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Abstract: Recent developments in high-density lithium-ion battery technologies have greatly
expanded the electric vehicle (EV) market. Due to the fact that the rapid charging of an EV battery
pack while maintaining a suitable cell cycle life is necessary for further growth of the EV market, we
herein propose an innovative adaptive rapid charging pattern that minimizes cell degradation and
reflects the degradation characteristics. This technology is advantageous in that cells can be developed
by analyzing the charging characteristics in the latter stages of cell development of the rapid charging
pattern, while also considering the complexity and heterogeneity of the manufacturing process.
Furthermore, the battery charging pattern is optimized and controlled in real-time by reflecting
the characteristics of the battery module and pack degradation as the cycle number is increased.
More specifically, we present a preliminary study that simplifies the implementation of the new
optimization pattern to improve the cell cycle life by over 45% in comparison to conventional
fast charging patterns, and to address the drop in capacity in the latter half of cell life during
rapid charging.
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1. Introduction

Charging electric vehicle batteries at rates comparable to the refueling of gasoline-powered cars
remains an unresolved problem. To address this issue and promote further growth in the electric vehicle
market, technology capable of rapidly charging lithium-ion batteries while maintaining excellent cycle
lives is essential. As such, the development of materials and manufacturing technologies appropriate
for high-speed charging has received attention from both battery manufacturers and academia [1–5].
However, due to a lack of interest in the development of rapid charging patterns, battery companies
are providing vehicle original equipment manufacturers (OEMs) with previously analyzed data from
typical charging patterns.

In this context, the majority of typical rapid charging patterns consist of conventional single or
multiple constant-current constant-voltage (CCCV) step charge processes as shown in Figure 1a [6–9].
To reduce charging times, conventional methods tend to involve charging the battery with a high
constant current in a low state of charge (SOC) region prior to charging the battery through a series
of decreasing charge current steps as the SOC increases with the aim of minimizing cell degradation.
However, these conventional step charging methods do not reflect the environmental variables of the
cell and the state caused by internal degradation, which ultimately results in rapid cell degradation, as
shown in Figure 1b [6]. Other recently reported rapid charging methods include pulse charging and
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boost charging [10–13], which insert intermittent pauses to prevent lithium plating. Such plating is
caused by high lithium ion concentrations around the anode due to the high charge current employed
in these processes. However, as the design of a rapid charging pattern is related to the balance between
the charging time and the cell cycle life, the use of higher charge currents to compensate for pause
times can lead to rapid capacity losses.
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Figure 1. Current pattern examples. Results from cycle life evaluations for (a) a conventional charging
profile according to the charging method; and (b) a battery cell life cycle according the charging method.

As the environments where batteries are being used and their target applications become more
diverse, a thorough understanding and accurate prediction of the behaviors of commercialized cells
are becoming increasingly important in the context of developing novel cell charging patterns. To meet
the requirements of automobile OEMs, batteries with higher energy densities and higher performances
have been developed based on the design of batteries with higher packing densities and complex
form factors. However, in the context of automobiles, the lithium-ion battery is difficult to understand
through the prediction of cell operations by the analysis of laboratory-scale coin cells, or by predicting
or analyzing actual cell operations through simulations. Furthermore, the prediction of battery
characteristics becomes more challenging as the cycle life increases.

To address this issue, differential voltage analysis (DVA) can aid in understanding commercial
cell behaviors in actual applications as changes in voltage with varying capacitance can be plotted as
either dQ/dV or dV/dQ (dQ = the capacity increase, dV = the voltage increase) [14,15]. The observed
changes in the peak values of the corresponding plots thereby provide information regarding phase
changes, active material losses, and chemical changes within the battery [16–22]. Thus, we herein
report our study into cell resistance characteristics based on DVA, and further propose two adaptive
rapid charging patterns that reflect the intrinsic characteristics of the cells in a specific SOC, in addition
to considering variations in degradation characteristics as the battery cycle life progresses.

