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I. ABSTRACT

Abstract—In the rapidly growing need for clean and green energy,
the market for batteries is growing fast. The research for better
performance, longer lifetime and higher storage capacity is one of
the most important topics in the battery sector. To further improve
battery technologies, modelling and simulation are indispensable.
To successfully simulate and model batteries, equivalent circuit
models (ECM) need to be developed. In this report, three dif-
ferent Lithium-ion battery chemistries are investigated and their
potential ECM is discussed. With the help of EIS measurements,
impedance plots can be obtained for each battery type, from these
plots different conclusions are drawn regarding the relationship
between impedance and state of charge (SoC) and between
impedance and charging direction. After these, the potential
ECMs were simulated and compared to the measurement data. It
turned out that for two of the three chemistries, the same ECM
is a suitable choice. This ECM included two CPEs, resistors and
a Warburg element.

II. INTRODUCTION

In today’s world, the field of power electronics is a very
important and innovative one. As there is more and more need
for energy and energy storage. The demand for batteries has
been rising significantly over the last couple of years. The need
for high-performance rechargeable batteries is at an all-time
high. One of the most used battery types today is the Lithium-
ion battery. Lithium-ion batteries are the fastest-growing and
most promising battery chemistry in today’s market. Similar to
most technologies, Lithium-ion batteries have advantages and
disadvantages. The advantages include high energy density, low
self-discharge rate, low maintenance need, high cell voltage
and good load characteristics. These are mostly why Lithium-
ion batteries are starting to replace other battery types such
as Nickel-Cadmium or lead-acid on the battery market. On
the other hand, there are disadvantages to this type of battery.
These are the need for protection circuits and ageing [1] [2].
These are the reasons that the decision was made to do this
project and to potentially start to decrease the disadvantages of
Lithium-ion batteries. The first lithium-ion battery was created
and commercialised by Sony about 35 years ago. Since then
intensive research has been done to improve the design of these
batteries. Some ongoing research topics for Li-ion batteries
are recycling, extending battery life, cost reduction and safety
improvements. A massive increase in the research happened
around the 2010s when the importance of environmental safety
and emissions reduction increased significantly.

The market for lithium-ion batteries is also increasing and
projections show that it will increase even further in the near
future. This means that market experts project that the required
battery power will increase to 4.7 TWh by 2030 from the 700
GWh required in 2022. This would indicate a 30% increase
annually in battery power demand [3]. This growth is mainly
driven by two major driver:

• A shift towards sustainability, which includes the ban
on combustion engines and the increased demand for
electric vehicles.

• Increased consumer demand for greener technologies.

One estimate is that by 2030 the value of the global Lithium-

ion battery market will reach more than $184 billion, which
was $48.8 billion in 2022. This would mean that by 2030 there
would be an 18.5% annual increase in value [4].

Fig. 1: Lithium-ion battery market projections [4]

A. Research Question
As one can see on fig. 1, there are multiple chemistries used
in lithium-ion batteries. The five most common technologies
are the followings:

• LFP: Lithium-Iron Phosphate
• NMC: Lithium Nickel Manganese Cobalt Oxide
• LMO: Lithium Manganese Oxide
• NCA: Lithium Nickel Cobal Aluminium
• LTO: Lithium Titanate
Researchers can make equivalent circuit models (ECM) of

the specific chemistries and measure the performance of these
models. Multiple ECMs exist for different technologies. The
technology called Electrochemical Impedance Spectroscopy
(EIS) will be utilized to measure cell performance, and from
these measurements, impedance-based ECMs will be created.
In this paper, the measured data will be analysed and a
comparison will be presented between some of the above-
mentioned chemistry technologies and their ECMs. The goal
of the comparison is to obtain the best-performing ECM of
the chosen chemistries. This will be done by measuring the
impedance of actual battery cells, selecting a potential ECM,
identifying the parameters of the circuit and then verifying the
accuracy of the ECMs. Finally, a comparison will be made
where the differences will be discussed between the different
chemistries.

The structure of the paper is the following. In section III,
a literature review on the battery electrochemical mechanisms,
battery characteristics, impedance performance and equivalent
circuit models is conducted. In section IV, the measurement
set-up for obtaining battery impedance is described. The ex-
perimental analysis and the choice of ECMs are presented in
section V and the conclusion is presented in section VI.

III.THEORY AND LITERATURE REVIEW

A. Lithium-Ion batteries
1) How do they work?
In this paragraph the basics of Lithium-ion batteries will be

discussed. A typical Li-ion battery consists of [5] [6]:
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• Electrolyte: The charged ends of a cell, which are
attached to the current collectors

• Anode: The negative electrode
• Cathode: The positive electrode
• Electrolyte: A liquid, gel or polymer that conducts

electricity
• Separator: Typically a microporous polymer membrane

that separates the electrodes, while allowing the ex-
change of lithium ions between the two electrodes

One can see how a Li-ion battery is designed and what
components it includes on fig. 2.

Fig. 2: Components of a Li-ion battery [5]

The working method of these batteries can be described as
such: the Lithium ions move between the cathode and anode
internally and electrons move in the opposite direction in the
external circuit, which powers the external device. There are
two states of a battery charging and discharging. When the
battery is charging, the two electrodes are connected to an
external supply. Hence, electrodes are forced to be released at
the cathode and move externally to the anode. Simultaneously
the lithium ions also move from the cathode to the anode. The
opposite happens during the process of discharging. This time,
the anode is the one that releases lithium ions to the cathode.
This creates a flow of electrons which can power the connected
device.

