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Abstract. In this work, various Lithium-ion (Li-ion) battery models are evaluated according to their accuracy, complexity and physical interpretability. An initial classification
into physical, empirical and abstract models is introduced.
Also known as “white”, “black” and “grey” boxes, respectively, the nature and characteristics of these model types are
compared. Since the Li-ion battery cell is a thermo-electrochemical system, the models are either in the thermal or in
the electrochemical state-space. Physical models attempt to
capture key features of the physical process inside the cell.
Empirical models describe the system with empirical parameters offering poor analytical, whereas abstract models provide an alternative representation.
In addition, a model selection guideline is proposed based
on applications and design requirements. A complex model
with a detailed analytical insight is of use for battery designers but impractical for real-time applications and in situ diagnosis. In automotive applications, an abstract model reproducing the battery behavior in an equivalent but more practical form, mainly as an equivalent circuit diagram, is recommended for the purpose of battery management. As a general
rule, a trade-off should be reached between the high fidelity
and the computational feasibility. Especially if the model is
embedded in a real-time monitoring unit such as a microprocessor or a FPGA, the calculation time and memory requirements rise dramatically with a higher number of parameters.
Moreover, examples of equivalent circuit models of
Lithium-ion batteries are covered. Equivalent circuit topologies are introduced and compared according to the previously
introduced criteria. An experimental sequence to model a
20 Ah cell is presented and the results are used for the purposes of powerline communication.

1

Introduction

Modern electronics come with significant energy consumption costs. Features like colorful displays, powerful processors and wireless communication are energy-hungry (Rao
et al., 2003; Hu et al., 2012). Unfortunately, battery technology has not kept up with the consumer electronics growth,
which has made the battery the bottleneck component in
portable and automotive electronics. Among all different battery technologies, Lithium-ion (Li-ion) batteries dominate
the consumer market. In 2013, five billion Li-ion cells were
sold worldwide; modern technologies store twice as much
energy per weight as the first commercial versions introduced
by Sony in 1991 (Van Noorden, 2014).
As shown in Fig. 1, the high energy density and compactness of Li-ion batteries make them the first choice for energy
storage in laptops, cameras, mobile phones, and other applications (Van Noorden, 2014).
However, their reliability and lifetime are limited and depend considerably on environmental conditions and history
of usage. Therefore, accurate and effective battery models
are needed for monitoring purposes (Hu et al., 2012; Rao
et al., 2003). Being also used in electric and hybrid vehicles, higher requirements on battery design and management
systems are set to ensure a safe, reliable and cost-efficient
operation. Therefore, accurate and computationally feasible
battery models are important. This paper presents a comparative study of various Li-ion battery cells, according to welldefined criteria.
Section 2 presents an insightful view into the structure of
a Li-ion cell and introduces the comparison criteria.
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Figure 1. Comparison of energy densities for different battery technologies

nately, depending on whether the cell is in the charging or
discharging cycle. In both cases, a reduction–oxidation (redox) reaction is responsible for the current flow. In the following, we will use the designations relative to the discharge
cycle. That means that the anode is the electrically negative
electrode delivering electrons to the outside circuit, and the
cathode is the electrically positive electrode.
The electrolyte is generally a lithium salt (e.g. Lithium
hexafluorophosphate, LiPF6 ) dissolved in an organic solvent (Worthman, 2015). The separator is a porous membrane
(typically Polypropylene or Polyethylene) separating the anode and cathode spatially and electrically. It is ion-permeable
so that only Li+ ions (and not the electrons) can migrate inside the cell between electrodes (von Srbik et al., 2016).
If a load is connected to the cell, the cell delivers current
to the outside circuit, i.e. the cell is being discharged. An oxidation reaction is happening at the anode (generally carbon,
i.e. graphit, hosting Li atoms), according to Reaction (1).
x · LiC6 → x · Li+ + x · e− + x · C6

(1)

The cathode (typically a Lithium Cobalt oxide) hosts a reduction reaction according to Reaction (2).
Li1−x CoO2 + x · Li+ + x · e− → LiCoO2

Figure 2. The structure of a Li-ion cell

Section 3 introduces in detail the different battery models
widely used in the literature and concludes with a comparative overview and an evaluation in the context of automotive
applications.
Section 4 reports on the experimental modeling of a 20 Ah
Li-ion battery hardcase cell and on an attempt to realize a
model-based powerline communication.