Initially, we examined the development of the CV step charging pattern, which is a rapid charging
method that allows self-charge control to reflect cell degradation and reduces cycle life degradation.
Second, we report on the development of a charging pattern that controls the C-rate of the charging
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step according to the capacity degradation of the battery cycle to ultimately adjust the charging time to
the initially set rapid charging time. In addition, by using the 18650 cylindrical lithium battery cell that
is employed in electric vehicles, we examined the advantages of two new rapid charging methods (i.e.,
the CV step charging pattern and the constant time (CT) adaptive rapid charging pattern) compared
to the conventional high-speed step charging method. Furthermore, additional analytical results are
presented following the evaluation of the cell cycle life. Finally, we discuss the application of this novel
method to battery module and pack applications.

2. Experimental

To design a new rapid charging pattern and test the newly proposed rapid charging method, we
selected a 18650 cylindrical lithium ion battery cell. This 3.3 Ah lithium cobalt oxide (LCO)/graphite
18650 type cell has been used in various information technology applications following the
reinforcement of its lifespan and safety characteristics [23].

In this study, DVA was employed to analyze the operating characteristics at the commercial cell
level and to generate optimized rapid charging patterns. The DVA profile typically varies depending
on the type of battery cell and the shape of the DVA plot as the 3.3 Ah cell is mainly determined by
the LCO used as the cathode active material, although it can be further influenced by the cell shape
and the active material loading. To obtain the DVA profile, basic performance tests were initially
conducted for each cell. To test the 3.3 Ah cell, a constant temperature chamber was prepared with a
maximum charge and discharge current of 10 A at 25 ◦C. The charge/discharge conditions of the cell
were suitably adjusted for the cell design and the target application.

As shown in Figure 2, 3.3 Ah cells were charged at 0.3 C intervals between a 0.2 and 2.2 C-rate
with a 4.25 V CCCV charge and a cutoff value lower than 1/10 C to obtain the cell IV curve data. After
charging, the battery was discharged at a discharge rate of 1 C under a 3.0 V cutoff voltage. The data
were converted into an DVA plot, which was analyzed to derive a new CV charging pattern and an
adaptive rapid step charging pattern. Cycle life evaluation was then performed between 3.0 and 4.25
V using the proposed rapid charging pattern. During cycle life evaluation, a reference performance
test (RPT) was performed after each block of 50 cycles to measure the quantitative changes in the
battery capacity. Based on the measured capacities, the adaptive rapid charging pattern was updated
with a new charging pattern optimized for the degraded capacity. A typical CCCV pattern was
then employed to determine the charge C-rate value for the target charge time. The RPT evaluation
consisted of capacity evaluation and DC resistance measurement. The capacity measurement was
performed only for the nominal currents of 0.3 C for charging and 0.3 C for discharging, which allowed
moving to the next step of resistance measurement without an additional pre-conditioning cycle
in between. The resistance measurements were performed by the pulse train at 50% SOC.
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Figure 3 shows the detailed experimental parameters for each experimental pattern, where
the life cycle test was terminated at 80% of the initial capacity. After measuring the thickness
of the cell following life cycle evaluation, the cell was fully discharged to 3.0 V to evaluate its
additional characteristics. The headspace gas was extracted and transferred to a gas chromatography
mass spectrometer (GC-MS) for analysis. Scanning electron microscopy (SEM), x-ray diffraction (XRD),
x-ray photoelectron spectroscopy (XPS), and inductively coupled plasma mass spectrometry (ICP-MS)
were also performed after cell degradation. Finally, we investigated the suitability of the new method
in solving the cell balance issue by using data analysis, and compared the peak currents applied to
each cell.
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Figure 3. Rapid charging patterns: (a) A typical step charging pattern; (b) the novel constant current
step rapid charging pattern; (c) a constant current charging pattern; and (d) an adaptive rapid
charging pattern.

3. Results and Discussion

3.1. Methodology of the New Fast Charge Pattern

Unlike the rapid charging patterns generated by simulations or by laboratory-scale capacity
(mAh) cell studies, rapid charging patterns optimized for commercial-level cells (>Ah) were generated,
and DVA was directly performed to analyze the charge/discharge behavior of the cells. The resulting
DVA plot showed the capacity increase (dQ) per voltage increase (dV) (or vice versa) on the y-axis,
and the voltage (V) or capacity (Q) on the x-axis.

