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Summary

In this paper we present a study on Li-lon Battery (LIB) modelling, including battery ageing profile, as a
ground for development of state of health (SoH) prediction and monitoring system. An influence of LIB age-
ing was included by the mean of ageing module, based on voltage, resistance and capacity characteristics, re-
sulting from preliminary experimental measurements. Our model, based on equivalent circuit model (ECM)
and parameter estimation procedure, was implemented in MATLAB software and then validated. The simula-
tion results are used for battery SoH estimation, which may be use in a future to optimize the conditions of
LIB cycling and therefore extend the battery lifetime.
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ESTYMACJA STANU BATERII LITOWO - JONOWYCH
— MODELOWANIE STARZENIA | BADANIA EKSPERYMENTALNE

Streszczenie

Niniejszy artykul przedstawia badania nad stworzeniem modelu baterii litowo — jonowej, uwzgledniaja-
cego procesy starzenia baterii, jako podstawe do budowy systemu monitorowania stanu baterii. Wptyw pro-
cesOW starzenia zostal uwzglgdniony za pomoca specjalnego modutu, zdefiniowanego przy pomocy parame-
trow (tj. charakterystyki napigciowe, impedancyjne, pojemnosciowe) uzyskanych na drodze pomiarow ekspe-
rymentalnych. Opracowany model, oparty na rownowaznym dwugaleziowym modelu elektrycznym RC, zo-
stal zaimplementowany w $rodowisku MATLAB, a nastgpnie poddany walidacji. Wyniki przeprowadzonych
symulacji wykorzystano do opracowania algorytmu estymacji stanu baterii, ktory w przysztoéci moze postu-
zy¢ do optymalizacji warunkow pracy ogniw litowo — jonowych.

Stowa kluczowe: baterie Li — lon, model ECM, monitorowanie stanu baterii, starzenie

ISSN 1641-6414
e-1SSN 2449-5220

together, it seems that energy storage systems, based

One of the most demanding world energy chal-
lenge is focused on increasing production of power,
derived from sustainable energy sources. Using an
ambient energy sources, instead of a burning fuels,
seems to be a smart idea, which may help produce
cost-effective and environmentally-friendly devices.
Unfortunately, since the abundance of sustainable
energy sources is fluctuating through a day, an ap-
plication of this sources requires an accompanying
solutions for energy capturing and storage [1]. For
now, the most common solution involves an applica-
tion of Lithium-lon batteries (LIBs), used for a
broad range of electronic products for new energy
technology purposes (i.e. electric vehicles). High
energy and power density, low self-discharge rate,
relative long lifetime and safety, caused an enhanced
interest of the companies, which willingly taking the
advantages of this attractive energy solution. Taking

on LIBs, established themselves as a leading candi-
date for the next generation of automotive, aerospace
and other energy demanding applications.

Unfortunately, the LIB during its performance is
subjected to degradation process. Moreover, the rate
of degradation depends on operating environment
factors, therefore it may be different for the same
cells working under vary conditions. In general, the
LIB ageing is caused by the layer of solid electrolyte
intercalation interphase (SEI), which overgrowth
leads to significant reduction in LIB performance or
may even cause a battery failure. From this point of
view, there is an undeniable need to estimate the
state of health (SoH) of battery, in order to predict
the number of cycles left to the end of its lifetime.

In the recent years, an extensive studies have
been carried out to find a satisfactory way of battery
SoH estimation. Among many reported studies, the
most promising one is concern with the theory of
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crack propagation on the battery electrodes, which
may reflect in the nonlinear relationship between
cycling stress and temperature [2]. Regardless of the
research methodology, the general idea of SoH is
based on comparison of results of LIB ageing model
simulations with experimental measurements. If the
real-time measured data are convergent with simula-
tion results, the battery health may be assess as nor-
mal. If not, it means that some failures occurred.
An applied model should also include all electrical
parameters of the circuit load and other parameters
i.e. representing charging and discharging character-
istic.

4 Literature based determination of key

ageing factors
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Fig. 1. The sequence of presented study

The aim of our study is to develop a system for
LIBs state of health prediction and monitoring, in
order to attempt an extension of LIB life, avoid
unexpected failures and improve the control of pow-
er management systems. Also, the precise definition
of ageing model may help to find the most efficient
conditions for long-term LIB operation. In this paper
we propose a method, where ageing parameters are
applied to the equivalent circuit model (ECM) struc-
ture. Our simulation model, implemented in a
MATLAB software, is based on the 2RC branch
ECM and on the parameter estimation procedure
(which provides a circuit parameters, allowing to
recreate a load dependences on SoC, voltage and
temperature) [3]. A developed ECM model is subse-
quently combined with ageing module. As a re-
sponse for constantly changing initial ECM parame-
ters, the ageing module is adjusting during the LIB
operation, provides an estimation of the left LIB
lifetime. The simulation results are compared with
experimental measurements and, after model valida-
tion, are used for further SoH prediction (fig. 1.)