2) Cathode chemistry
The Lithium-ion battery is a specific type of battery by itself.

However, there are different chemistry variations inside the
category of Lithium-ion batteries. These variations come from
the fact that the cathode and anode chemistry can change in
every design. Most of the time the difference is in the cathode,
the anode is usually the same. For the past 20 years, the
preferred material for the anode has been graphite. They offer
good Lithium transport, 2D mechanical stability and electrical
conductivity [7]. There are multiple options to choose from
regarding cathode chemistry. Some examples are

• Lithium-Iron Phosphate (LFP)
• Lithium Nickel Manganese Cobalt Oxide (NMC)
• Lithium Manganese Oxide (LMO)
• Lithium Nickel Aluminium (NCA)
• Lithium Titanate (LTO)
As mentioned before, the difference here is the chemistry of

the cathode while the anode is graphite, except for the LTO,
where the anode is a different material. On fig. 3 one can see
the different technologies and what chemistries are utilised.
Moreover, it can also be observed how they compare to each
other in specific categories such as safety, power density and
energy density.

The focus of this report is the comparison of the LFP, NMC
and the LTO. The reason that these specific chemistries were

chosen is that NMC is the most used battery in electric vehicles
because of its high energy density. Moreover, LTO and LFP are
the safest of them all and they have the potential to be used as
energy storage systems for electric marine applications [8]. So
it is important to take a look at these three battery chemistries
in more detail.

Fig. 3: Five different battery chemistry technologies [9]

a) LFP
These batteries could be a very good option to use when
someone is looking for larger batteries, because of their long
life-cycle and high safety. The advantages of this technology
include exceptional safety features, they are non-toxic, they
show no thermal runaway and they are chemically stable.
Furthermore, they have a reasonably good energy density, they
provide a strong power density and they are cost-effective.
They are mostly used in commercial energy systems, electric
vehicles or any other application that requires a long lifespan
and high safety [9] [10].
b) NMC
The NMC battery is the most widely used Lithium-ion battery
in electric vehicles. The main upside of this technology are
the high energy density, lower toxicity and the low cost due
to the usage of Manganese which is a cheaper material than
Cobalt or Nickel. This type of battery can store more energy
compared to others because of its high energy density. This
combined with affordability makes them attractive for electric
powertrains. Hence this type is mostly used in electric vehicles
and bikes. The ability to tune the Nickel and Manganese
content means that this technology can be optimised toward
specific energy and power needs. This adaptability makes them
useful in battery storage applications too [9] [11].
c) LTO
LTO is a bit different from the previously mentioned tech-
nologies. Here the graphite on the anode is replaced by
lithium titanate as the active material. These batteries have
extremely long lifetimes thanks to the zero volume change
during lithiation. They are chemically stable, so safety is also
excellent. The Lithium-titanate has a large surface area, which
means that the number of electrons that can enter and exit
the anode is extremely high. This enables fast charging and
discharging. There are three main drawbacks regarding this
type. These are that it has low nominal voltage and low energy
density, so they perform poorly at high power levels. The final
disadvantage is the cost. LTO is more expensive compared
to other solutions because of the low worldwide production
volume. Usually, these batteries are used in electric vehicles
including electric buses. They are a good option for battery
energy storage systems for storing wind and solar energy. They
can potentially be used in aerospace applications [12] [13].
B. Equivalent circuit models
With the aim of safe operation and effectiveness of battery
applications, modelling is very important. An equivalent circuit
model or ECM is a model that is used to control and monitor
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different Lithium-ion batteries. The goal of these ECMs is
to simulate the internal characteristics of specific batteries.
These circuits are created based on the existing physical and
chemical knowledge of the chosen cell. Most of the time
ECMs consist of resistor-capacitor (RC) pairs to replicate the
internal behaviour of specific battery cells. One can connect
multiple RC pairs to achieve more accurate approximations. An
example of a first-order and second-order ECM can be seen on
fig. 4. Theoretically, a second-order RC model should be more
accurate, but it requires a higher computational complexity
[14].

Fig. 4: First-order (1RC) and second-order (2RC) ECM exam-
ples [14]

One can see that multiple components are included in the
circuits above. Namely, starting with the 1RC model:

• UOC : Open-circuit voltage.
• RO: Resistor for Ohmic resistance.
• RTh: Resistor for polarization resistance.
• CTh: Capacitance that outlines the battery’s reaction

while being charged and discharged.
The components in the 2RC model are:
• RO: This represents the internal resistance component.
• Rpa: This mimics polarisation resistances.
• Rpc: A resistance for characterising concentration polar-

isation.
• Cpa: Capacitor to mirror the temporary reaction of the

battery’s charging/discharging cycle.
• Cpc: Capacitance to simulate polarisation traits.
• UOC : Open-circuit voltage.
Realistically for EIS measurements, the ECMs will be a bit

more complex than just the first- or second-order RC models.
As mentioned before the second-order RC circuit is more
accurate so the model for EIS could be an improved version
of this. One could replace capacitances with Constant Phase
Elements (CPE). Moreover, one or more Warburg elements (W)
can be added to the circuit [15] [16]. This new model is called
a fractional order ECM. A CPE is an element that can be used
to describe the dispersion effect, but it can act as a resistor or
a capacitor when α from eq. (1) is 0 or 1 respectively. The
formula of the CPE element is the following:

ZCPE =
1

(jω)α ·Qsei
(1)

The Warburg element (W) is important as this represents the
diffusion mechanisms in the low-frequency region [17].