Thus, the DVA plot shows in what state (i.e., voltage or capacity) the cell exhibits changes
in resistance during charge/discharge due to factors such as phase transition, Li-ion diffusion,
electron mobility reduction, and by-product formation. Equation (1) represents the mathematical
interpretation above.

dV
dQ

=
d(iR)
d(it)

=
dR
dt

(const, i) (1)
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In this system, three possible causes of cell resistance can be identified. The first is the Ohmic
resistance, which originates from the limitations of electron transport at the interfaces and in the
passages of the conductive active materials and the electrical components of the cells such as
outer cell-can materials, metal substrates, and metal taps. The second cause is the interfacial
resistance that occurs during charge transfer at the interface between the active material and the
solid electrolyte interphase (SEI) layer. The third cause is the diffusion resistance due to mechanical
and chemical disruption of Li-ion transport across the separator, electrolyte, SEI layer, and the solid
active material. Such resistance varies greatly depending on the type of component material used and
the manufacturing method employed.

Thus, understanding the DVA plot of a commercial cell allows us to understand the complex
effects of cell resistance.

Figure 4 shows the DVA plot of the 3.3 Ah cell used in the experiments reported herein.
Specifying the target CV voltage at the peak location is expected to reduce the internal stress generated
in relation to the large increase in the rate of resistance. In contrast to applying the CC steps that are
inherently related to the external characteristics, the CV step represents the eigenstate of the cell and
can determine the optimum current that varies continuously with the changes in cell resistance based
on Ohm’s law. To compensate for the rapid charging time required, a number of charge termination
steps have been specified.
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Figure 4. The differential voltage analysis plot of the ICR18650-33F 3.3 Ah cell employed herein.

Thus, the signals shown in Figure 4 presumably represent the starting point for the phase transition
between LCO and graphite.

Typically, the higher the number of phase transitions occurring during graphite charging in
non-high voltage applications in the x > 0.5 range for LixCoO2, the lower the number of phase
transitions reported for LCO when compared to I–IV [24–27], where the LCO stays in the O3

phase [28–33]. Therefore, the new CV step-fill pattern designed for a specific 3.3 Ah battery is expected
to have a positive impact on reducing anode degradation.

Figure 5 shows the variation in charge time and available capacity relative to the cycle number for
the 18650 cylindrical battery. As indicated, following repeated charge/discharge cycles, the capacity
degrades, and so when the battery is charged at the same charge C-rate as the initial value of the test,
the charge time is reduced.
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Thus, as the number of cycles is increased, charging is performed at a higher C-rate, and
degradation is accelerated. As shown in Figure 6a, the adaptive rapid charging pattern memorizes
the battery capacity of the current state of the battery management system, and when the battery is
charged, the charging pattern optimized in the current environment is communicated to the charger for
further charging. The proposed adaptive rapid charging pattern uses a constant time control method
to maintain the same charging time during degradation, as the value corresponding to the capacity
degradation rate is applied to the charge C-rate of each stage, as shown in Figure 6b.
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3.2. Verification of the New Method

The plot shown in Figure 7a indicates that the number of feasible cycle numbers for the new CV
step pattern charging method with a 20% capacity degradation in the 3.2 Ah battery increased by
48.9% when compared with the conventional CCCV step charging method, while those of the adaptive
step rapid charging method increased by 61.7%. In addition, the conventional step charging procedure
resulted in a sharp drop in the available capacity at the beginning of the cycle, while the proposed
novel adaptive charging pattern gave no drop in capacity.

In addition, the plot given in Figure 7b shows the increase in the rate of internal resistance upon
standard charging, conventional CCCV step rapid charging, CV step rapid charging, and adaptive step
rapid charging. In this context, it must be considered that internal resistance is related to the battery
output, and is an important indicator for potential electric vehicle batteries. In all charging patterns
indicated, no increase in the internal resistance was observed at the beginning of the cycle, although
an increase took place when the capacity began to drop.Appl. Sci. 2018, 8, x FOR PEER REVIEW  7 of 12 

 

Figure 7. DVA plots of ICR18650-33F showing the variations in cell cycle lives upon the 

implementation of different charging methods. (a) The capacity of the battery; and (b) The direct 

current internal resistance of the battery. 