2. THE AGEING OF LI-ION BATTERIES

The ageing of materials and structures, is an
extremely important aspect, which should be
included in most of the type of condition and health
monitoring studies [4-6]. The degradation issue may
be considered through a different scale, starting with
an atomic scale [7], through a micro [8], up to the
macro scale [9]. Regardless the scale of the problem,
as well as the materials and methods under
investigation, the major idea of all studies is the
same — attempt to assess how hard degradation
affects on the material properties and, as a result, on
the construction/device lifetime. The same problem
relates Lithium-lon Batteries (LIBs) — during LIB
performance, each component of the cell is subjected
to ageing, therefore the LIB efficiency during its
lifetime is decreasing. A possible mechanisms of
degradation are different for different LIB
components — the current collector is subjected to
corrosion, the electrolyte to decomposition, the
separator usually melts and the cathode undergoes
metal dissolution [10]. However, in general is
assumed, that the most significantly differences in
ageing mechanisms are noticeable between the
anode and the cathode.

The ageing of anodes is usually concerns with the
changes in graphite structure (carbon is a commonly
choice for LIBs anodes), causing deterioration of the
anode properties in time and use. The changes reveal
during battery cycling, as well as during storage, and
might be asses by well-defined electrochemical
parameters i.e. state/change in state of charge
(SoC/ASoC), state of health (SoH), capacity fade or
resistance rise [11]. Except changes in anode
structure, the adverse effects of LIB ageing may also
concern changes at the Solid-Electrolyte Interphase
(SEI) level. In fact, the studies of ageing influence
on the SEI layer are one of the most commonly
reported studies concerning LIB batteries — the
examples may be found in [12-15]. Also, in case of
metal-cored electrodes, the LIB ageing effects may
result from mechanical disintegration within the
electrode — some details about changes in anode
volume, reactivity of binder materials or current
collector corrosion are reported, respectively, in
[16-18]. On the other hand, the ageing of the entire
LIB may partly results from cathode ageing. The
inseparably conjugated phenomena, such as
structural changes of positive active material,
dissolution reaction or modification of surface film,
have an irreversibly influence on the LIB lifetime.
Therefore, a studies in a field of cathode ageing, are
mostly focused on cathode structural aspects [19],
ageing neutralization [20] or surface electrolyte
reactions (including gas generation mechanism)
[21], [22].

An additional information about causes,
mechanisms and possible effects of LIB ageing are
described in great details in overview available in
[23]. Also, a comprehensive review on LIB ageing
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mechanisms, supplemented by estimations for
automotive applications was reported in [24].
Finally, in a reference to the aim of our study, one of
the latest extensive review about state of health
estimation methods for LIB, may be found in [25].

3. PRELIMINARY MEASUREMENTS

3.1. The object of a study

The object of our study were Lithium-lon batter-
ies (LIBs) from Sony Energy Devices, model
US18650V3. This model, due to its high capacity (in
relation to its weight) and relatively small dimen-
sions, is commonly used in many applications. The
nominal voltage of this battery is estimated at 3.7 V.
Other key parameters of the cell are presented in
table 1.

Tab. 1. US18650V3 key parameters

Product Category Li-lon rechargeable battery
Model name US18650V3

Nominal capacity 2150 mAh

Nominal voltage 3.7V

Lower/Upper cut-off 25142V

Work temperature -10°C ... 50°C

Materials & Ingredients Information

v Lithium Nickel Cobalt Manganese
Oxides (active material)
Polyvinyldiene

Graphite (active material)

Cathode

Graphite

Polyvinyldiene Fluoride (binder)

Organic Solvent (non-aqueous liquid)
Lithium Salt

Anode

ANANENENIENEN

Among materials used in considered cells, an
important role plays Lithium Nickel Cobalt Manga-
nese Oxides (NMC). A NMC cells are commonly in
battery — they could be found in electric vehicles, e-
bikes, various power tools and similar mobile devic-
es. The NMCs have a good performance, excellent
specific energy and the lowest self-heating rate from
set of well-known battery [26], [27].

3.2. Measurements on LIB performance

Preliminary measurements of battery cycles
(charging and discharging) were performed in order
to investigate an actual state of batteries. As a result
we obtained a voltage, temperature and resistance
characteristics, which were used to calculate the
ageing factors for development of simulation model.
Moreover, the results would help to verify the gen-
eral correctness of implemented program and find
parameters for its further improvements.