1) ECMs used for the different chemistry modelling
Circuits with CPEs or fractional order models, are widely

used in modelling batteries. An example of a fractional model
circuit can be seen on fig. 5. We can see the R-CPE pairs and
a Warburg element at the end of the circuits.

Fig. 5: Schematic of a potential fractional order equivalent
circuit model. [16]

Many circuits can be used to model a Lithium-ion battery.
The most used approach is to choose an ECM according to
the shape of the impedance curve on the Nyquist plot. This
plot can be obtained by performing the EIS measurement.
There are three important regions of a battery that need
modelling: the Ohmic region (f > 1kHz), Mid-frequency
region (1000Hz < f < 0.1Hz) and Low-frequency region
(f < 0.1Hz). Most of the time the Ohmic region is modelled
by only a resistor. The difference between the models of the
different battery chemistries is in the Mid-frequency and Low-
frequency regions. The Mid-frequency region also includes two
sub-regions, namely: Semiarch 1 and 2. These regions can be
seen on fig. 6. Where options A and B can be potential ECM
for LCO, option C might be good for NMC cells [17].

Fig. 6: Options to model the specific regions of a battery [17]

On table I, some of the possible options for ECMs are
listed for NMC and LFP batteries. We can assume here that
the Ohmic region was indeed modelled with a resistor. The
symbols and abbreviations in table I represent the following:

• -: series connection.
• //: parallel connection.
• RC: parallel circuit of a resistor and a capacitor.
• CPE: constant phase element.
• ZARC: parallel circuit with a resistor and a constant

phase element (CPE).
• W: Warburg element.
• HN: generalized ZARC
• TLM: transmission line
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TABLE I: Comparison of Cathode Chemistry [17]

Cathode
chemistry

Mid-frequency region Low-
frequency
region

Semiarich 1 Semiarich 2
LFP (R-W)//C
LFP ZARC ZRAC
LFP ZARC ZARC W
NMC ZARC ZARC-ZARC
NMC ZARC TLM
NMC ZARC ZARC CPE
NMC ZARC ZARC
NMC ZARC ZARC W
NMC ZARC ZARC-CPE//(R-CPE)
NMC ZARC CPE//(R-W)-CPE//(R-W)
NMC RC-RC RC-RC W
NMC ZARC ZARC W
NMC RC RC
NMC ZARC-ZARC TLM
NMC ZARC CPE
NMC HN HN W
NMC ZARC ZARC
NMC RC

For the LTO battery, the options for ECM are similar to the
one mentioned before. One could use a second-order RC-pair
ECM topology or the previously mentioned CPE circuits.
C. EIS performance on different battery chemistries
EIS is an effective tool to fit the ECM to the battery cells.
Therefore it is necessary to look at the relationship between
the State of Charge (SoC) and impedance for different bat-
tery chemistries and the relationship between impedance and
charge/discharge directions at the same SoC. In this section
these two topics will be discussed, the three chemistries
mentioned are the LTO, NMC, and LFP.

1) Relationship between SoC and impedance of battery
chemistries

For the LFP battery, the impedance is not heavily influenced
in the mid-frequency region. This can be seen in previous
publications by looking at the impedance graphs, where the
impedance plots of different SoCs are very close in the
first semi-circle. There is a significant difference in the low-
frequency region, where the impedance plots split. The middle-
frequency region of the SoC stays reasonably close together.
However, the impedance is considerably different at 0% at
100% [18] [19]. LTO batteries have lower impedance than LFP
and NMC. The impedance is similar in the middle-frequency
region for the different SoCs, except the 0% at 100%. The
impedance of these SoCs the impedance is already different
compared to the others. This trend continues into the low-
frequency region, the middle range of the SoC is resembling.
The 0% at 100% is once again distinct [20]. These trends can
be observed with the NMC battery too. In the middle-frequency
region, the impedance of different SoCs is similar except the
0% at 100%. The same pattern can be detected in the low-
frequency region [20].

2) Relationship between impedance and charge/discharge
directions

Sometimes we can see that specific cells’ OCV-SoC plots
during charge and discharge are not exactly overlapping. This
is caused by the phenomenon called hysteresis. To have a
better understanding of the relationship between impedance
and charging directions we have to look at the hysteresis of
the mentioned battery cells. For the LTO cell, the expectation
is that there is minimal to no hysteresis, so it is safe to say
that the charging direction should not heavily influence the
impedance [21]. According to literature, NMC can experience
small hysteresis which can cause a minor difference in the
impedance [22]. Hence, the expectation is that there will
be a small difference in the impedance plots of charging
and discharging for the NMC cell. The LFP cell has more
significant hysteresis, note that this is still not extremely large
but it is noticeable. The hysteresis effect is evident in this

case, which means that there might be some visible differences
between charging and discharging plots [23].