3.3. Post-Test Cell Analysis 

The results of the post-test diagnostics showed the distinct advantages of the new CV step and 

the adaptive step rapid charging methods compared to the conventional CCCV step method. In 

addition, cycle life evaluation was complete at 80% (20% degradation) relative to the initial capacity 

under all charging conditions. Interestingly, 400 cycles were achieved for the CCCV step charging 

method, the new CV step charging reached 650 cycles, and over 780 cycles were carried out for the 

adaptive step rapid charging method, thereby indicating the improved performances of the new CV 

and adaptive step rapid charging methods when compared to the conventional CCCV step method. 

The gas analysis results shown in Figure 8 were consistent with the measurement data regarding 

the cell thickness. More specifically, the total amount of gas extracted from the expanded cell and the 

quantities of methane and ethane produced were significantly higher in the cell that employed the 

CCCV step pattern. Interestingly, methane and ethane are typically formed in the cell due to 

electrolyte decomposition and SEI layer formation [34–36]. 

The residual electrolyte extracted from the dissembled separator was analyzed by GC-MS, and 

a higher level of propylene carbonate (PC) decomposition was found to take place for the cell 

subjected to CCCV step charging (Figure 9). This was consistent with the gas analysis results, and it 

should be noted that the difference in additive consumption was negligible. 

Figure 10 shows the thickness of each electrode following disassembly of the cell. Upon 

comparison with the slight difference in cathode thickness, the CCCV step charging cell exhibited a 

greater increase in anode thickness than the CV step charging cell. Based on the rapid charging 

pattern design methodology, it was assumed that the novel CV step pattern allows the cell to self-

regulate the charge current and that the adaptive step rapid charging method adjusts the charge 

current at each RPT, thereby alleviating the accumulation of resistance-increasing factors, and 

affecting the anode to a greater extent. Minimizing the increase in resistance is thereby expected to 

minimize cell degradation and both inhibit electrolyte decomposition and unwanted side reactions. 

Figure 7. DVA plots of ICR18650-33F showing the variations in cell cycle lives upon the implementation
of different charging methods. (a) The capacity of the battery; and (b) The direct current internal
resistance of the battery.

3.3. Post-Test Cell Analysis

The results of the post-test diagnostics showed the distinct advantages of the new CV step and the
adaptive step rapid charging methods compared to the conventional CCCV step method. In addition,
cycle life evaluation was complete at 80% (20% degradation) relative to the initial capacity under all
charging conditions. Interestingly, 400 cycles were achieved for the CCCV step charging method, the
new CV step charging reached 650 cycles, and over 780 cycles were carried out for the adaptive step
rapid charging method, thereby indicating the improved performances of the new CV and adaptive
step rapid charging methods when compared to the conventional CCCV step method.

The gas analysis results shown in Figure 8 were consistent with the measurement data regarding
the cell thickness. More specifically, the total amount of gas extracted from the expanded cell and the
quantities of methane and ethane produced were significantly higher in the cell that employed the
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CCCV step pattern. Interestingly, methane and ethane are typically formed in the cell due to electrolyte
decomposition and SEI layer formation [34–36].
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The residual electrolyte extracted from the dissembled separator was analyzed by GC-MS, and a
higher level of propylene carbonate (PC) decomposition was found to take place for the cell subjected
to CCCV step charging (Figure 9). This was consistent with the gas analysis results, and it should be
noted that the difference in additive consumption was negligible.
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Figure 10 shows the thickness of each electrode following disassembly of the cell. Upon comparison
with the slight difference in cathode thickness, the CCCV step charging cell exhibited a greater increase
in anode thickness than the CV step charging cell. Based on the rapid charging pattern design
methodology, it was assumed that the novel CV step pattern allows the cell to self-regulate the charge
current and that the adaptive step rapid charging method adjusts the charge current at each RPT,
thereby alleviating the accumulation of resistance-increasing factors, and affecting the anode to a
greater extent. Minimizing the increase in resistance is thereby expected to minimize cell degradation
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and both inhibit electrolyte decomposition and unwanted side reactions. We then validated these
hypotheses using various analytical techniques and surface characterization methods.Appl. Sci. 2018, 8, x FOR PEER REVIEW  9 of 12 
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3.3.1. Bulk Characterization

