, the cell impedance can be separated into an internal and an external impedance
part, where the external part formed by Lext will interact with the environment as demon-
strated in Section 3.2.2. The value of the external inductance Lext is comparable with the
self-inductance of a hollow cylinder with the same physical dimensions as the 18650 cell,
suggesting a similar behavior of cell and cylinder for high frequencies. For a more detailed
EEC model derivation and validation, the reader is referred to our previous work [45]. As
mentioned before, the cell impedance Zcell is low-ohmic for low frequencies, which can
be seen from the impedance modulus results in Figure 3b. For higher frequencies, the cell
impedance increases because of its inductive properties and exhibits an impedance greater
than 1 Ω above 1 MHz. Therefore, PLC frequencies above this frequency are preferred,
although an access impedance of 1 Ω is still challenging [25]. Previous works focusing
on larger prismatic Li-ion cells found similar impedance values for a 24 Ah cell [34] and
significantly smaller values (≈0.2 Ω at 10 MHz) for a 34 Ah cell [49].
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Table 1. EEC elements of the battery model of Figure 3a including their physical interpretation and value range for the
Samsung ICR18650-26J. The given frequency ranges indicate, where the elements contribute most to the overall impedance.

Element Physical Meaning Fitted EEC Value Range [45] Main Frequency Range

Re Electrolyte, contact, and CID resistances 30 . . . 40 mΩ Broadband
Rion Ionic resistance of stacked electrode layers and electrolyte 1.0 . . . 1.5 Ω 20 kHz to 10 MHz
Rw Electrical resistance of collector windings 3 . . . 7 mΩ 20 kHz to 10 MHz
Lw Jelly roll winding inductance 130 . . . 140 nH 20 kHz to 10 MHz

Lext
External inductance due to the cell’s length, tabs and

bonding wires 15 . . . 25 nH Broadband

Rint Internal/ surface resistance due to skin effect 10 . . . 15 Ω above 10 MHz
Lint Internal inductance due to skin effect 3 . . . 6 nH above 10 MHz

3.2. Capacitive and Inductive Coupling Effects between Cells

For an accurate PLC channel model, it is important not only to model the Li-ion cells,
but also to include coupling mechanisms among cells in the model. When Li-ion cells are
placed in close proximity, capacitive coupling between adjacent cells can be observed as
reported in previous works [21,22,50]. Moreover, we also expect inductive coupling to be a
significant contributor to the overall PLC channel characteristics. As no literature could
be found on quantifying cell-coupling mechanisms over frequency, we investigate both
broadband capacitive and inductive coupling in the following.

3.2.1. Capacitive Coupling

As can be seen from the PLC demonstrator photograph (Figure 2b), the cells are placed
in triplet plastic cell holders, which ensure a distance of 1 mm between adjacent cells. To
measure the coupling capacitance, two Samsung ICR18650-26J were placed next to each
other into an unmounted triplet cell holder. Both cells are electrically isolated from each
other and one pole of each cell was connected to a VNA port as illustrated in the inset of
Figure 4a. Using the VNA reflect method [45], the high ohmic impedance between the two
cells was determined by measuring the reflection coefficient Γ, and the cell-to-cell coupling
capacitance Ccc was calculated according to:

Ccc =
1

2π f · ={Zmeas}
=

1

2π f · =
{

Z0 · 1+Γ
1−Γ

} , (1)

with the frequency f and the characteristic impedance Z0, which is 50 Ω in this work. As
visible in the inset of Figure 4a, the “Y”-shaped VNA connector exhibits serial inductances
as well as capacitive coupling between the connecting leads. These effects have been
excluded by de-embedding techniques similar to [49]. To gain deeper insight into the
capacitive coupling phenomenon, the cell holder was replaced by plastic spacers to alter
the distance between the cells. The de-embedded measured coupling capacitances are
depicted in Figure 4a for various cell distances. In addition, the raw measurement data of
the “Y”-connector are given. As the results suggest, the broadband coupling capacitance
is nearly constant above 1 MHz and exhibits approximately 10 pF for a distance of 1 mm.
Below this frequency, the high-ohmic reactive impedance of 1/(2π f Ccc) is assumed to
significantly deteriorate the VNA measurements. Due to the constant coupling above
1 MHz, we assume that the coupling capacitance is constant over the entire frequency
range and only depends on the outer metal casings of the cells and the distance in between
them. To prove this, Figure 4b compares the measured coupling capacitances at 20 MHz for
various distances with two commonly used capacitor models. As visible, an accurate match
could be achieved between measurement and the parallel-cylinder capacitor model [51]:

Ccc =
πε0εrl

ln

[
D+dcc

D +

√(
D+dcc

D

)2
− 1

] , (2)
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with the vacuum permittivity ε0, the relative permittivity εr, the cell length l = 6.5 cm, the
cell diameter D = 18 mm, and the distance dcc between the cells. The relative permittivity
εr in (2) was set to 2.1 and can be seen as an average value of the cell surrounding. For
further validation, the capacitive coupling has been simulated in CST Studio Suite® by
Dassault Systemes Deutschland GmbH (Stuttgart, Germany) [52]. The 3-D EM simulation
environment is depicted in Figure 5a and was used to calculate the static electric field and
the coupling capacitance between two hollow metal cylinders with a 1 mm distance. The
resulting electric field is presented in Figure 5b and the simulated coupling capacitance
exhibits a value of 9.56 pF, which is close to the measurement value indicated in Figure 4b.
As the relative permittivity of the cell holder made of thermoplastic polyester was not
given in its datasheet, a typical value was chosen from literature (εr = 3 . . . 4 [53]). In
conclusion, the capacitive coupling does not depend on the internal cell structure but only
on the outer cell casings and their spacing. Further investigations also showed that the
orientation of the cells (parallel or antiparallel cell polarity) had no influence.