IV.METHODOLOGY & EXPERIMENTAL SET-UP

This section will present the methodology, description of
measurement set-up and theory of the measurements. On fig. 7
we can see what the combined measurement set-up looks like.
The cycling machine is on the left and the EIS machine is on
the right side of the picture.

Fig. 7: Full measurement set-up

The experiment was performed for 2 different cells for
the 3 different chemistry types, which means that 6 different
battery cells were used in this project. The specific battery cells
that were used in this project are LTO18650, NMC18650 and
LFP18650. The experiment was then done for both charging
and discharging directions. On fig. 8 one can see the full
process of the measurement for the three cells NMC, LFP and
LTO.

Fig. 8: Full measurement review

A. Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy or EIS technology is
a measurement technology that is widely used to characterise
specific Lithium-ion batteries. There are two significant modes
of EIS. The first one is the galvanostatic mode (GEIS), where
a sinusoidal current is applied of a certain frequency and am-
plitude. Then, this is repeated for multiple frequencies, which
generates a characteristic impedance spectrum. The phase shift
and the amplitude of the output voltage are measured. The
other mode is the potentiostatic mode (PEIS) where the same
methodology is used but instead of a sinusoidal current, a
sinusoidal voltage is applied. For PEIS the output current of
the circuit is measured. Both of these modes are a good option
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to probe processes within the batteries. The output of these
measurements can be plotted either into a Nyquist plot or a
Bode plot. The plots offer the potential to parameterise the
ECMs [24].
B. Testing architecture

1) EIS Measurement
The Solatron EchemLab XM is used for the EIS measure-

ments, with an attached battery holder where the batteries were
fixed during the measurement [25]. The RE pin is a reference
pin that monitors voltage differences between the anode and
cathode, the CE pin is connected to the anode of the cell and
the WE pin is connected to the cathode of the cell. To get
the measurement data and to parameterize the measurements
a software called XM-Studio ECS is used. The type of the
EIS experiment was chosen to be the galvanostatic impedance
mode (GEIS).

It is important to choose the right current for these mea-
surements. Hence the first measurement was to obtain the
impedance graphs of the 3 cells with different currents. The
most important part of this experiment is to see how the
impedance of the cells changes based on the change in current.
This is important because the current has to be high enough,
to get better data quality, but not too high because then it
would change the SoC of the cells. This was done by choosing
an arbitrary frequency sweep from 100 mHz to 10 kHz, and
then performing the GEIS measurement with different current
amplitudes. On fig. 9, fig. 10 and fig. 11 we can see how
the impedance changes based on the change in current for the
three chemistries. We can see that the plotted NMC and LFP
impedances are very consistent regardless of the current, so
we can choose any of the shown currents and still get good
data quality. On the other hand, for LTO we can see significant
differences between different currents. The most noticeable is
when the input amplitude is 10 mA, the plot shows that the
data quality would be bad if one were to use this input, as
the plotted impedance graph is not consistent with the others.
The other currents are more similar to each other, we can see
small deviance, however, this should not be a problem when
choosing the current. Here we can also notice that the mid-
frequency is almost the same for the remaining currents. The
chosen current for NMC is 80 mA, for LFP it is 60 mA and
for LTO it is 80 mA. The chosen frequency for the sweep was
20 mHz-20 kHz, as this sweep gives a good range in frequency
to properly analyse the generated plots.
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Fig. 9: NMC impedance with different currents
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Fig. 11: LTO impedance with different currents

2) Capacity measurement
Battery cycling, which means changing the SoC of the cells

by charging or discharging, is done with the Arbin RBT (0-60
V) cycler. This machine has 4 channels so we could modify
the SoC of 4 battery cells at the same time. The software used
for setting the parameters is the Mits Pro. Here an object file
had to be created where specifics about the battery cells had
to be provided. Additionally, a schedule file was needed that
specifies the steps of the cycling. The object files for the 3
cells were done with the help of the datasheet for the cells. To
complete the schedule files, the preparation of the cells had to
be completed and the full battery capacity of the cells had to be
obtained. For preparation three full charge and full discharge
cycles had to be done. The schedule files for the three cells
were constructed in the following way:

• Charge to a 100 %: Constant Current Constant Voltage
(CCCV) function that charges the cell with 0.5C, based
on the datasheet, until the voltage is less than equal to
0.05 ·NominalCapacity.

• Resting time of one hour so the cell becomes relaxed
and the voltage becomes constant.

• Discharge with 0.5C until the specific minimum voltage
is provided by the datasheet of the cells.

This cycle was done three times for each chemistry and
both of the cells of the chemistries. After this experiment was
conducted the capacity for each cell was obtained:

• NMC1: 2.474 Ah
• NMC2: 2.433 Ah
• LTO1: 1.489 Ah
• LTO2: 1.486 Ah
• LFP1: 1.772 Ah
• LFP2: 1.8 Ah
From the capacity values, the charging and discharging

current could be acquired. For safety, it was decided to use 0.5C
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as the current value. After the capacities were obtained, the
cycling and EIS were combined into one measurement setup.