Bulk characterization of the electrodes was carried out by ICP-MS and XRD, as shown in Figure 11.
Considering that the cell was completely discharged prior to its disassembly, a significant degree of
degradation occurred in the cell based on the CCCV step charging method. This was determined based
on the fact that the quantity of Li found in the anode was large, whereas that found in the cathode was
small (Figure 11a).
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spectrometry results, and (b) the x-ray diffraction results.
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The low lithium content of the cathode could be accounted for by the higher amount of irreversible
lithium trapped in the graphite lattice or consumed during SEI formation. However, the lattice
parameters determined from the XRD data for the anode were comparable for both the CV step and
the CCCV charging cells (Figure 11b). We therefore assumed that the majority of irreversible lithium
was involved in the formation of by-products at the anode. Indeed, this result as consistent with the
electrode thickness data presented in Figure 9. Furthermore, Figure 11b gives the distorted lattice
parameters of the LCO as determined by the analysis of the XRD peaks of the cathode. During CCCV
step charging, the cathode has the largest distorted c/a lattice ratio, and so the enhanced cathode
degradation appears to be related to this process. However, further investigation is required to better
understand the origins of these widely distributed lattice structures.

3.3.2. Surface Characterization

Based on the SEM measurements of the disassembled electrode of the 3.3 Ah cell, formation of the
SEI layer was confirmed to be relatively uniform with respect to the cathodes, although the cathodes
of the battery subjected to cyclic charge/discharge using the CCCV charging pattern were thicker due
to the presence of an inorganic SEI layer on the organic SEI layer.

XPS measurements were then performed to identify the composition of the SEI layer and to
understand the origin of the increase in anode thickness.

Figure 12 shows the qualitative analysis of the organic and inorganic components on the
anode surface. Despite few differences in the compositions of the SEI layers formed on the cathodes,
the cell subjected to the novel charging pattern contained an SEI layer composed of more inorganic
components than organic components. This was consistent with the SEM observations. Furthermore,
the detection of high numbers of Lix–C bonds suggests that the exposure of graphite below the SEI
layer was high, which indicates that the formed SEI layer was thinner on the cell subjected to the
proposed charging pattern. These results confirmed that the greater increase in anode thickness for the
CCCV step charging cell was due to the formation of a thicker SEI with a higher inorganic content.
It was therefore concluded that this thicker SEI layer resulted in a rapid capacity loss due to a lack of
optimized current level to reduce the resistance polarization.
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4. Conclusions

We herein proposed an innovative adaptive rapid charging pattern that minimized cell
degradation in Li-ion batteries and reflected degradation characteristics.

Based on the obtained results, the proposed constant voltage (CV) step charging and adaptive
rapid charging patterns produced an innovative rapid charging pattern, and exhibited several
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advantages over conventional methods. More specifically, the novel rapid charging pattern allowed
self-compensation of the degradation mechanism by constant control of the optimized current level,
thereby permitting charging within a minimum time.

Using the lithium cobalt oxide/graphite 18650 cylindrical 3.3 Ah cell, the proposed CV step
charging and adaptive rapid charging methods were verified. Following charge/discharge, it was
confirmed that the new rapid charging pattern was effective in controlling undesirable side reactions
between the anode and the electrolyte, ultimately preventing capacity loss. Furthermore, the proposed
rapid charging patterns were generated by accurately analyzing cell operations through the incremental
capacity analysis of commercial-level cells (>Ah) rather than through simulations or laboratory-scale
capacity (i.e., mAh) cell studies.

Furthermore, a number of cell characteristics and the inherent heterogeneity resulting from
complex manufacturing processes were considered. We therefore expect that our method will be a
good candidate in the development of rapidly charging electric vehicle battery packs while maintaining
suitable cell cycle lives.
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