Figure 4. Measured capacitive coupling between two adjacent cylindrical cells: (a) Measured coupling capacitance versus
frequency for various distances between two cells; (b) Coupling capacitance at 20 MHz extracted from the measurements
(a). For comparison, two commonly known capacitor models are added.

Figure 5. 3-D EM model to simulate capacitive coupling between cylindrical cells: (a) Model structure containing two
hollow metal cylinders, PVC heat shrinking tubes, and plastic cell holder; (b) Static electric field distribution.

3.2.2. Inductive Coupling

If two wires are located in close proximity, a time-varying current in one wire generates
a magnetic field that induces a voltage drop on the other wire. In circuit analysis, this
phenomenon is described by mutual inductance [54]. In the following, we demonstrate
that mutual inductive coupling can also be observed in the case of adjacent battery cells.
To determine the mutual inductance M between two cylindrical cells placed in parallel, the
Grover method [55] was used, which links M and the self-inductance Lsel f of a single cell
to the total inductance Lloop of two cells forming a current loop with:
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Lloop = 2
(

Lsel f −M
)

. (3)

Generally, this approach applies for linear conductors situated in parallel. To prove its
validity also for cylindrical battery cells, a 3-D EM simulation was conducted using CST
Studio Suite® (Dassault Systemes Deutschland GmbH, Stuttgart, Germany) A simplified
3-D cell model (depicted in Figure 6a) was used for the simulation because the derivation of
a detailed 3-D cell model is out of scope of this work and can be found in literature as in [56].
The 3-D cell model consists of only one spirally wound copper (Cu) current collector foil,
which is encased by a hollow metal cylinder and a PVC heat shrinking tube. Nickel (Ni)
tabs are attached to the cell windings. The number of windings and tab positions match
the Samsung ICR18650-26J and were derived from a computed tomography (CT) scan
presented in our previous work [45]. The validity of using only one current collector instead
of two is given by the fact that in [57], a strong inductive coupling was found between
positive and negative current collectors leading to an effective winding inductance equal
to the inductance of a single current collector as we demonstrated in [58]. Using the Partial
RLC solver in the 3-D EM simulation, the self-, mutual, and loop inductance values could
be determined and are summarized in Figure 6b. In the first two frequency decades of
Figure 6b, the simulated self- and total inductance values decrease due to the skin effect,
whereas the mutual inductance is nearly constant. The resonance visible at approximately
200 MHz is caused by the boundary conditions, which need to be set to electrical instead of
open for the Partial RLC solver [52] and does not refer to the cell coupling.

As can be seen from Figure 6b, the simulated total inductance matches the calculated
total inductance using (3) thus validating the Grover method for cylindrical battery cells.
Solving (3) for M, the Grover method can be used to determine the mutual inductance
between two cells placed in parallel by measuring their total inductance Lloop and the
self-inductance of a single cell.

Figure 6. 3-D EM model to simulate inductive coupling between cylindrical cells: (a) Model structure containing two
hollow metal cylinders with PVC heat shrinking tubes, one spirally wound Cu current collector, and two Ni tabs each;
(b) Simulated and calculated loop, mutual, and self-inductances proving the validity of the Grover method [55].

For the loop inductance measurement, two 18650 cells were placed 1 mm apart and
were electrically connected at one end by a solid wire as illustrated in the inset of Figure 7a.
Using the VNA shunt-through method [48], the low-ohmic impedance of the serially
connected cells was measured and de-embedded from the measurement setup considering
lead inductances and the previously determined capacitance coupling. The resulting loop
inductance of the two cells was calculated from the measured, de-embedded impedance
Z using:

L =
={Z}
2π f

. (4)
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In the same way, (4) was used to derive the self-inductance of a single cell from the
impedance measurement results shown in Figure 3b.

Figure 7. Inductive coupling among adjacent cells and cell connector resistance and inductance: (a) Measured inductance
values of single cells, two serially connected cells and calculated mutual inductive coupling; (b) Self-partial inductance and
internal resistance of the cell holder contacts, obtained from 3-D EM simulations.

The resulting mutual inductance M obtained by Equation (3) and the inductive cou-
pling factor k := M/

√
Lsel f Lsel f = M/Lsel f are summarized in Figure 7a. The inductive

coupling factor is rather small below 1 MHz, yet increases significantly between 1 MHz
and 20 MHz. Figure 7a also depicts the determined self-inductance Lsel f of a single cell
and the total inductance Lloop of two cells forming a loop. Both decrease remarkably for
higher frequencies, which can be explained by the current distribution inside the cell,
which changes over frequency. For frequencies below 1 MHz, most of the current flows in
circumferential direction along the current collector windings, thus creating a high jelly
roll inductance. At the same time, the metal casing of the cell is assumed to shield the
inner magnetic field leading to a small overall inductive coupling. For higher frequencies
above 1 MHz, the current tends to concentrate close to the outer cell casing because there,
the current experiences the least cylinder inductance and thus reactive impedance [58,59].
In this frequency range, the value of the mutual inductance is approximately constant at
18 nH. This is in accordance with the simulation results of Figure 6b as well as with the
mutual inductance formula of two parallel wires according to [55]:

M ≈ µ0

2π

(
ln
(

2l
d

)
− 1 +

d
l

)
. (5)

Using the cell’s length l = 6.5 cm, the cell center distance d = 19 mm (i.e., 1 mm
distance between the cells of 9 mm radius) and the permeability µ0 = 4π · 10−7 H/m of
free space, (5) yields a mutual inductance of approximately 16 nH. Taking into account that
(5) does not consider magnetic fringe field effects at the ends of the cells, the theoretical
value fits the experimental results. This demonstrates that the external magnetic field of the
battery being responsible for the inductive coupling resembles the external magnetic field
of a cylindrical conductor with similar dimensions as the 18650, which is in accordance
with the previous works [45,59]. While the mutual inductance above 1 MHz is nearly
constant, the self and loop inductance values decrease significantly, which let the inductive
coupling factor increase. In conclusion, for PLC frequencies above 1 MHz, significant
inductive coupling has to be considered up to a coupling factor of 0.8 or mutual inductance
values of 18 nH, respectively. The described experiments were also carried out for parallel
cells with opposite orientation, showing no difference in the results similar to Section 3.2.1.
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To include the mutual inductive coupling in the cell model of Figure 3a, two EEC
cell models connected in series were fitted to the corresponding de-embedded impedance
measurement of two cells. The results show that including a constant mutual inductance
of 18 nH among the external inductances Lext yields a meaningful match between model
and measurement. Again, this demonstrates that the mutual inductance M above 1 MHz
can be considered nearly constant and applies only to the external inductance Lext of the
battery cell.

3.3. Electrical Cell Connection and Contact Resistance

Beside the cells and their electromagnetic interaction, also the electrical intercon-
nection among the cells including contact resistances have to be considered in the PLC
channel modeling process. For this, the self-inductance Lcon and resistance Rcon of the
18,650 cell holder contacts have been determined by 3-D EM simulations. The results are
illustrated in Figure 7b, exhibiting the typical progression over frequency due to the skin
effect. Additional contact resistances may occur between the cell terminals and the cell
holder contacts, caused by material surface roughness and passivating film layers [60].
However, cell impedance measurements showed that contact resistances become negligible
for high frequencies, which can be explained by capacitive coupling across the connecting
interfaces [61].

4. PLC Channel Model and Transfer Characteristics

In this Section, the PLC channel model and simulation results regarding the transfer
characteristics are demonstrated. Furthermore, the channel model is validated by measure-
ments on the PLC hardware demonstrator. The simulations were carried out using the
circuit simulator SPICE. By cascading the model components presented in Section 3, the
small-scale battery pack of Figure 2a was rebuilt in the simulation environment. Figure 8
gives an insight into the cascaded model structure, where multiple EEC cell models are con-
nected in a meandering pattern with the cell connectors, each one modeled by Lcon and Rcon
(indicated by the grey boxes in Figure 8). The model also includes capacitive and inductive
coupling effects identified in the previous Section 3 by the elements Ccc and M, respectively.
For better illustration, each internal cell impedance is marked by a yellow-colored box,
showing no interaction with the environment as described in Section 3.1.

Figure 8. PLC channel model segment including cascaded battery cell models, coupling capacitances,
mutual inductance, and electrical connections (marked by grey boxes). The internal impedances of
the cells (i, i + 1 . . . ) are marked by yellow boxes.

4.1. PLC Channel Model Validation

Since the PLC channel model components of Section 3 were parametrized in the
frequency domain, it is reasonable to validate the entire channel model in the time domain.
For that, the PLC hardware demonstrator introduced in Section 2 was used to generate a real
2-ASK-PLC signal with 160 mVpp across the small-scale battery pack of Figure 2b (details
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on the signal generation can be found in [32]). The pack voltage and the individual cell
voltages were measured and digitalized using an oscilloscope MSO58 by Tektronix GmbH
(Cologne, Germany). The measured pack voltage was imported into the SPICE simulation
providing an input signal to simulate the PLC voltage drops across the single cells. The
results are illustrated in Figure 9a and b in case of cell 1 (leftmost cell in Figure 2b). The
comparison between measurement and simulation gives a close match, thus graphically
demonstrating the validity of the used PLC channel model. This is also confirmed by
the low root mean square error (RMSE) between measurement and simulation, which is
approximately 1.0 mV.

Figure 9. PLC channel model validation using a real ASK-PLC signal generated by the PLC hardware demonstrator of
Figure 2b: (a) Measured PLC voltages across battery stack (blue) and cell 1 (red) in comparison to the simulated PLC voltage
across cell 1; (b) Magnified scope view of (a) highlighting the fit between measurement and simulation.