3.2.1. Measurement circuit

The scheme of measurement circuit is presented
in fig. 2. In order to provide stable and constant
temperature of surrounding we applied an environ-
mental chamber. Due to the different nature of the
expected temperature fluctuation (the changing tem-
perature of cell as well as the temperature of envi-
ronment) we applied 2 thermocouples sensors. Ap-
plied measurement devices provided appropriate
high frequency data acquisition, what improved
correctness of measured magnitudes.

1. Computer with battery-testing program in LabView

2. Measurement card cDAQ battery from National Instruments with
additional modules

3. Programmable electronic load from Array 3710A

4. Digital switching mode regulated power supply Manson SPD2210

Fig. 2. A measurement circuit — scheme
3.2.2. Measurement algorithm

The measurements were performed on a single
cell, at the constant temperature conditions (23°C).
First, each lithium-ion battery was treated by nomi-
nal magnitudes of voltage and current, provided by
cells manufacturer to improve propriety of per-
formed model. Each run included a charging of cell
by constant current (CC) — constant voltage (CV)
approach and discharging with a 1C rate by constant
value, with a 1C rate, down to the cut-off value.
During charging state, the cell was powered by a
constant value of current, until it achieved a charge
voltage equals 4.2 V. Then the current fell, while the
voltage was maintained at the same value (4.2V).
The cell was fully-charged when cut-off current fell
under determined value. The details of charging and
discharging dependencies are presented in tab. 2.

Tab. 2. Charging and discharging details

Charge Voltage 4.2V

Charge Current 2.15A

Cut-off current 0.1A

Discharge Current 215A

Cut-off voltage 2.5V (0% SoC)

Environment temperature 23°C
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Since, the process of lithium-ion batteries testing
is time-consuming, the progress in measurements for
1C rate was strictly determined by imposed condi-
tions. In order to accelerate the process of cycling,
we applied discharging with 2C rate in the same
temperature of 23°C. The comparison between cy-
cles with 1C and 2C rate of discharging is presented
in fig. 3. At the end, the program of battery cycling
was closed in the loop and repeated as many times
as it was possible (approx. 1500 cycles).

3.2.3. Results

All acquired data were saved, resampled and fil-
tered, in order to calculate an average cycle parame-
ters. Based on that, we performed an average cycle
for which we obtained all needed characteristics.

The most valuable results come from current
characteristic of average cycle. Based on discharging
stage in cycle of lithium-ion battery, it is possible to
calculate the noticeable magnitude of battery output,
which has great impact on cell performance. This
parameter is called the capacitance and may be cal-
culated from current line by reading further samples
and adding them together. In addition, the response
of tested cell on determined environment conditions
and charge/discharge approach, gave us the voltage
characteristic. Based on the drop of voltage we were
able to calculate the internal cell resistance, which
directly describes the energy wasted in form of heat
generated and emitting during process. The depend-
ency between determined current and battery re-
sponse during one absolute cycle is presented below.
The measurements on the single cell also caused its
temperature changes, what may be observed in fig.
4. During discharging the temperature was rising
rapidly and the emitted heat reached the peak (ap-
prox. 42°C) when the voltage achieved cut-off value
(0% SoC). A measured voltage equal to 2.5 V ftrig-
gered a 120 seconds of stabilization step and after
which the charging stage is coming. Thus, an initial
magnitude of voltage, measured after stabilization, is
equal to 3.2 V.

Voltage [V]
Current [A]

o

.1:

-2 —Voltage

Current

-3
0 50 80 100 50 0
SOC[%]

Fig. 3. Voltage characteristic for 1C charge
and 2 C discharge

The battery temperature have not hesitate so rap-
idly as the voltage, and it was estimated on 40°C.
Then, the temperature fell down, despite the fact of
applying a constant current (when charging with
high power). The temperature was established when
the constant voltage stage came and the current
started to fall. This, according to Joule Law, was the
reason of lower heat emittance. Based on tempera-
ture changes it is easy to predict a value of an energy
wasted (emitted as a heat) during cycle. The simi-
larity of temperature characteristics for several dif-
ferent runs (fig. 4), clearly shows that conditions of
the battery performance were approximately the
same. Moreover, if the cell demonstrates comparable
response for each cycle, it may be considered as a
validation of this factor for other defined conditions.