2

Modeling of Lithium-ion batteries: a guide

The battery is a thermo-electro-chemical system. In this
work, models in the electrochemical domain are of interest (Schmidt, 2013). Figure 2 (Rahimzei et al., 2012) shows
the composition of a Li-ion battery cell.
Every cell necessarily has 4 components: 2 electrodes, a
separator and an electrolyte. The designations of the electrodes as anode and cathode are relative and are used alterAdv. Radio Sci., 15, 83–91, 2017

(2)

The x Li+ ions liberated in Reaction (R1) at the anode migrate in the electrolyte through the separator to the cathode
and accumulate there. The electrons liberated in the same
reaction flow into the outside circuit through the load and
accumulate likewise in the cathode (Worthman, 2015). This
reaction continues until the concentration of active species
comes under a certain threshold and can no longer be sustained. Temperature and other environmental conditions, as
well as discharge rates affect the speed with which this voltage cut off is reached. The discharge cycle is then followed
by a charging cycle where Reactions (R1) and (R2) take place
in the opposite direction.
Numerous models for Li-ion cells and batteries are available in the literature. Modeling of the battery is important
during the design as well as the run time stage. During the
design stage, models help battery technology specialists develop better and more robust battery systems with less costs.
During the run time stage, accurate models help deliver information about the battery’s parameters of interest under given
system constraints. Possible applications of models are the
optimization of battery management, i.a. cell scheduling algorithms and the shaping of the discharge profile of the battery under performance constraints. This enables the maximization of the battery life time by trading off performance
using information about the State of Charge (SoC).
This comparative study attempts to compare models
widely used in the literature according to well-defined criteria. The models will then be evaluated in the particular context of Hybrid Electric Vehicles (HEV). The models available
in the literature are classified into physical, empirical and abstract models. Their comparison is based on three criteria:
www.adv-radio-sci.net/15/83/2017/
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Figure 3. Physical processes taking place into a Li-ion cell

the accuracy of the model, the complexity of the model, and
the physical interpretability offered by the model (Rao et al.,
2003).
The accuracy defines how closely the model can predict
battery state parameters and/or values of the battery variables of interest. The complexity sets the number of parameters needed for the model. Depending on the complexity
level, computations or in situ estimations will take a more
or less considerable time, which would put into question the
model suitability for real-time applications. Also, complex
models come with configuration effort costs. The physical
interpretability can also be defined as the analytical insight
the model provides. A model with a high level of physical
interpretability offers a good analytical understanding of the
physics inside the battery. The usefulness of this insight depends on the application.
3
3.1

Li-ion battery cell models: an overview
Physical models

Also known as white boxes (Schmidt, 2013), physical models
are low-level models with a high accuracy level (Rao et al.,
2003). They describe the structure of the materials and depict the complex electrochemical phenomena happening inside the cell, namely thermodynamics, active species kinetics
and transport phenomena.
Schmidt (2013) presented an overview of the physical phenomena as shown in Fig. 3. Four main processes are taking
place in three regions of operation: the two solid phases of the
electrodes material, and the liquid phase of the electrolyte.
The first process (process (1) in Fig. 3) is the passing
through of charges and takes place in the first region of operation: the solid phase of the electrode. This process describes the de- or intercalation of the Lithium ions into the
active material. The second process (process (2) in Fig. 3),
taking place in the same region, is the solid state diffusion
of Lithium ions compelled by the concentration gradient of
ions between the surface and the bulk of the electrode. The
third process (process (3) in Fig. 3) designates the electrons
conduction from one electrode to another through the outside
circuit. The fourth process (process (4) in Fig. 3) is the ions
www.adv-radio-sci.net/15/83/2017/
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conduction in the electrolyte through the separator. It is also
forced by the concentration gradient and is based on diffusion but happens at a higher rate than in solids.
Based on interdependent differential equations, a large
number of parameters is needed along with a high configuration effort to establish a physical model. Diffusion coefficients as well other material related characteristics are important parameters in the equations (Keil and Jossen, 2012).
Examples of research attempting on physical modeling of Liion batteries are presented by Smith et al. (2007) and Verbrugge et al. (2000). Such models offer a high analytical
insight, which might be interesting for battery technology
specialists and material scientists. However, from an electrical engineering point of view, such an insight is not necessary. With sometimes more than 50 parameters, the complexity is significantly high. This increases the requirements for
needed memory and computation time. Some models were
reported to have run into over-fitting problems (Hu et al.,
2012).
3.2