4.2. PLC Transfer Function Simulation

The PLC channel transfer characteristics were evaluated within the simulation for both
master-to-slave (downlink) and slave-to-master (uplink) communication. To define the
PLC transfer function, Figure 10 redraws the PLC system of Figure 2a as two-port network
for the downlink case. The transmitter (TX) of the PLC master modem is linked via the
two-port network of the PLC channel to the receiver (RX) of the PLC slave modem, which
is located at an arbitrary Li-ion cell within the battery pack. The PLC channel is represented
by the channel model of Figure 8. As input or access impedance, the master modem sees
the entire pack impedance Zp( f ), whereas the slave modem sees the impedance Zcell( f ) of
a single cell. Based on this representation, the downlink transfer function is given by the
relationship between the PLC voltage Vs,i( f ) across the ith slave cell and the voltage Vm( f )
across the PLC master modem:

Hd( f ) =
Vs,i( f )
Vm( f )

. (6)

If the direction of communication is reversed, transmitter and receiver are swapped
in Figure 10 and the uplink transfer function Hu( f ) can be calculated likewise. Although
Hd( f ) and Hu( f ) are in general different, we remark that they hold the property of wide
sense symmetry [62]. Moreover, if Zm( f ) = Zs( f ), it follows that Hd( f ) ≈ Hu( f ) [63].

Both uplink and downlink transfer functions were simulated for all six cells of the
battery stack using the PLC channel model of Figure 8. For the simulations, the channel
model was connected to the master’s internal impedance Zm( f ) via coupling capacitors
to close the PLC current loop as shown in Figure 2a. Likewise, PLC slave modems were
connected in parallel to the single cells. As in PLC systems, the goal is to increase the
voltage amplitude rather than the power of the received signal [64], the transmitter’s
output impedance is low-ohmic (<2 Ω for our demonstrator), whereas the receiver’s input
impedance is set to high values (>100 kΩ in our case). The simulation results are given for
downlink and uplink in Figure 11a,b, respectively. The outer cell nodes 1, 3, 4, 6 and the
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inner nodes 2, 5 show similar transfer characteristics. A more attenuated transfer function
is seen across cells 2 and 5 for both uplink and downlink, which can be explained by
enhanced inductive coupling in the middle position of the triplet cell holders. Considering
the downlink, the battery pack can be seen as a 1/N voltage divider, with N being the
number of cells. Adopting this for our case, Hd( f ) has an ideal value of 1/6 or −15.56 dB.
As visible in Figure 11a, this value is reached by the outer cell nodes for frequencies
>20 MHz. For lower frequencies, the inductance of the cell interconnections causes a
higher channel attenuation. The inner cells differ from the outer cells having a 2 dB lower
maximum value of Hd( f ) located between 1 and 2 MHz. For frequencies above 80 MHz,
Hd( f ) of all cells is strongly affected by capacitive coupling. Similar observations can be
made for the uplink case depicted in Figure 11b. However, Hu( f ) has a lower attenuation
than Hd( f ), which can be attributed to the master’s adjustable internal impedance Zm.
In the uplink case, Zm forms a voltage divider with the battery pack as it is part of the
PLC current loop. Therefore, by choosing a reasonably high impedance for Zm, one can
significantly improve the uplink transfer characteristics. Still, we remark that the access
impedance at the slave nodes remains low, requiring higher currents to generate a viable
PLC voltage compared to the downlink.

Figure 10. PLC system as a two-port network. PLC master (TX) and slave modem (RX) are connected
by the PLC channel model of Figure 8 exhibiting the downlink transfer function Hd( f ).

Figure 11. Simulated PLC channel transfer characteristics for the small-scale battery pack of Figure 2a: (a) Master-to-slave
(downlink) transfer function Hd( f ) for all cells including an optimized transfer function by appropriate RX matching at the
slave node to maximize the received PLC voltage. The ideal behavior of a 1/6 voltage divider is added for comparison;
(b) Slave-to-master (uplink) transfer function Hu( f ) for all cells including an optimized transfer function by appropriate RX
matching at the master node to maximize the received PLC voltage.

Further simulations revealed that the PLC transfer characteristics can still be improved
using the findings on optimized receiver impedance matching of [64], where the authors
found the real part to be zero and the median value of the imaginary part close to zero in
a series of case studies. Accordingly, to maximize the amplitude of the received voltage
signal, the impedance of the PLC receiver is set to have the opposite imaginary value to
the access impedance (i.e., the battery impedance) and a null real value. Evaluating the
imaginary part ={Z( fc)} of both single cell and battery pack impedance at the PLC carrier
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frequency fc yields a positive value of the reactance due to the inductive cell behavior.
Using C = [2π fc · ={Z( fc)}]−1, we obtain capacitance values of 2.0 nF and 0.5 nF for PLC
slave and master modems, respectively, generating the desired opposite reactance value at
fc. Inserting the calculated capacitances as impedances Zm and Zs of the PLC modems for
both uplink and downlink results in the optimized transfer characteristics at fc as drawn
by the dashed orange lines in Figure 11a,b.

In conclusion, the developed PLC channel model can be used for predicting and
optimizing the transfer characteristics of a PLC over batteries and can be used also for
large-scale battery packs in future works.

5. Coexistence Analysis

For the development of a PLC system, it is essential to address the coexistence between
PLC and the existing BMS cell monitoring circuits. Possible interference scenarios need
to be examined in order to mitigate them in later design stages. In the following, we
will consider the disturbance of BMS CMCs in terms of voltage, current, and impedance
sensing caused by PLC signals. In general, the interference is two-fold as it can occur in
both directions. However, one direction can be largely excluded.

5.1. PLC Disturbance by BMS Monitoring

BMS monitoring is expected not to cause severe PLC signal distortions for the follow-
ing reasons: (1) Voltage and current measurements do not require additional excitation
signals that could interfere with PLC signals. (2) The frequencies of EIS measurements (typ-
ically 1 mHz–10 kHz [65]) are much lower than typical PLC carrier frequencies (>1 MHz).
Therefore, no PLC interference coming from the EIS circuitry is expected.