45

Battery Temperature [*C]

0 18 36 54 72 90 106 124
Time [ min]

Fig. 4. Battery temperature characteristics

Based on the simulations of the battery lifetime,
assuming 1C-rate charge and 2C-rate discharge, the
degradation factor was calculated in common of
capacitance fall (assuming starting point as a 100%
SoC). For the first few hundred cycles, the drop in
degradation factor seemed to be unnoticeable, thus
the value of SoH parameter was close to a 100%. A
5% fall of SoH value was noted around 1000™ cycle.
After that, the rate of SoH drop was accelerated,
reaching a 80% of SoH about 1500" cycle. Howev-
er, due to the smooth character of the curve present-
ed in fig. 5, there was no specific number of cycles
which might be considered as a breakthrough in SoH
decrease.
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Fig. 5. Decreasing trend of SoH, as a
response to LIB capacity fall

An internal resistance directly defines the effi-
ciency of a single cell, which internal parameter
allows for current flow. The fact is also, that a lower
internal resistance results in a higher applicable C-
rate of battery discharge, which has a great impact
on LIB efficiency. Figures 6 presents a voltage char-
acteristics of pulse discharge, with a 1C and 2C rate
respectively. Test runs of pulse discharge (from
100% - 0% SoC) were performed in room tempera-
ture (23°C) with load time equals 180s and stabiliza-
tion time about 21 minutes. Following this scheme, a
discharging could be performed exactly with 20
pulses (for 1C rate) and 10 pulses (for 2C rate).

42!

Voltage [V ]
w
»

2.6 1C pulse discharge
2C pulse discharge

100% 80% 60% 40% 20% 0%
SOC[%]

Fig. 6. Voltage characteristic during pulse
discharge by 1C/2C rate

It is worth to mention, that temporary increases
in voltage, observed in fig. 6, are resulting only from
stabilization of the cell. The speed of voltage in-
creases, occurring after load stages, directly defines
both: the resistance and parameters of equivalent
circuit model (ECM). Moreover, the speed of stabi-
lization characterizes individually each type of cell
and precisely defines its performance, understood as
its capability to return to initial conditions.

0.45
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Fig. 7. Resistance characteristic during
pulse discharge by 1C/2C rate

The pulse discharge approach allows to deter-
mine some parameters for a single cell. For example,
based on the ratio of the first voltage value before
loading to the last value during pulse discharge, it is
possible to calculate an internal resistance during
this short period of time. A resistance characteristics,
corresponding with voltage characteristics from fig.
6, are presented in fig. 7. The comparison between
resistance characteristics (fig. 7) shows that higher
current causes an earlier rise of resistance. In the end
(10% SoC) of both, 1C and 2C rate cases, a re-
sistance rapidly increases, what also causes a higher
voltage drop and the temperature rise. Therefore,
discharging battery down to 0% of SoC is unprofita-
ble — it generates unwanted heat and also accelerates
an ageing.

4. A LITHIUM-ION BATTERY MODELLING

The major problem with existing battery models
is, due to imposed simplifications, they do not pro-
vide a prediction of battery cycle life. On the other
hand, a battery cycle life has strongly nonlinear
dependency with the depth of discharge (DOD)
parameter, which may be easily determined by em-
pirical battery testing [2]. Because in already report-
ed models, there is no leading nonlinear mechanism
for this damage parameter (as a function of DOD),
the resulting loss of capacity is assumed as a linear
function of charge throughput.

In order to prepare an accurate prediction of bat-
tery degradation, it is desired to apply electrochemi-
cal models. In our studies, electrochemical nonline-
arities has been recognized as a set of functions,
depending on the battery usage profile. The parame-
ters value for ageing function were taken from a
preliminary measurements (section 3) performed in
a various conditions as well as from the studies re-
ported in [28]. Referring to model reported in paper
[17], we combined two aspects of Li-lon cell model-
ling and simulation — battery ageing and the predic-
tion of battery behavior in working system. The
former  aspect was  considered  through
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a electrochemical model, the latter through an equiv-
alent circuit model (ECM). A possible inputs and

outputs for our model are summarized in a table 3.

Tab. 3. Possible inputs and output of applied model

Input Input pa- Output pa-
type rameters rameters Usage
Load (A) Verification
Measured | Time (5) Voltage of ECM
signal | Cycles done | response (V) | and ageing
(default 0) | SoC (%) model
SoH(%)
SoH (cycles .
Usage DOD | |gft) Checking
(%) No. of equiv- | how certain
Constant | Charge alent cycles parameter
signal current(A) Temperature | affects on
Discharge change °C battery
current(A) lifecycle

4.1. An ECM-based model

A program, developed in MATLAB® environ-
ment, was capable to estimate SoC and SoH while
reading in the real-time discharge and charge battery
parameters and use test battery profile simulation as
well. Data could be provided from the preliminary
measurements (section 3) or from already reported
practical applications. The damage parameters were
applied to the empirical equivalent circuit model
(ECM) structure based on approach developed by
Huira et. al [3]. Ageing parameters were derived
from review article, available in [28], and then fine-
tuned to suit measured data from multiple cycles.