Empirical models

Empirical models are also called black boxes (Schmidt,
2013) because of the poor insight they offer into the system. They are based on empirical parameters which do not
have any physical significance in some cases (Rao et al.,
2003). The mathematical approaches used to define the transfer function from the inputs to the outputs of the black box
make these models easy to configure, and able to deliver
quick responses and predictions. However, their accuracy remains limited, especially if the model is too simple (Rao
et al., 2003). The accuracy and the physical insight can be
improved if combined with a low-level model (Sect. 3.1).
More sophisticated models achieve better results based on
stochastic models and/or fuzzy logic and can deliver battery
related parameters. Examples for such models are presented
by Yu (2015) and Wu et al. (2012). The work of Jiani et al.
(2014) is also based on a similar mathematical approach; the
model presented itself is rather to be classified under the category of the abstract models, which is presented in Sect. 3.3.
3.3

Abstract models

Also known as grey boxes (Schmidt, 2013), abstract models
provide an alternative representation of the physical entity. In
the context of Li-ion batteries, these models present a different, but equivalent representation of the battery system. Different forms are therefore possible; the representation as an
electrical equivalent circuit is, however, very popular. Examples are provided by Hu et al. (2012), Rahmoun and Biechl
(2012), Huria et al. (2012) and Ouannes et al. (2014). The
circuit-based models are simple and practical because they
allow for the complex electrochemical process to be replaced
by a simple electrical circuit. The correlation with battery dyAdv. Radio Sci., 15, 83–91, 2017
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Figure 4. The zero-time-constant model of a Li-ion cell

Figure 5. The one-time-constant model of a Li-ion cell

namics is therefore preserved, without compromising much
of the accuracy (Moss et al., 2008).
The configuration cost needed for these models is reduced
compared to low-level models, but look-up tables are still
required in order to match experimental data. The complexity is flexible depending on the computation unit and memory resources. More complex but also more accurate models take second-order effects like temperature, aging and capacity fading into consideration, as presented by Huria et al.
(2012) and Erdinc et al. (2009).
3.3.1

Simple circuits as Li-ion battery models

The simplest form of an equivalent circuit model to represent
a battery is a zero-time-constant circuit as shown in Fig. 4.
If the user is not interested in battery dynamics, this model
is able to represent the static behavior of the system. The
Open Circuit Voltage (OCV) is directly related to the State of
Charge (SoC) (Keil and Jossen, 2012), as defined in Eq. (3),
Ccurrent
· 100 % ,
SoC =
Cfull

(3)

wherein Ccurrent is the charge amount currently available in
the cell and Cfull is the capacity of the same cell when fully
charged (Schmidt, 2013). The model equation is expressed
in Eq. (4):
Vbatt = VOC − Rs · Ibatt .

(4)

The curve of the OCV as a function of time shows a constantly decreasing voltage for given discharge conditions.
The important parameters affecting the discharge process
are the discharge current, the temperature and the charging/discharging history (Rao et al., 2003).
For similar charging conditions, higher discharge currents
induce higher discharge rates and a higher decreasing rate
of the OCV towards the cut off threshold (Keil and Jossen,
2012).
The temperature effect on the discharge behavior is seen
at temperatures much below room temperature, where the
chemical activity decreases and the internal resistance of the
battery consequently increases. At temperatures much higher
than room temperature, the internal resistance decreases.
This enhances a higher rate of chemical activity, therefore
however inducing a self-discharge effect (Rao et al., 2003).
The history effect is difficult to characterize. Effects like
capacity fading, charge recovery, electrolyte decomposition
and material dissolution come into play (Rao et al., 2003).
Adv. Radio Sci., 15, 83–91, 2017

The main disadvantage of zero-time-constant models is
that they do not account for cell dynamics. The one-timeconstant models overcome this drawback by adding one
RC element in series to the resistance (Fig. 5), which describes the transient response of the battery during charging/discharging.
Adding more RC elements improves the accuracy of
the model and its consideration of the dynamic behavior (Sect. 3.3.2) but increases simultaneously its complexity (Huria et al., 2012; Moss et al., 2008).
Hu et al. (2012) present a comparative overview of circuit
models, with no or up to 3 RC-elements with consideration
of self-correction and hysteresis effect (the discrepancy between the charging and discharging process).
3.3.2