It should be added, though, that online EIS may use a periodical square wave as
excitation signal as will be described in the experimental Section 5.2.1. In this case, higher
harmonics are inherently present as given by the Fourier series of a periodical square wave
with amplitude î and frequency 1/t0:

4î
π

∞

∑
n=1,3,5,...

1
n

sin
(

n · 2π
1
t0

t
)

(7)

By calculating the series of harmonics with (7), their attenuation with respect to the
fundamental can be determined. The first harmonic is attenuated by 9.54 dB, the third
harmonic by 13.98 dB etc. Given the limited EIS frequency range and the fact that EIS
voltage responses must not exceed amplitudes of 10 mV to ensure linearity [11], interference
with PLC signals in the megahertz range is not expected.

In the case of EIS amplitudes higher than 10 mV, the nonlinear signal response of the
battery can generate higher harmonics. As reported in [66], by using nonlinear frequency
response analysis (NFRA), the authors were able to detect frequency components up to the
fifth harmonic. Still, the electrochemical cell processes responsible for the nonlinearities
were found to occur only below 200 Hz [66], which is far below PLC carrier frequencies.

Although PLC interference by BMS monitoring can be largely excluded for the stated
reasons, the CMCs attached to the battery cells may alter the PLC channel characteristics.
As shown in Figure 12, the PLC access impedance across a single cell node is decreased if
the CMC used in the experiments in Section 5.2.1. is connected to the cell under investi-
gation. The resonance at approximately 1.4 MHz is likely caused by the capacitive filter
characteristics of the CMC. However, the impact on the overall PLC channel characteristics
can be simply mitigated by choosing a PLC carrier frequency placed deliberately above the
resonance or by the integration of decoupling circuits.
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Figure 12. Difference between single cell impedance and overall access impedance for the case that a
CMC is attached to the cell.

5.2. BMS Monitoring Disturbance by PLC

PLC signals may interfere with cell monitoring tasks such as voltage, current and
impedance measurements, when PLC frequency components are present in the baseband
(<10 kHz). Since DC current and voltage measurements need to withstand electromag-
netic interference (EMI) coming from the HV power lines, BMS cell monitoring circuits
are usually equipped with EMI filters such as blocking capacitors [67]. Therefore, PLC
signals are supposed to be filtered out by the EMI filtering devices and do not affect DC
measurements. On the other hand, EIS involves cell perturbation by a single-tone AC
voltage or current and acquiring the response signal in terms of amplitude and phase. The
frequency-dependent cell impedance is then derived by the relationship between voltage
amplitude v̂ and current amplitude î and their phase shift ∆Φ at various frequencies fEIS:

Z( fEIS) = |Z( fEIS)|ejΦZ( fEIS) =
v̂
î

ej∆Φ
∣∣∣∣

f= fEIS

. (8)

For a rectangular excitation, the impedance is defined in a more general form consid-
ering the discrete Fourier transform (DFT) of cell voltage V(2π fk) and current I(2π fk) at
the discrete frequencies fk:

Z(2π fk) =
V(2π fk)

I(2π fk)
=
|V(2π fk)|
|I(2π fk)|

ej·arg{V(2π fk)}−j·arg{I(2π fk)} . (9)

The signal acquisition can be, for example, realized by a bandpass delta–sigma (∆-Σ)
analog-to-digital converter (ADC) as described in [10]. Supposing a PLC signal being
present and containing a frequency component equal to an EIS measurement frequency,
it is expected that the spectral component of the PLC signal may pass through the EIS
filter structures thus distorting the EIS measurement. Although the frequency bands of EIS
(1 mHz–10 kHz) and PLC (carrier frequency > 1 MHz) are quite different, in the following,
we will demonstrate in detail that certain PLC data or packet rates may interfere with
EIS measurements.

5.2.1. EIS Disturbance by PLC: Experimental Setup

For EIS interference investigations, we designed an experimental CMC board, whose
basic structure is shown in Figure 13. A Samsung ICR18650-26J Li-ion cell is stimulated
by a PLC signal and an EIS signal at the same time. The PLC signal is created by a
signal generator allowing flexibility in terms of PLC amplitude, data rate, and modulation
scheme. For impedance measurements, a prototype integrated circuit (IC) by Infineon
Technologies AG (Neubiberg, Germany) is used. Besides temperature and DC cell voltage
measurements, the IC performs a galvanostatic EIS by forcing an adjustable sinusoidal or
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rectangular (square wave) AC excitation and sensing the AC voltage response of the cell.
The complex-valued cell impedance is determined by internal signal processing within the
IC and can be plotted in a Nyquist plot as illustrated in Figure 13. Measurement accuracy
and resolution are ensured by narrowband input filters, adjustable acquisition times and a
sufficient dynamic range of the ADCs. The IC is supplied by a single Li-ion cell having a
local ground reference, where it only sees the low voltage of a single cell rather than the
high voltage of the entire pack.

Figure 13. Experimental setup comprising a Samsung ICR18650-26J Li-ion cell mounted on a CMC
board with integrated online EIS by an Infineon prototype IC. An external signal generator can be
connected to the CMC providing adjustable PLC signals.

During the experiments, a variety of experimental signal parameters have been modi-
fied, which are summarized in Table 2.