Thermal model [26] was used to model the bat-
tery temperature. The cooling of the cell was as-
sumed through the convection and the heating came
from internal resistance. Created model of a single
cell was multiplied and connected in order to
achieve a battery pack characteristic. Figure 8 pre-
sents a general structure of developed MATLAB
Battery Model.

Current In 1 |
% T
Ambient Temp In2

Battery Equivalent SOCE&
Clreuit w. Heat transfer WORK PARAM

h 4

YYYYVY

A4

Simulation signal

Cy cles_left

State of Health Estimation S0OH

Fig. 8. Scheme of implemented battery
model

Simulation model for estimation of SoC of a lithi-
um-ion cell was implemented in MATLAB as a
Simulink ECM block diagram. A scheme of applied
equivalent circuit model with two RC branches is
presented in fig. 9. ECM was combined with ageing
module, which during battery lifetime, was able to

adjust model parameters (R1, R2, R3, C1, C2). The
initial values of ECM elements were based on model
developed by Huira et al. [3] and during simulation
were constantly altered. The parameters fine-tuning
used an estimation procedure ([3], [29]), which
allowed to simulate load dependencies of ECM
components (implemented as lookup tables) on
battery SoC and on battery voltage. Using this ap-
proach, we were able to include a needed compensa-
tion, resulting from an adverse changes in battery
capacity.

c1 c2 va
R3

R1 R2

voc

Fig. 9. Equivalent circuit model (ECM)
diagram

4.2. Model validation - simulation results

A validation of the ECM model and degradation
prediction algorithm, was performed by the mean of
series of simulations. The general information flow
during validation is presented in fig. 10.

Comparison
with mme cstimation/

Fig. 10. The sequence of simulation

In order to check and adjust model parameters,
each simulation was performed with a conjunction
with an appropriate experimental test. The proper
model adjustment was necessary to prepare satisfy-
ing characteristics of charge/discharge before simu-
lation of battery degradation.

To validate the parameters of ECM, we run a set
of simulations of discharge employing different load
values. The results are shown in figure 11. We also
performed a simulations of discharge for various
temperatures, in order to provide a data for heat
transfer and voltage/capacity temperature influence
validation. A discharge voltage characteristics for
three different environment temperatures are pre-
sented in fig. 12. In both case, all obtained results
stay in agreement with discharge load/temperature
characteristic data from battery datasheet. Therefore
we concluded, that our model correctly reproduces
the behavior of real battery cell and might be used
for future comparison with experimental data.
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Fig. 12. Temperature dependency on
LIB discharge curves

Due to the ECM validity, we were able to initiate
the state of health (SoH) estimation algorithm. The
results of multiple simulations were prepared for
further comparison with the long-run experimental
tests on real LIBs. In case of detection of any differ-
ence in future, the changes will be thoroughly exam-
ined and the code for LIB ageing will be improved.

5. STATE OF HEALTH MONITORING
(SOH)

The idea of assessment of SoH is based on model
-assisted approach to diagnostics [30]. According
this idea, the simulation results are compared with
experimental results at each cycle of battery charg-
ing/discharging, and the correlation between model
and experiments is tested. If the correlation is rela-
tively small, the model is updated at each cycle.
Updated model is used for further prediction of
remaining battery life. Additionally, the difference
between experiments and simulations may be ana-
lyzed and thus help with SoH assessment.

As long as the current SoH of the Lithium-lon bat-
tery can be estimated with methods based only on
present data, the accurate lifetime estimation relay
on the precision of the ageing model. The main
factors, like operation temperature, depth of dis-
charge (DoD) or current rate [31] which influence
battery ageing (and cause a fade of capacity), should
therefore be deeply discussed and included into a
battery model.

Y.
STOP

Battery End of Life
Capacity left=80% of

original Capacity

Fig. 13. A block diagram for SoH
estimation algorithm

5.1. SoH estimation — algorithm

SoH parameters estimation is a subsystem, using
ageing function able to estimate a number of full
cycles (in 20°C) which left, until the battery reaches
assumed level of original capacity (usually 80%).
Our SoH simulation model includes so-called cycle
equivalent counter (Coulomb counting) which al-
lows to consider one battery cycle as a sum of con-
secutive partial discharges, performed until the loss
of total charge (Q) is equal to the battery capacity
(fig. 13). When this condition is satisfied, the equiv-
alent cycle number increases and mean values of
discharge current, as well as a mean temperature
during equivalent cycle, is calculated. The results are
then compared with battery look-up tables and also
with ageing parameters based on experimental
measurements. Therefore, after each full cycle, the
SoH (number of left cycles) may be estimated and
provided together with the correction of ECM pa-
rameters. A block diagram, for SoH estimation algo-
rithm described above, is presented in fig. 14

5.2. SoH estimation — results

The results of SoH estimation provide a humber
of left full cycles, determined after each full
discharge. A minimum SoC and temperature range,
occurring during each iteration, is used to compute
ageing and capacity loss. Simulation model uses a
look-up tables to store ageing factors, as well as a
function derived from experimental measurements,
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for calculation of SoH changes. In order to provide a
practical guidance for a LIBs users, we also create a
spatial graph of usable energy. A 3D surface,
presented in fig. 14, shows conjugated temperature
and DoD dependence on total useful battery
capacity.