Models based on the impedance spectrum

In order to depict the cell dynamics at middle and higher
frequencies, the method of the electrochemical impedance
spectroscopy (EIS) is applied. A linear time invariant system
is required for the application of EIS measurements. Since
the batteries are highly nonlinear during their charging and
discharging cycles, the EIS is applied at given SOC values
where the battery has had a compulsory rest of a given period, so that linearity can be sufficiently guaranteed (Keil and
Jossen, 2012).
The impedance Z is a complex variable represented in
the Nyquist plot as real (<(Z) = Z0) and imaginary (=(Z) =
Z00) parts. Figure 6 (Keil and Jossen, 2012) shows a qualitatively typical Nyquist curve resulting from the EIS measurements of a Li-ion battery. Quantitatively, the values depend
on different factors, i.e. the temperature, the SoC and the load
current.
The curve can be subdivided according to the frequency
ranges into different sections, which can be associated with
well-defined physical and electrochemical phenomena taking
place inside the cell.
The section with Z00 < 0 consists of three more or less
well recognizable arcs. The arc at very low frequencies (near
DC, arc (i) in Fig. 6) is associated with the diffusion behavior as introduced in Sect. 3.1 and is represented by the
Solid-State Warburg Impedance (Moss et al., 2008; Keil and
Jossen, 2012). The second arc at slightly higher frequencies
(arc (ii) in Fig. 6) corresponds to the charge transfer kinetics. The third and smallest arc near the real axis (arc (iii) in
www.adv-radio-sci.net/15/83/2017/
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Table 1. Li-ion battery models comparison
Models

Accuracy

Complexity

Physical interpretability

Suited application

Physical

Very high

High
(> 50 parameters)
–

High

Battery system design stage

Low
(2–3 parameters)
–

Low

Medium to low
(from 2 up to 30)
+

Limited to acceptable

+++
Empirical

Medium
-

Abstract

Medium
-

++
Predictions of life time and efficiency

–
Real-time monitoring and diagnosis

+

Figure 7. A complex equivalent circuit to model the EIS response.

Figure 6. Typical EIS response represented as a Nyquist Plot.

Fig. 6) represents the interlayer effects at the solid electrolyte
interface (Keil and Jossen, 2012; Moss et al., 2008).
The intersection with the horizontal axis (Z00 = 0, point
(iv) in Fig. 6) represents the total ohmic resistance of the
system, including the electrolyte resistance, the contact resistance and the electronic contacts. This point generally occurs
at a frequency in the KHz range but can vary considerably
with the cell design and the used materials (Keil and Jossen,
2012).
The highest frequencies show an inductive behavior with
Z00 > 0 (tail (v) in Fig. 6) corresponding to the electrode
porous structure and to the battery leads.
The equivalent circuit modeling of the impedance response is introduced by Moss et al. (2008) as in Fig. 7,
wherein Cdl is the electrochemical double layer capacitance,
RCT is the faradaic charge transfer resistance, Cint is the intercalation capacitance corresponding to the accumulation of
the Lithium ions within the electrode matrix, and Z(ω) is the
Warburg solid-state impedance.
Moss et al. (2008) suggest the substitution of the Warburg
diffusion impedance with a chain of RC elements. The new
www.adv-radio-sci.net/15/83/2017/

chain does not mirror the impedance of the Warburg element
but represents an approximation with an acceptable accuracy.
Taking this approximation technique into consideration, the
pertinence of the general assumption widely used in the literature of modeling Li-ion battery cell as a voltage source
in series with a resistance Rs and a chain of parallel RC elements is verified. This is only possible thanks to KramersKronig relations (Schmidt, 2013), which can be applied on
equivalent networks, and which suggest that many different
circuits can have the same or similar impedance responses
without having the same topology. In other words, the battery can be modeled using an easier topology with circuit
elements which do not have any direct physical interpretation. This model is valid, because it has the same frequency
response, and would be easier to parametrize.
The choice of the number of RC elements results in a
trade-off between fidelity and complexity (Huria et al., 2012;
Moss et al., 2008; Keil and Jossen, 2012). The model can
be extended with a parasitic branch, which is disregarded for
cells with high coulombic efficiencies (Huria et al., 2012),
and with a look-up table showing the temperature dependency of the circuit elements’ values.
3.4