3) Combined measurement set-up
The actual measurement was the combination of the two

devices mentioned above with an extra Keithley DAQ6510
multimeter system. There are some changes compared to the
previously described setups. The battery holder was removed,
and the multimeter was connected to the EIS machine, the
battery and the cycling machine. The cycling machine was
responsible for the SoC modification, the EIS machine for the
EIS measurement and the multimeter for the switching between
the two. With this setup, there is no need to unnecessarily
move the battery cells as this would most likely give false
results. To change the SoC of the cells a new schedule file
was constructed. These included a charge or discharge cycle
with 0.5C, based on the capacity measurements, for 12 minutes
to change 10 % of SoC. Following the modification of the SoC,
a one-hour rest time was included to relax the chemistry of the
battery cell. The method of the measurement was the following:

• Increase/decrease 10 % of the SoC
• Rest the cells for one hour
• Switch the connection from cycling to EIS with the

multimeter
• Perform the EIS measurement
• Obtain EIS data using the software
• Switch back to cycling using the multimeter

V. RESULTS AND DISCUSSION

In this section, the obtained result and their analysis will be
discussed. Moreover, the process of choosing a suitable ECM
and the validation of this choice will be explained.
A. Experimental analysis

1) Relationship between SoC and impedance
The described experiment in section IV-B3 was performed

on the battery cells of the three chemistries. The same se-
quence of experiments was performed during discharging and
charging.
a) LTO
First, the impedance of the LTO cells was produced, with the
same set of experiments as mentioned in section IV. On fig. 12
and fig. 13 we can see the LTO cell’s impedance during charge
and discharge.
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Fig. 12: Left: LTO1 impedance during charge. Right: LTO1
impedance during discharge
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Fig. 13: Left: LTO2 impedance during charge. Right: LTO2
impedance during discharge

One can see that the Nyquist plots do not change drastically
on different SoCs. It is noticeable that 100% and 0% SoC are
the only distinguishable impedances. These have significantly
higher impedance compared to the others. Other than these, the
impedances are close to each other, they are almost identical

in the mid-frequency region, but there are slight differences in
the low-frequency region. One can also observe that the real
part of the impedance is decreasing with the SoC increasing.
Moreover, the imaginary part of the battery impedance is
increasing as the SoC is increasing too. These trends can be
identified for the two cells and the charging directions. In
conclusion, we can say that LTO cells have higher impedance
when full or empty, the impedance slightly decreases when the
SoC is increasing and the impedances are very similar between
0% and 100%.
b) NMC
The next battery chemistry to analyse was the NMC. On fig. 14
and fig. 15 we can see the Nyquist plots of the impedance
for two different NMC cells during charge and discharge
respectively.

0.02 0.025 0.03 0.035 0.04 0.045
ZReal (ohm)

0

0.005

0.01

0.015

0.02

- Z
Im

 (o
hm

)

NMC1 impedance during charge
100 %
90 %
80 %
70 %
60 %

50 %
40 %
30 %
20 %
10 %

0.02 0.03 0.04 0.05 0.06 0.07
ZReal (ohm)

0

0.01

0.02

0.03

- Z
Im

 (o
hm

)

NMC1 impedance during discharge
100 %
90 %
80 %
70 %
60 %
50 %

40 %
30 %
20 %
10 %
0 %

Fig. 14: Left: NMC1 Impedance during charge. Right: NMC1
Impedance during discharge
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Fig. 15: Left: NMC2 Impedance during charge. Right: NMC2
impedance during discharge

The graphs show that NMC is similar to LTO in terms of
the relationship between SoC and impedance. We can see from
the graphs that the mid-frequency impedance is very similar
at every SoC, this can be seen by the fact that the first semi-
arch of the impedances are very close to each other. It can
also be said that the biggest change in the impedance is at
0%, 10% and 20% for both charging and discharging. We can
conclude from the graphs, that the impedances are higher when
the SoC is lower and start to decrease around 30%. This can
be proved by noticing that the corresponding plot to these SoC
values is more to the right on the x-axis, meaning a higher
real impedance value and further up on the y-axis, meaning
a higher imaginary impedance. We can also see that the real
part impedance starts to decrease as the SoC increases and
the imaginary part almost stays constant. Moreover, it is also
apparent that the difference between the two cells is negligible.
In summary, the real impedance of the higher SoCs is lower and
the overall impedance plots have very similar characteristics
regardless of the charging direction and the SoC.
c) LFP
Finally, the LFP battery cell was investigated. On fig. 16 and
fig. 17 we can see the impedance of the two LFP cells during
charging and discharging.
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Fig. 16: Left: LFP1 Impedance during charge. Right: LFP1
Impedance during discharge
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Fig. 17: Left: LFP2 Impedance during charge. Right: LFP2
impedance during discharge