Table 2. Experimental parameters of PLC and EIS signals.

Parameter Settings

PLC

Amplitude 10 mVpp . . . 100 mVpp
Carrier frequency 20 MHz (±1 MHz for FSK)

Modulation scheme 2-ASK, 2-FSK, 2-PSK
Modulation signal Square wave, PRBS

Bit rate 0.1 kbps . . . 2 Mbps
Time division Continuous bit stream, data packets

EIS

Excitation current amplitude 10 mA (0.004 C), 67 mA (0.026 C)
Response voltage for 976.6 Hz 0.8 mVpp, 5.4 mVpp

Measurement frequency Sweep or single point (976.6 Hz)
Measurement time per freq. point 25 ms . . . 1600 ms

During the experiments, a variety of experimental signal parameters have been mod-
ified, which are summarized in Table 2. EIS measurements were performed either for a
single frequency or a complete frequency sweep as shown in Figure 13. Two different EIS
excitation currents as well as different acquisition times per frequency point were used. For
the PLC signals, various sinusoidal carrier amplitudes between 10 mVpp and 100 mVpp
were investigated. Different narrowband digital modulation schemes such as 2-ASK, binary
frequency shift keying (2-FSK), and binary phase shift keying (2-PSK) were also inspected.
As modulating signal, we used a periodical square wave or a pseudo-random bit sequence
(PRBS) that is sent either as permanent data stream or allocated in data packets. The
modulation frequency (i.e., data rate) was altered between a few hertz and 2 MHz. For
each parameter setting, the EIS measurement was conducted ten times and the results were
averaged to increase the confidence level.

5.2.2. EIS Disturbance by PLC: Results and Discussion

Since the experimental parameters given in Table 2 lead to multitudinous combinations
for both EIS and PLC signals, only selected interference scenarios are presented in the
following. Stated beforehand, the majority of experiments did not lead to EIS interference
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by PLC. As the overall results suggest, an interference only occurs, when a PLC frequency
component happens to be close to an EIS measurement frequency. In the experiments, this
was found for PLC data or packet rates close to an EIS frequency point. A typical EIS result
distorted by PLC can be seen in the Nyquist plot of Figure 13.

Figure 14a shows a time signal measured by an oscilloscope that exemplifies the
superposition of a rectangular EIS excitation and a 2-ASK PLC signal modulated by a
low data rate square wave. Due to the galvanostatic EIS excitation, both the cell’s voltage
response and the applied PLC voltage accumulate and their sum will be measured by the
EIS IC. If the frequency of the modulating square wave approaches an EIS frequency point
fEIS, a selective disturbance of the measurement at fEIS can be observed as in Figure 13.

How close the disturber has to approach the EIS frequency to cause an interference is
illustrated in Figure 14b for fEIS = 976.6 Hz. The given percentage impedance measure-
ment deviation is calculated from the 90% confidence interval normalized by the averaged
impedance. The closer the modulation frequency is to fEIS, the more severe the interfer-
ence gets, which is approximately six times higher for the lower EIS excitation amplitude
(5.7% for 0.8 mVpp, 0.9% for 5.4 mVpp). Only a few hertz apart from fEIS, the percentage
impedance deviation drops significantly.

To find the origin of the disturbance, a real 2-ASK PLC voltage signal was digitalized
by an oscilloscope and the spectrum was calculated using Fast Fourier transform (FFT).
The resulting FFT spectrum is shown in Figure 15a displaying one-sided true amplitudes.
For comparison, Figure 15b shows the ideal spectrum of the same 2-ASK signal generated
by simulation. The spectrum of the ideal ASK signal has only one main spectral component
located at the carrier frequency and levels off to both sides. Therefore, ideally no significant
baseband components are expected. However, when looking at the spectrum of the
real signal, beside higher harmonics of the carrier, there is also an essential baseband
component right at the frequency of the modulation signal. We assume that due to non-
ideal modulation by the signal generator or other non-ideal down conversion effects, this
spectral component is responsible for the EIS interference and may be avoided by prior
bandpass-filtering of the PLC signal.

In order to evaluate how different PLC signal properties enforce the selective EIS
interference seen in the Nyquist plot of Figure 13, we now intentionally set the PLC
modulation frequency exactly to an EIS frequency point fEIS. For the following results, the
frequency fEIS = 976.6 Hz is taken as representative for all EIS frequency points.

Figure 14c highlights the influence of different PLC amplitudes and EIS measurement
times in case of a square wave modulating signal with fEIS = 976.6 Hz. Interestingly,
all EIS impedance measurements of one PLC setting are located on a sphere around the
reference or “true” impedance. Larger PLC amplitudes and shorter measurement times let
the impedance error and thus the radius of the sphere increase. However, from Figure 14d
averaging the results of Figure 14c including 90% confidence intervals, it becomes clear that
only large measurement times (800 ms, 1600 ms) can significantly reduce the impedance
measurement spread. For the smallest PLC amplitude (10 mVpp), the inset of Figure 14c
indicates that the spherical distribution of the impedance measurements is slightly disar-
ranged by superimposed noise.
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Figure 14. PLC interference with simultaneous EIS measurement: (a) Time signal of superimposed 2-ASK PLC and
rectangular EIS voltage signals measured across the cell terminals (AC-coupled); (b) Percentage EIS measurement deviation
for various PLC modulation frequencies around an EIS measurement frequency; (c) Impedance measurement results at
a single frequency point for a variety of 2-ASK PLC signal amplitudes and EIS measurement times; (d) Representation
of (c) by mean values and 90% confidence interval bars; (e) Impedance deviation for different PLC modulation signals
represented by mean values and 90% confidence interval bars; (f) Percentage impedance deviation based on normalized
90% confidence intervals for different PLC amplitudes, modulation signals, and time divisions.
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Figure 15. One-sided true amplitude DFT spectra of a 2-ASK PLC signal modulated by a periodical square wave with
frequency 976.6 Hz (a) Real PLC signal spectrum and time signal (inset); (b) Ideal PLC signal spectrum calculated
by simulation.