Models comparison and evaluation for hybrid
electric vehicle applications

Table 1 presents a comparative overview of the introduced
models according to the comparison criteria previously explained. As a conclusion, a trade-off between accuracy and
model complexity should be accepted. Simpler models are
less expensive and less susceptible to uncertainties. Complex models need more time to solve algorithms for State
of Charge (SoC) and State of Health (SoH) estimations. DeAdv. Radio Sci., 15, 83–91, 2017
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Figure 8. Coarse impedance measurements of a 20 Ah hardcell cell.

pending on the application, the model extraction method and
usefulness can be evaluated. In a laboratory environment,
more time can be invested in order to extract a more accurate
model. On the field, quicker results are needed to evaluate
whether the cells are i.e. still suitable for their first life application (Li et al., 2014). In automotive applications, Li-ion
cells modeling is used for the purposes of battery management system (BMS) operation. In the following the criteria
are adapted to the requirements on BMS for HEV applications.
Thorough understanding of cell chemistry is not needed,
although beneficial. The model is embedded into a real-time
monitoring unit, such as a microcontroller or an FPGA. Simplicity is therefore required. In fact, the calculation time and
memory requirements rise dramatically with higher complexity levels, so the computational feasibility compromises
the accuracy of the model. Abstract models are therefore the
most suitable for this application.

4

Application: a powerline communication concept
using an experimentally extracted model
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Figure 9. OCV values for EIS Spectra.
10 -3

1

0.5

0

-0.5

-1
SoC = 20 %
SoC = 50 %
SoC = 80 %
SoC = 100 %
-1.5

1

1.5

2

2.5

3

3.5

4

4.5
10 -3

Figure 10. EIS recorded spectra for a 20 Ah battery cell.

is given in C-ratios. One C-ratio is defined as the current intensity obtained by dividing the rated capacity by 1 h, given
in this case by Eq. (5) (Keil and Jossen, 2012). For discharging, a constant current of 0.2 C is applied until a voltage of
3 V is reached.
1 C = 20 Ah/1 h = 20 A

4.1

54

Time (h)

(5)

Impedance measurements of a 20 Ah hardcase cell

This subsection deals with the experiment of modeling a
Li-ion cell of a typical capacity of 20 Ah. The first experiment was done using an LCR meter at the frequency values
shown in Fig. 8. This measurement setup included parasitics
which compromised the model accuracy. A more accurate
model can be obtained from impedance spectroscopy measurements.
The following experimental sequence consists in Electrochemical Impedance Spectroscopy (EIS) measurements between 10 mHz and 2.5 KHz at open circuit voltage (OCV)
values, with Vac = 2.5 mV.
Using Galvanostatic Cycling with Potential Limitation
(GCPL), the method of Constant Current Constant Voltage
(CCCV) is applied at the cell connectors. For charging, a
constant voltage of 4.1 V is applied for 1 h or until the current
I < C/20. In this and similar contexts, the current intensity
Adv. Radio Sci., 15, 83–91, 2017

The GCPL discharge is applied with 0.2 C in 9 steps. After
each step an EIS measurement is carried out after a rest period of 30 min, as shown in Fig. 9.
Figure 10 shows the EIS recorded spectra at several SoC
values.
The analysis carried out considers one defined set of temperature and environmental conditions for the experimental sequence and does not account for different rest periods
and/or different charge and discharge currents. In addition,
effects such as the hysteresis, the temperature and aging factors, as well as mechanical pressure are not considered.
The same data of Fig. 10 is represented in Figs. 11, 12
and 13 as the recorded magnitudes and phases as a function of the frequency. Figure 12 represents a zoom into the
low frequency spectrum of the data (DC – 50 Hz). The phase
continues however to increase in the positive direction up to
2.5 KHz as shown in Fig. 13.
www.adv-radio-sci.net/15/83/2017/
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Figure 13. Recorded phases for a 20 Ah battery cell.

Figure 11. Recorded magnitudes for a 20 Ah battery cell.
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Figure 12. Recorded phases for a 20 Ah battery cell up to 50 Hz.