The plots are similar to the previous cells in terms of they are
comparable to each other. One can see that the trends are alike.
The mid-frequency region is almost identical for every SoC
regardless of the cell and charging direction. The differences
are in the low-frequency region. We can see that 100% SoC
has a significantly different impedance plot for the two cells
during charge and discharge. Interestingly we can see a distinct
trend in how the value of the impedance changes. For both cells
during charge, the impedance shows a decreasing trend, apart
from 100%, the higher the SoC is the lower the impedance
is. This is exactly the opposite during charging. Once again
ignoring the 100%, we can see that the impedance increases
as SoC increases. After this analysis, we can say that SoC does
not influence the impedance in a major way. From these plots,
we can already deduce that the impedance is influenced by the
charging direction but more about this in section V-A2.
d) Same frequency comparison
To further prove the conclusion that the impedance is not
dependent on the SoC a final graph was constructed. Two
specific frequencies were chosen, one higher (2000 Hz) and
one lower (1 Hz). After this, the real impedance and imaginary
impedance data from every SoC was collected. The assumption
is that on the plots the impedance of the high-frequency
region will be lower than the low-frequency region, as on the
impedance plot this part is more on the left, hence the lower
value. This assumption is proved by looking at the graphs as
this is exactly what we see. The plots show how the impedances
change with the SoC for a specific frequency. On fig. 18 and
fig. 19 we can see the graphs for the real and imaginary
impedance respectively. There are different conclusions we can
draw from this. These can be

• LTO: For this battery cell it is apparent that the real
part of the impedance is unaffected by the SoC for high
frequencies and there is a slight decrease as the SoC
increases. These can be seen from the straightness of
the line, but also one can notice a decreasing trend of
the line. This however is almost negligible. For low
frequency, the same trend can be realised. This time
it is more significant as there is a higher deviation in
impedance. Similarly, the imaginary impedance is almost
constant at the high frequency. At low frequency, the
imaginary impedance is also close to a straight line, there
is a small change at 0% and 100%.

• NMC: We can see similar trends for NMC as for LTO.
For higher frequencies, the line is almost completely
straight meaning that the SoC level does not heavily
influence the impedance. The decreasing trend can also
be noticed, meaning that the higher the frequency the

lower the impedance is. For lower frequencies, the
decline is once again bigger. The imaginary impedance
at high frequency is steady regardless of the SoC. At low
frequency, there is an increase until 30% but after that
the impedance is unvarying.

• LFP: For the LFP the basic trends are similar to the
other two cells. The real impedance of this cell is almost
a straight line for both high and low frequencies. We
can say that SoC does not influence the real impedance
of the LFP cell. Similarly, it can be observed that for
high frequency the plot is almost straight. However,
for the low frequency, we can see that the line is
consistent until the 90% SoC and then there is a sudden
decrease. This can be explained by the fact that the
impedance of the 100% is significantly different at the
low-frequency region compared to the other SoCs. This
is nicely visualized in this graph too.
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Fig. 18: Real impedance of the battery cells at specific fre-
quencies
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Fig. 19: Imaginary impedance of the battery cells at specific
frequencies

As a conclusion for this paragraph, we can say that the SoC
does not influence the real or imaginary impedance of the three
cells. Hence, we can assume that this is the case for the actual
impedance too. We can then say that the SoC does not influence
the impedance of the cells.

2) Influence of charging and discharging direction
After the relationship between impedance and SoC was

acknowledged, it is important to look at how the charging and
discharging direction influences the impedance on a specific
impedance. Three SoC was chosen, namely 10%, 50% and
90%, to show how the impedance changes. As mentioned
and shown before, the cells have very congruent impedances.
Hence, from now on we will assume that we can deduce results
from only one of the cells, namely LTO1, NMC1 and LFP1. On
fig. 20 we can see the impedance plots for the three chemistries.
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Fig. 20: Top: LTO impedance for different SoC during charge and discharge. Middle: NMC impedance for different SoC during
charge and discharge. Bottom: LFP impedance for different SoC during charge and discharge

a) LTO
First, the impedances of the LTO battery cell were plotted,
these can be seen on the top of fig. 20. Here we can observe
that the graphs are almost identical. The only deviation on the
10% SoC graph can be seen in the low-frequency region, the
right side of the plot, where the imaginary impedance during
charging is lower. Note that the first point on the y-axis is 0.005
so this is a minimal difference which is negligible in this case.
The other minor differences can be seen on the 90% and 100%
SoC graphs, where the real impedance seems to be higher
and lower during charging than discharging respectively. Once
again, the reference point is about 0.035 on the x-axis, which is
also negligible. Hence, the conclusion is that there is barely any
influence on impedance when charging or discharging. This
means that there is minimal or no hysteresis for an LTO cell.
b) NMC
For the NMC battery, the conclusion can be similar to what it
was for the LTO. In the middle of fig. 20 one can see what the
impedance plot looks like when measured during charge and
discharge. We can see that the differences are minimal, there
are two places where the plots do not overlap completely. These
are on the 50% and 100% SoC plots. Here we can see that the
imaginary impedance is somewhat higher for 50% SoC during
charging. On the 100% SoC plot the opposite can be observed,
the imaginary impedance is slightly lower during charging.
Similarly to the LTO cell, these are insignificant differences
as these deviations are in the range of ≈ 0.001 or even smaller
for both cases. After all this, it can be stated that there is no
big influence on impedance based on charging and discharging.
Hence we can state that the hysteresis is minimal for an NMC
battery cell.
c) LFP
The LFP is somewhat different from the previous two cells.
We can see from the plots that there are significant differences

between the impedances based on the charging direction. The
direction does not influence the impedance at 10% SoC, the
only small difference is at lower frequencies. In contrast, it is
apparent that for middle and high SoC there are noteworthy
differences. The two plots split around the first part of the
mid-frequency region and from that point, they follow a
completely different path. In the mid-frequency region, the
imaginary impedance is higher during discharging. However,
in the low-frequency region, this was switched, and the imag-
inary impedance was higher when charging. As for the real
impedance, it can be seen that it is similar at the beginning,
just like the overall impedance. After the two graphs split,
the real impedance increases during discharge. Based on this
analysis it is apparent that the hysteresis has a major effect on
this battery type.
B. Equivalent circuit model