According to our experimental measurements,
the best working condition for tested LIB cell are:
the temperature range between 25 — 40°C and
minimum value of SoC between 30 — 60%.
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Fig. 14. DoD and temperature dependence
on total useful capacity of LIB

An influence of current load dependency on age-
ing is assumed as a linear function, defined on the
1C and 2C-rate measurements (section 3), where 1C
charge/discharge run was taken as a reference point.
Constructed function (fig. 15) was added to the SoH
estimation function. For future purposes, more accu-
rate and representative function, should be based on
the wider range of current load dependencies.
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Fig. 15. Linear function of load
dependence on LIB ageing

6. CONCLUSIONS

The health monitoring is constantly evolving
branch of modern engineering. Today, there is
plenty of research, using health monitoring
approach, in order to develop the real time
assessment of state of vary objects — starting from
small mechanical components (i.e. bearings), ending
with large scales constructions (such as bridges or
buildings). The health monitoring may also be

—

60

applied to estimate the state of single energy devices
(batteries) or even entire power management system.

In our study, we applied the state of health
monitoring, to develop a method for prediction of a
lifetime for lithium-ion battery (LIB). For this
purpose, we developed a computational model of
LIB, based on the 2RC branch of equivalent circuit
model (ECM). The ECM model was extended with
thermal influence module and ageing function,
including adverse effects of LIB degradation. The
definition of ageing function was supported by
experimental measurements, providing all needed
parameters and characteristics. However, such of
determination of ageing influence, may be not
satisfied the needed accuracy for results of
simulation, and thus may mislead the validation.
Therefore, the accuracy resulting from our model,
may vary, when input parameters are going beyond a
standard usage range. It also remains an open
research question: how properly define a LIB model
including all internal (material, structural etc.) and
external (temperature, input/output parameters)
influences, with required level of accuracy?
Nevertheless, we believe that our model, as a
conjugation of existing models with preliminary
measurements, is able to give a fuller description of
LIB performance and form a solid ground for future
development of more comprehensive state of health
monitoring solutions.

REFERENCES

1. Etacheri V, Marom R, et al. Challenges in the
development of advanced Li-ion batteries: a review.
Energy Environ. Sci., 2011; 4(9):3243-3262.
http://dx.doi.org/10.1039/C1EE01598B

2. Millner A. Modeling lithium ion battery degradation
in electric vehicles. IEEE Conference on Innovative
Technologies for an Efficient and Reliable
Electricity Supply, 2010; 349-356.
http://dx.doi.org/10.1109/CITRES.2010.5619782

3. Huria T, Ceraolo M, et al. High fidelity electrical
model with thermal dependence for characterization
and simulation of high power lithium battery cells.
IEEE Int. Electr. Veh. Conf., 2012; 1-8.
http://dx.doi.org/10.1109/IEVC.2012.6183271

4. Batko W, Korbiel T, et al. Phase trajectory as a tool
for assessing degradation processes in a
displacement pump. Diagnostyka, 2010; 4(56):69—
74.

5. Kazmierczak H, Pawlowski T, et al. Energetic modes

in description of structural degradation of
constructional — materials.  Diagnostyka, 2011;
1(57):25-29.

6.  Ekiert M, Mlyniec A, Uhl T. The influence of
degradation on the viscosity and molecular mass of
poly(lactide  acid) biopolymer.  Diagnostyka,
2015;16(4):63-70.


http://dx.doi.org/10.1039/C1EE01598B
http://dx.doi.org/10.1109/CITRES.2010.5619782
%09http:/dx.doi.org/10.1109/IEVC.2012.6183271

DIAGNOSTYKA, Vol. 17, No. 2 (2016) 33
MROZ, GORNY, EKIERT, UHL: An Estimation Of Lithium-lon Battery State Of Health ...

10.

11.

12.

14.

15.

16.

18.

19.