The difference between measured and true impedance seen in Figure 14c can be
described by an error vector, which circles around the reference value depending on the
phase relationship between PLC and EIS signal. Based on (9), the impedance error vector
can be broken down into voltage and current DFT error vectors having the same circulating
behavior depicted in Figure 16. Summing up the EIS-caused and PLC-caused voltage DFT
vectors VEIS(2π fk) and VPLC(2π fk) results in the overall DFT voltage vector VΣ(2π fk),
which is seen by the EIS IC.

Figure 16. Argand diagram of the complex voltage DFT values for a specific discrete frequency fk.
The PLC error voltage circles around the reference voltage value VEIS(2π fk). The sum of reference
and error vector gives the actually measured voltage DFT value for fk.

Since the EIS excitation current is still measured correctly by the IC regardless of the
superimposed PLC signal, the DFT current error vector is zero, and the impedance error
vector Zer can be approximated by the superposition of the voltage DFT vectors at the
discrete frequency fk by the following expression:

Zer, fk
:= ZΣ, fk

− Ztrue, fk
=

VΣ(2π fk)−VEIS(2π fk)

IEIS(2π fk)
=

VPLC(2π fk)

IEIS(2π fk)
, (10)

with the true impedance Ztrue and the effectively measured impedance ZΣ.
In another experiment, the impact of the modulation signal waveforms (listed in

Table 2) on the EIS frequency point at fEIS was evaluated using the following settings: For
the PRBS modulating signal, a bit rate of 2 fEIS is chosen because the time per bit is half
of the EIS period 1/ fEIS. For the packet stream, PRBS data with 500 kbps are repeatedly
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switched on and off with the frequency fEIS. As before, the square wave modulating signal
has a frequency of fEIS. All three signals are 2-ASK modulated onto the sinusoidal carrier
located at 20 MHz. The impedance results at fEIS for the different modulation signals are
averaged and displayed in Figure 14e with 90% confidence intervals. Clearly, the square
wave modulation signal has the highest impact on the EIS measurement, whereas the PRBS
only leads to small distortions. This can be explained by the higher fundamental content
in the periodic square wave than in the PBRS. On the other hand, the PBRS packets are
periodically sent with the packet rate fEIS, therefore having a higher fundamental content
than the continuous PBRS stream, which leads to a more severe interference. In all three
cases, longer EIS measurement times lead to a decrease in measurement error.

The presented results are summarized in terms of percentage measurement deviation
in Figure 14f, which again highlights the influence of different PLC signal settings. In addi-
tion, results are given for different modulation schemes (2-ASK, 2-FSK, 2-PSK), suggesting
a rather small impact on the measurement deviation.

In conclusion, the most relevant factor for EIS disturbance by PLC is the modulation
signal’s frequency. As the typical frequency range of EIS is below 10 kHz, the critical
parameter is the data packet rate rather than the data rate, which is expected to be well
above the EIS frequency range. This means, interference can be largely mitigated by
avoiding PLC packet rates equal to EIS measurement frequencies.

6. Conclusions

Power line communications for HV battery systems is an attractive alternative com-
munication technique for BMS data transmission and can pave the way for advanced
single-cell monitoring methods such as electrochemical impedance spectroscopy being
implemented in future smart cells and smart battery systems. In this work, we developed
a bottom-up PLC channel model that can predict the PLC channel transfer characteristics
for both uplink (CMC to BMU) and downlink (BMU to CMC) communication in a small-
scale 18650 battery pack. Using a self-made PLC hardware demonstrator, the model was
successfully validated with real PLC signals on the battery pack.

The PLC channel model considers high frequency properties of cylindrical Li-ion cells
as well as capacitive and inductive coupling effects among adjacent cells. Impedance char-
acterization and modeling of a single Li-ion cell showed that for typical PLC frequencies
above 1 MHz, access impedances greater than 1 Ω per cell can be expected. Investigations
on the coupling mechanisms revealed that the coupling capacitance as well as the mutual
inductance between adjacent cylindrical cells can be approximated over a wide frequency
range by well-known formulas used for hollow metallic cylinders. Cell coupling is pre-
dominantly determined by the geometrical cell arrangement, while the direction of current
flow in two adjacent cells determines the sign (positive for same, negative for opposite
current direction) of the mutual inductance among them as described in [55].

The simulated PLC channel transfer characteristics vary between inner and outer cells
forming the battery stack, which is due to higher mutual inductive coupling inside the
stack. Capacitive coupling is observed to affect the transfer characteristics only above
approximately 80 MHz.