1) Choosing the ECM
There were three ECMs considered to be used to model

the battery cells. The three circuits can be seen on fig. 21.
On top of the figure, we can see the second-order RC pair,
in the middle a circuit with one CPE and on the bottom a
circuit with two CPEs. Using the software impedance.py it
was possible to see how the simulated ECMs would compare
with the measured data [26]. The software uses curve fitting
by non-linear least squares regression. Moreover, an error plot
was also plotted to see which ECM had less error during the
fitting process. The 3 ECMs were tested for each of the three
battery chemistries. As we established before the impedances
were very similar enough for the cells regarding both charge
direction, cell difference and SoC. Hence it was decided that
for this part it is sufficient to use only one cell per chemistry
and use the data from the discharging direction at a specific
SoC. This means that only one cell’s data during discharging
will be used for every chemistry. However, it can be assumed



9

that the conclusions drawn from this process are true for the
other cells and for charging too.

Fig. 21: The three options for ECM

a) LTO
First, the LTO battery cell, the chosen SoC, where the ECM
testing will be performed, is 50%. The three possible ECMs
were fitted and the error plot was plotted. On fig. 22, fig. 23
and fig. 24 we can see how these compare to each other and
the actual measurement data with the error plot.

Fig. 22: Left: LTO impedance graph with first ECM option.
Right: LTO error graph with first ECM option

Fig. 23: Left: LTO impedance graph with second ECM option.
Right: LTO error graph with second ECM option

Fig. 24: Left: LTO impedance graph with third ECM option.
Right: LTO error graph with third ECM option

It is clear that the first ECM option does not perform well at
all, this means that this circuit is not appropriate to model an

LTO cell. On the other hand, we can see that the two models
with one and two CPEs have a good correlation between the
measured and simulated data. This can be observed by looking
at the impedance graphs where the plotted data is almost the
same. To choose a preferable ECM, we have to look at the
error plot of the second and third options. By looking at these
plots we can see that the error is a bit better for the third ECM,
it is a small difference only but still an important one. After
the analysis of the results and the simulations, it is now safe
to say that the ideal ECM out of the three is the third one, the
circuit with two CPEs. The circuit can be seen on fig. 21.
b) NMC
Next, it is time to take a look at the NMC cell. The same
process was completed as before. The plots of impedance and
error for the three ECM options can be seen on fig. 25, fig. 26
and fig. 27.

Fig. 25: Left: NMC impedance graph with first ECM option.
Right: NMC error graph with first ECM option

Fig. 26: Left: NMC impedance graph with second ECM option.
Right: NMC error graph with second ECM option

Fig. 27: Left: NMC impedance graph with third ECM option.
Right: NMC error graph with third ECM option

By analysing the plots we can quite easily state that the
second-order RC circuit (first option) is not going to be a good
solution to model this type of battery. The impedance graph
does not fit and the error plot is way too high for this ECM to
be considered. Once again the circuits with one CPE and two
CPEs produce very similar results. The impedance plot fits well
and is almost the same for the two models. The only difference
can be found in the error plots. Once more the model with two
CPEs has a slightly smaller error in the low-frequency region,
other than this the error is almost the same. The decision based
on this is to select the third option as the ideal ECM, this circuit
can be seen on the bottom fig. 21.
c) LFP
At last, the LFP plots for the different ECM options can be
seen on fig. 28, fig. 29 and fig. 30.
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Fig. 28: Left: LFP impedance graph with first ECM option.
Right: LFP error graph with first ECM option

Fig. 29: Left: LFP impedance graph with second ECM option.
Right: LFP error graph with second ECM option

Fig. 30: Left: LFP impedance graph with third ECM option.
Right: LFP error graph with third ECM option

It is apparent from the graphs that the first ECM option is not
a good solution. The impedance graph does not fit well and
the error is too high. On the other hand, the remaining two
options seem like a good choice. They both fit the impedance
curve remarkably well. Hence, once again the decision can
be based on the error plot. We can see that the error plots
are also similar, however by looking at them carefully we can
spot minor differences. These favour the third choice ECM,
the circuit with two CPEs. There are segments of the plots
where the error is smaller for the circuit with two CPEs than
the circuit with one CPE. Based on this analysis, we can say
that the best option, out of the discussed three, is the fractional-
order model. This circuit can be seen on fig. 21.

2) Verification of chosen ECM
The validation of the chosen ECM will be shown by showing

multiple SoCs and their corresponding ECM circuit perfor-
mance and these will be compared to the data from the actual
measurement.
a) LTO
For the LTO cell the plots for 20%, 40%, 60% and 80% can
be seen on fig. 31, fig. 32, fig. 33 and fig. 34 respectively.