4.2

Experimental modeling of a 20 Ah hardcase cell

Figure 10 shows that the EIS recorded data of the 20 Ah
hardcase cell follow the qualitative pattern introduced in
Sect. 3.3.2. The cell will be modeled for SoC = 80 % using
an equivalent circuit. In the following, the circuit topology
and elements will be discussed.
Figures 11, 12 and 13 show an inductive tail at the highest frequencies, since the magnitude goes moderately higher
with higher frequencies, along with a positive phase. We
will use a model consisting of one resistance Rs , representing the internal resistance of the battery, and one inductance
Ls in series. Also, in order to depict the dynamic behavior
of the battery, 2 RC elements will be used as explained in
Sect. 3.3.2. The complete circuit is shown in Fig. 14. The
total impedance of the circuit Zbatt is given by Eq. (6).

Z = Rs + j ω Ls +

Rp1
Rp2
+
(6)
1 + j ω Rp1 Cp1 1 + j ω Rp2 Cp2

The modeling sequence consists in finding the values for
the circuit elements of Fig. 14 and simulating the circuit frequency response using the circuit simulation software LtSpice (LTspice, 1998–2017). A sweep of the different parameters is carried out in order to find the best fitting between
simulated and measurement data.
www.adv-radio-sci.net/15/83/2017/

In order to simplify the modeling experiment, it was assumed that Rs is constant throughout the different SoC and
that only Rp,i and Cp,i values are a function of the battery dynamics. Table 2 shows the values of the parameters that deliver the best fitting between the simulated and measured data
for SoC = 80 %. Figure 15 shows the comparison of measured and simulated impedance data for this case.
4.3

A powerline communication concept

The goal behind the modeling of the 20 Ah battery cell and
the characterization of its frequency response was to realize
a new communication concept using the battery impedance.
We are interested in monitoring the battery operation by using integrated sensors and communicating the output of these
sensors to an external monitoring unit.
The operating principle of the communication scheme
is similar to the well-known powerline communication (Ouannes et al., 2014). However, the signal is not carried
over to the powerline using a capacitive or an inductive element. In this case, we connect an AC current source IAC in
parallel to the battery terminals as shown in Fig. 16. During
the monitoring phase, the cells in series constituting the battery module will be disconnected from the load. The current
will then flow directly back into the cell.
Using the battery impedance Zbatt as described in
Sect. 4.2, the high frequency current IAC will induce a high
frequency voltage VAC = IAC ·Zbatt above the DC level of the
battery. This AC voltage can consequently be used as the carrier wave to modulate binary data using a conventional modulating scheme such as phase-shift keying (Ouannes et al.,
2014). The signal can then be tapped at the end of the chain
and demodulated using appropriate circuitry.
Adv. Radio Sci., 15, 83–91, 2017
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Table 2. Model elements values for SOC = 80 %.
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Figure 17. AC signal output at the battery cell.

5

Figure 16. The powerline communication concept.

Figure 17 shows the resulting AC voltage when an input
sine wave of Vpp = 4 V and f = 1 MHz is applied. At lower
frequencies, no AC signal was detected. For frequencies in
the MHz range, and as seen in this example, the AC voltage
output is very low (constantly under 10 mV). The possible
explanation is that the battery impedance Zbatt is in fact too
low to support the signal.
Since it was not developed for communiation purposes, the
powerline is a harsh environment in terms of noise figures
and frequency selectivity, especially at interesting frequency
bands for the communication (Ouannes et al., 2014). Consequently, the new concept communication cannot be realized. The desired signal is limited by the low internal battery
impedance.
Adv. Radio Sci., 15, 83–91, 2017

Conclusions

This work presents a comparative overview of Li-ion battery
models used in the literature. An explanation of the model
types as well as a guide into the selection of the best suited
model depending on the application are presented.
In the context of electrical engineering and for the special purpose of battery management and monitoring, abstract
models taking the form of equivalent circuits are a popular
and valid choice.
Also, a trade-off between the complexity of the equivalent
circuit (mainly the number of RC elements) and its accuracy
should be accepted. More RC elements help depict the battery dynamics more accurately but increase the computation
and memory requirements of the model, which compromises
its suitability for real-time applications.
An experiment of modeling a 20 Ah as an equivalent electronic circuit is presented. Impedance spectroscopy measurements were carried out, a circuit topology was chosen, and a
fitting of the circuit parameters was done to match simulated
and measured data.
www.adv-radio-sci.net/15/83/2017/
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Finally, a new powerline communication concept is introduced. The new concept requires the availability of an
impedance with a sufficiently high inductive component.
However, the total impedance of the battery was found to
be too low to deliver the desired AC signal.
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