Mlyniec A, Ekiert M, et al. Influence of density and
environmental factors on decomposition kinetics of

amorphous polylactide - Reactive molecular
dynamics studies. Journal of Molecular Graphics and
Modelling, 2016 (in press)

http://dx.doi.org/10.1016/j.jmgm.2016.04.010

Mlyniec A, Morawska-Chochol A, et al.
Phenomenological and chemomechanical modeling
of the thermomechanical stability of liquid silicone
rubbers. Polym. Degrad. Stab, 2014; 99:290-297.
http://dx.doi.org/10.1016/j.polymdegradstab.2013.10
.018

Korta J, Mlyniec A, Uhl T. Experimental and
numerical study on the effect of humidity-
temperature cycling on structural multi-material
adhesive joints. Compos. Part B Eng., 2015;
79(1):621-630.

http://dx.doi.org/10.1016/j.compositesb.2015.05.020

Agubra V, Fergus J. Lithium Ion Battery Anode
Aging Mechanisms. Materials (Basel),
2013;6(4):1310-1325.
http://dx.doi.org/10.3390/ma6041310

Bloom I, Cole BW, et al. An accelerated calendar
and cycle life study of Li-ion cells. J. Power Sources.
2001;101(2):238-247.
http://dx.doi.org/10.1016/S0378-7753(01)00783-2

Ramadass P, Haran B, et al. Capacity fade of Sony
18650 cells cycled at elevated temperatures: Part I1.
Capacity fade analysis. J. Power Sources,
2002;112(2):614-620.
http://dx.doi.org/10.1016/S0378-7753(02)00473-1

Wang C, Appleby AJ, et al. Electrochemical
impedance  study of initial lithium ion
intercalation into graphite powders. Electrochim.
Acta, 2001; 46(12):1793-1813.
http://dx.doi.org/10.1016/S0013-4686(00)00782-9

Peled E, Bar Tow D, et al. Composition, depth
profiles and lateral distribution of materials in the
SEI built on HOPG-TOF SIMS and XPS studies.
Journal of  Power Sources, 2001;52-57
http://dx.doi.org/10.1016/S0378-7753(01)00505-5.

Novdak P, Joho F, et al. The complex
electrochemistry of graphite electrodes in lithium-ion
batteries. J. Power Sources, 2001;97-98:39-46.
http://dx.doi.org/10.1016/S0378-7753(01)00586-9

Lee JK, Smith KB, et al. Silicon nanoparticles-
graphene paper composites for Li ion battery anodes.
Chem. Commun., 2010; 46(12):2025-7.
http://dx.doi.org/10.1039/b919738a

Spotnitz R. Simulation of capacity fade in lithium-
ion batteries. J. Power Sources, 2003;113(1):72-80.
http://dx.doi.org/10.1016/S0378-7753(02)00490-1

Myung ST, Hitoshi Y, et al. Electrochemical
behavior and passivation of current collectors in
lithium-ion  batteries. ~ J.  Mater.  Chem,,
2011;21(27):9891.
http://dx.doi.org/10.1039/c0jm04353b

Liu J, Liu N, et al. Improving the Performances of
LiCoO, Cathode Materials by Soaking Nano-
Alumina in Commercial Electrolyte. J. Electrochem.
Soc., 2007;154(1):AS5.
http://dx.doi.org/10.1149/1.2388731

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Li G, Yang Z, et al. Effect of FePO4 coating on
electrochemical and safety performance of LiCoCO,
as cathode material for Li-ion batteries. J. Power
Sources, 2008; 183(2):741-748.
http://dx.doi.org/10.1016/j.jpowsour.2008.05.047

Wuersig A, Scheifele W, et al. CO, Gas Evolution on
Cathode Materials for Lithium-lon Batteries. J.
Electrochem. Soc., 2007, 154(5):A449.
http://dx.doi.org/10.1149/1.2712138

Kumai K, Miyashiro H, et al. Gas generation
mechanism due to electrolyte decomposition in
commercial lithium-ion cell. J. Power Sources, 1999;
81-82:715-719. http://dx.doi.org/10.1016/S0378-

7753(98)00234-1

Vetter J, Novak P, et al. Ageing mechanisms in
lithium-ion batteries. J. Power Sources, 2005;147(1-
2):269-281.
http://dx.doi.org/10.1016/j.jpowsour.2005.01.006

Barré¢ A, Deguilhem B, et al. A review on lithium-
ion battery ageing mechanisms and estimations for
automotive  applications. J. Power Sources,
2013;241:680-689.
http://dx.doi.org/10.1016/j.jpowsour.2013.05.040

Berecibar M, Gandiaga I, et al. Critical review of
state of health estimation methods of Li-ion batteries
for real applications. Renew. Sustain. Energy Rev.,
2016;56:572-587.
http://dx.doi.org/10.1016/j.rser.2015.11.042