Fig. 31: Left: LTO impedance at 20% SoC. Right: LTO error
at 20% SoC

Fig. 32: Left: LTO impedance at 40% SoC. Right: LTO error
at 40% SoC

Fig. 33: Left: LTO impedance at 60% SoC. Right: LTO error
at 60% SoC

Fig. 34: Left: LTO impedance at 80% SoC. Right: LTO error
at 80% SoC

By investigating the graph we can observe that the
impedance graphs correlate very well for every SoC in terms
of the measured data and simulated data. Looking at the error
plots, it can be observed that the error is very small for every
SoC. The reason for showing four different SoCs is to prove
that the chosen ECM is a good choice for the whole range of
the battery, as we can see that it performs exceptionally well
for low, middle and high SoCs. A conclusion then can be that
the model with two CPE is a good choice for an ECM if one
would want to model an LTO battery cell. This choice would
be a good choice for the whole range of the SoC and we can
assume that it is not influencing the simulation if we charge
or discharge.
b) NMC
Next, the validation of the NMC cell. The same simulations
were performed with the ECM where there are two CPEs. On
fig. 35, fig. 36 and fig. 37 one can see the impedance and
error plots for 10%, 60% and 100% SoC respectively. We can
see that for NMC there are significant differences between the
ECM performance on specific SoCs.

Fig. 35: Left: NMC impedance at 10% SoC. Right: NMC error
at 10% SoC

Fig. 36: Left: NMC impedance at 60% SoC. Right: NMC error
at 60% SoC

Fig. 37: Left: NMC impedance at 100% SoC. Right: NMC
error at 100% SoC
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We can see that the performance is not ideal for 10% and
100%. The simulated result fits the measured one, but the error
rate is high. The performance for 60% is acceptable, the graph
mostly fits well and the error is below 0.5%. One conclusion
can be that the chosen ECM works for the middle range of the
SoC. On the other hand, this ECM might not be the best choice
to model the lower range (0% − 20%) and very high range
(100%) of SoC. As this ECM was deemed the be the best out of
the three we can also assume that the other two options would
also fail to meet an acceptable performance level. Therefore,
to properly simulate this battery type, more research has to be
done.
c) LFP
The verification of the chosen ECM for the LFP cell will be
similar to the verification of the LTO, four different SoCs will
be shown and compared. On fig. 38, fig. 39, fig. 40 and fig. 41
the plots of the four SoCs, namely 20%, 40%, 40% and 80%,
can be seen.

Fig. 38: Left: LFP impedance at 20% SoC. Right: LFP error
at 20% SoC

Fig. 39: Left: LFP impedance at 40% SoC. Right: LFP error
at 40% SoC

Fig. 40: Left: LFP impedance at 60% SoC. Right: LFP error
at 60% SoC

Fig. 41: Left: LFP impedance at 80% SoC. Right: LFP error
at 80% SoC

By analysing the plots, we can see that the performance of
the third ECM is satisfactory. The impedance plot fits generally
well and the error is minimal for three of the four cases. It is
necessary to analyse the 40% SoC plot further. The impedance
plot fits well, so the difference can be found in the error
plot. This difference is not too big in this case, however, it
is apparent that the error is a bit higher than in the other cases.
On the other hand, most of the error is still well below 1%
for most of the simulation, which can be considered a good
performance. Based on this, we can say that, even with a minor
difference at 40% SoC, the ECM with two CPEs is a good
solution to model an LFP battery cell. It performs effectively
for the whole range of the SoC with minimal error.

VI.CONCLUSION

This paper focused on finding an optimal ECM for specific
Lithium-ion battery cells by performing EIS measurements.
Three different battery chemistries were investigated, LTO,
NMC and LFP. The cells were probed to obtain their capacity
and EIS measurements were performed to acquire an optimal
current to work with. These currents were 80mA for LTO
and NMC and 60mA for LFP. Measurements were performed
to investigate the influence of SoC and charging direction on
the impedance of the battery cells. From these measurements,
conclusions were drawn regarding this influence. We can
say that for LTO and NMC the charging direction does not
influence the cell impedance. Hence we can say that there is
no to minimal hysteresis for LTO and NMC cells. The SoC
can influence the impedance of these cells. In both cases, we
could see that at 100% and 0% the impedances are significantly
different compared to other SoCs. Moreover, for LTO the real
part of the impedance decreases as SoC increases. This trend
can be observed for the NMC cell too, the real impedance
decreases as the SoC increases. On the other hand, for the
LFP cell, we could see that charging directions affect the cell
impedance but the SoC does not. This means that hysteresis
has a major effect on this battery type. Next, three different
ECMs were simulated and compared with the measurement
data. There were deviations between the ECMs as expected.
The acceptable range on the error plots of these deviations,
based on personal experience, was that the error is ideally
below 0.5%. For the curve fitting it was easier to decide the
range as we could see how the plots fit so it was clear which
performance is acceptable and which is not. The simulation
showed that the optimal ECM for the LTO cell is a circuit
with two CPEs. The same circuit provided the best option out
of the three for the NMC cell. However, it is suboptimal for
certain SoC ranges, it turned out that from 0% to 20%, this
circuit is not ideal to model this cell. Hence the conclusion
is that there is a demand for more research to find an ECM
that can properly simulate the NMC cell. This is potentially a
good option for further research and work. Finally, for the LFP
cell, the third ECM option could perform consistently well for
the whole range of SoC. Hence, we found a suitable ECM for
two of the three proposed battery chemistries and we found
out that there is more work and research to be done to find an
appropriate ECM for the NMC cell.
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