For future work, the presented modeling approach can be used for predicting the
transfer characteristics of large-scale HV battery packs as well as for designing customized
PLC modems. The model can also be adapted to large-format automotive cells with higher
capacity as long as they exhibit a similar rolled-up internal structure as the 18650 cells,
such as prismatic cells having elliptically wound electrodes [41]. As large-scale battery
packs consist of a high number of single Li-ion cells, the PLC channel is expected to have
a significantly higher attenuation than for the investigated PLC demonstrator. Because
the cells within a pack may be distributed three-dimensionally in space, they will not
entirely follow the parallel placement as in our setup (Figure 2b). This can lead to different
coupling among cells placed in series, which is expected to be smaller compared to the
parallel arrangement.
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The presented circuit-based PLC channel model can be used for further physical layer
analysis concerning channel noise characteristics, signal-to-noise ratio and bit error rate
(BER) requirements. According to the previous works [34,35], the PLC physical layer can be
modeled by (1) the master-slave channel transfer characteristics as determined in this work,
and (2) additive white Gaussian noise (AWGN) present for frequencies above 40 MHz. For
example, desired BERs below 10−3 were achieved by an Eb/N0 (energy per bit to noise
power spectral density ratio) of 9 dB in [35].

For the success of PLC for BMS applications, it is important to unfold and quantify
possible coexistence issues between PLC and BMS monitoring. Therefore, in the second
part of our work, we investigated various interference scenarios applying a large amount
of PLC signals with different settings. As the results demonstrate, BMS monitoring is not
expected to interfere with PLC signals. However, monitoring circuits attached to the cell
may slightly change the PLC access impedance and transfer characteristics. In contrast,
PLC signals can interfere with BMS monitoring, yet only in particular cases regarding
EIS. To prevent EIS distortions, PLC signals with packet rates equal to EIS measurement
frequencies should to be avoided or passed through effective bandpass filter devices. DC
monitoring is not affected by PLC signals since the measurement interfaces are protected
by effective filter structures.
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Abbreviations

2-ASK Binary amplitude shift keying
2-PSK Binary phase shift keying
2-FSK Binary frequency shift keying
3-D Three-dimensional
ADC Analog-to-digital converter
AC Alternating current
ASIL Automotive safety integrity level
AWGN Additive white Gaussian noise
BER Bit error rate
BEV Battery electric vehicle
BMS Battery management system
BMU Battery management unit
CAN Control area network
CID Current interrupt device
CISPR Comité International Spécial des Perturba-

tions Radioélectriques
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CMC Cell monitoring circuit
CRC Cyclic redundancy check
CT Computed tomography
DC Direct current
DFT Discrete Fourier transform
EEC Equivalent electrical circuit
EIS Electrochemical impedance spec-

troscopy
EM Electromagnetic
EMC Electromagnetic compatibility
EMI Electromagnetic interference
EV Electric vehicle
FFT Fast Fourier transform
GND Ground
HEV Hybrid electric vehicle
HF High frequency
HV High voltage
IC Integrated circuit
Li-ion Lithium-ion
LV Low voltage
NFRA Nonlinear frequency response analysis
OOK On-off keying
PCB Printed circuit board
PLC Power line communications
PRBS Pseudo-random bit sequence
RMSE Root mean square error
RX Receiver
SOC State of charge
SOH State of health
TX Transmitter
VNA Vector network analyzer
Nomenclature
Symbols Unit Description
∆Φ ◦ Phase shift between voltage and current

signals
ε0 8.854 · 1012 F/m Vacuum permittivity
εr Relative permittivity
ΦZ

◦ Phase of complex impedance
Γ Reflection coefficient
µ0 4π · 10−7 H/m Vacuum permeability
ϑ ◦C Temperature
Cc F Power line coupling capacitor
Ccc F Cell-to-cell coupling capacitance
Cdc F DC-link capacitor
D 0.018 m Cell diameter
dcc m Distance between cells
fc Hz Carrier frequency
fEIS Hz EIS measurement frequency
fk Hz DFT frequency point
Hd( f ), Hu( f ) dB Downlink and uplink PLC transfer func-

tion
î A Current amplitude
l 0.065 m Cell length
Lcon H Cell connector inductance
Lext H External cell inductance due to the cell’s

length, tabs and bonding wires
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Lint H Internal cell inductance due to skin ef-
fect

Lloop H Loop inductance
Lsel f H Self-inductance
Lw H Jelly roll winding inductance of the cell
M H Mutual inductance
n nth frequency harmonic
Rcon Ω Cell connector resistance
Re Ω Electrolyte, contact, and CID resis-

tances of the cell
Rint Ω Internal/ surface cell resistance due to

skin effect
Rion Ω Ionic resistance of stacked electrode

cell layers and electrolyte
Rw Ω Electrical resistance of cell

collector windings
t0 s Signal period
v̂ V Voltage amplitude
VEIS V + jV EIS voltage DFT vector
Vm V PLC voltage across master modem
VPLC V + jV PLC voltage DFT error vector
VΣ V + jV Overall DFT vector
Vs,i V PLC voltage across ith slave cell
XL Ω Inductive reactance
Z0 Ω Characteristic impedance
Zcell Ω + jΩ Complex cell impedance
Zer, fk

Ω + jΩ Complex impedance error at fk
Zm, Zs Ω + jΩ Master, slave transceiver impedance
Zp Ω + jΩ Battery pack impedance
Ztrue, fk

Ω + jΩ True complex impedance at fk
ZΣ, fk

Ω + jΩ Overall complex impedance at fk
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