Weng C, Sun J, et al. A unified open-circuit-voltage
model of lithium-ion batteries for state-of-charge
estimation and state-of-health monitoring. J. Power
Sources, 2014, 258:228-237.
http://dx.doi.org/10.1016/j.jpowsour.2014.02.026

Fellner JP, Loeber GJ, Sandhu SS, Testing of
lithium-ion 18650 cells and characterizing/predicting
cell performance, J. Power Sources, 1999; 81-
82:867-871. http://dx.doi.org/10.1016/S0378-
7753(98)00238-9

Omar N, Monem MA, et al. Lithium iron phosphate
based battery — Assessment of the aging parameters
and development of cycle life model. Appl. Energy,
2014;113:1575-1585.
http://dx.doi.org/10.1016/j.apenergy.2013.09.003

Jackey R, Saginaw M, et al. Battery Model
Parameter Estimation Using a Layered Technique:
An Example Using a Lithium Iron Phosphate Cell.
SAE Tech. Pap., 2013; 01:1547.
http://dx.doi.org/10.4271/2013-01-1547

Stepinski T, Uhl T, et al. Advanced Structural
Damage Detection. 2013; Chichester, UK: John
Wiley & Sons.
http://dx.doi.org/10.1002/9781118536148

Rahmoun A, Biechl H. Modelling of Li-ion batteries
using equivalent circuit diagrams. Electr. Rev., 2012;
88(7b):152-156.

Received 2016-04-05
Accepted 2016-05-04
Available online 2016-06-04


http://dx.doi.org/10.1016/j.jmgm.2016.04.010
http://dx.doi.org/10.1016/j.polymdegradstab.2013.10.018
http://dx.doi.org/10.1016/j.polymdegradstab.2013.10.018
http://dx.doi.org/10.1016/j.compositesb.2015.05.020
http://dx.doi.org/10.3390/ma6041310
http://dx.doi.org/10.1016/S0378-7753(01)00783-2
%09http:/dx.doi.org/10.1016/S0378-7753(02)00473-1
http://dx.doi.org/10.1016/S0013-4686(00)00782-9
http://dx.doi.org/10.1016/S0378-7753(01)00505-5.
http://dx.doi.org/10.1016/S0378-7753(01)00586-9
http://dx.doi.org/10.1039/b919738a
http://dx.doi.org/10.1016/S0378-7753(02)00490-1
http://dx.doi.org/10.1039/c0jm04353b
http://dx.doi.org/10.1149/1.2388731
http://dx.doi.org/10.1016/j.jpowsour.2008.05.047
http://dx.doi.org/10.1149/1.2712138
http://dx.doi.org/10.1016/S0378-7753(98)00234-1
http://dx.doi.org/10.1016/S0378-7753(98)00234-1
http://dx.doi.org/10.1016/j.jpowsour.2005.01.006
http://dx.doi.org/10.1016/j.jpowsour.2013.05.040
http://dx.doi.org/10.1016/j.rser.2015.11.042
http://dx.doi.org/10.1016/j.jpowsour.2014.02.026
http://dx.doi.org/10.1016/S0378-7753(98)00238-9
http://dx.doi.org/10.1016/S0378-7753(98)00238-9
http://dx.doi.org/10.1016/j.apenergy.2013.09.003
http://dx.doi.org/10.4271/2013-01-1547
http://dx.doi.org/10.1002/9781118536148

34 DIAGNOSTYKA, Vol. 17, No. 2 (2016)
MROZ, GORNY, EKIERT, UHL: An Estimation Of Lithium-/on Battery State Of Health ...

Piotr MROZ, B.Sc. Eng.

is a researcher at the Department of
Robotics and Mechatronics at the
AGH University of Science and
Technology in Krakéw. In his
i works he focus on testing Lithium-
lon cells and searching appropriate
programs to improve their lifetime.

Piotr GORNY, M.Sc. Eng.

is a researcher at the Department of
Robotics and Mechatronics at the
AGH University of Science and
Technology in Krakéw. His
research is dedicated to
understanding and  modeling
Lithium-Ion Battery ageing
mechanisms.

Martyna EKIERT, M.Sc. Eng.

is a PhD. student at the
Department of Robotics and
Mechatronics at the AGH
University of  Science and
Technology in Krakéw. Her
scientific interests are focused on
multiscale approach of
computational ~ chemomechanical
modeling for broad range of
applications. Her research is also
related to biomechanics and
biomaterials stability issues.

Tadeusz UHL , Prof.

is the head of the Department of
Robotics and Mechatronics at the
AGH University of Science and
Technology in Krakow. In his
works he explores issues of
structural  dynamics, especially
modal analysis and model based
diagnostics. He is also interested in
broadly understood mechatronics.




