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Abstract: The research work presented in this paper emphasis the suitability of the Adaptive charging protocol
(ACP) based non-linear voltammetry (NLV) charging patterns for fast charging Li-ion batteries (LIBs). The ACP
based NLV charging is a patent pending technology [20] implemented to fast charge the LIBs by non-linearly
incrementing the voltage, step by step, adhering to an interdependent relationship [19] based on the product of
the “change of current (dl/dt)” and the “change of voltage (dv/dt)”). It has shown a quicker charging ability in
fully charging a LIB in just around 22 minutes of charging time. In terms of assessing its safety, stability and the
applicability on different battery cells, a number of experiments were performed on four different types of LIBs.
These experiments and their expectations have discussed in the second section of the paper and the third section
detailed on the results. Out of these aging experiments using the ACP based NLV fast charging, the test modeling
the average smartphone users’ daily charge-discharge routine is an interesting experiment, which was designed
to charge a battery in 30 minutes for three consecutive cycles followed by a slow charging cycle. Most importantly,
it showed prominent results in this test which is continued for more than 1000 cycles without degrading its
discharge capacity below 80% of the nominal capacity of the battery. The later part of this paper provides a brief
discussion on a set of distinctive features of this method such as temperature decrement during charging, the
unique charging profiles at each charging attempt and the use of high voltage regions. In an overall, the
experimented ACP based NLV method is proven to be an effective fast charging method for a number of different
LIBs and indirectly models the natural charging in rechargeable batteries.
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I.  Introduction

The time taken to fully charge a battery is one of the most crucial factors for the wide acceptance of the
Li-ion battery powered electronic devices and electric vehicles. For the first decade and a half, since 1991, Li-ion
batteries were charged using a constant current constant voltage (CCCV) charging technique, which can be seen
in charging a wide range of devices from high-power electric vehicles [1] to the low power coin cell batteries [2].
This CCCV method consists of two stages that initially charges at a constant current (CC) and then at a constant
voltage (CV). It encourages slow rate (mostly less than C/2-rate) charging during the initial stage to ensure safety
and the maximum cycle life of the battery. However, it is well known to prolong the charging time.

In today’s rechargeable battery use case scenarios, such as mobile phones and electric vehicles, users
require much faster charging times. The CCCV is not an effective candidate to fulfill those faster charging
demands. Thus, there has been a considerable interest in both the research and commercial communities in
implementing fast charge technologies beyond the classical CCCV method. As such, numerous algorithms based
fast charging methods can be found, and some of those techniques can be seen as statistical [3, 4, 5, 6, 7],
responsive & interactive [8, 9,10], design patterns & model based [11, 12, 13] and electrochemical relationships
based [14, 15]. These methods mostly focus on gaining quicker charging time with the use of higher current rates
and sometimes with higher voltages. In many cases, these current rates and voltages are fixed and selected based
on manufacturer data or on statistical factors. Such strategies will stress and harm the internals of the battery in
real-time as well as aggregated in a long run. Furthermore, the continuous use of these high currents and/or
voltages adversely affect the lifespan of the LIBs.

In this work, an adaptive charging protocol (ACP) based on non-linear voltammetry (NLV) charging
pattern for fast charging Li-lon batteries has presented. Regulating the voltage non-linearly throughout the
charging process analyzing its’ very present current response is considered one of the main differentiating factor
of this method. It prevents stressing the battery with any predefined currents or voltages. Rather, this method tends
to model a natural charging, letting the battery to charge with its own favorable current at every charging step. A
relationship suggested in Rachid Yazami et al [19] between the change-of-current (dl/dt) versus the change-of-
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voltage (dv/dt) has used as the fundamental method for the NLV calculations. In addition, a novel strategy of
adaptation of the charging process to the real-time state of charge (SOC) and a relaxation in between every
charging step is introduced.

Further, a number of extensive experiments were designed to enable an objective comparison &
evaluation about the performance of the charging method. For this purpose, different LIBs were tested by using
the ACP based NLV method while modeling various charging and discharging patterns. Initial part of this paper
discusses the environmental setup and the designed experiments. The next part will provide a detailed analysis of
the test results followed by a discussion on the important observations and findings during the tests. Here, the
temperature profile and the varying charging profiles at each individual charging cycles [of the same cell] have
presented as distinctive features of this method. Finally, the future work and some of the most important findings
have discussed in the conclusion.

I1.  Experimental and ACP based NLV Fast Charging Method
The main hardware components used in this work includes the LIB cells, programmable power supply units,
temperature measurement units and computers to run the charging control processes.

Li-lon Battery Cells

Four different types of LIB cells, LIR13450, ICR14430J, ALT Pouch and LIR18650 with different
chemistries, shapes and dimensions were selected to test in this work. Table 1, shows some important information
about these LIBs based on their manufacturer’s data sheets.

LIB Type Nominal Allowed Temperature | Rated
Capacity (mAh) | Voltage (V) | Range (°C) Cycle Life
LIR13450 Cylindrical 650 2542 0-50 500
ICR14430J Cylindrical 600 25-4.2 0-50 500
ALT Pouch Pouch 2100 25-4.2 0-60 500-1000
LIR18650 Cylindrical 3400 25-4.2 0-60 300+

Table 1: The table of LIB battery details

Figure 1: TheLIBs: LIR18650, ALT Pouch, ICR14430J, LIR13450 from left to right.

Cell Preparation

Each of these cells were conditioned for 3 cycles using a standard Arbin cycler [Power Supply from
Arbin with 10V & 5A power configurations] at C/6-rate charge and discharge currents. The representative
calculated capacity of each cell were taken as the average discharge capacity of the 3 cycles. Then the cells were
kept in relaxation for 30 minutes before starting the targeted experiments. All the experiments were conducted at
the room temperature (25 °C) with air conditioning-on.

Power Supply Equipment
Two power supplies were selected based on the varying power requirements of the selected batteries and the
programmability of the units.

Figure 2, shows the KEITHLEY 2461 source measurement unit (SMU). This KEITHLEY -Tektronix
high current power supply is programmable [16] with a maximum current pulse capability of 10A/100 V and DC
at 7A/105V. Its 0.012% DCV accuracy with 6%-digit resolution is an important factor for these experiments.
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Therefore, the voltage accuracy is up to 0.1 mV. This unit can be connected to a laptop via a USB 2.0 interface
and enable its control for the NLV charging software program.
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Figure 2: KEITHLEY, Power Supply with max current of 7A

Figure 3, the KEYSIGHT (previously Agilent) N7951A [17] Dynamic DC Power Supply, 20V, 50A,
1kW was purchased to support the batteries with higher capacities. A separate dissipater unit was used to discharge
the cells, as this power supply is only able to charge/power-up a load. The voltage accuracy of this unit is ImV
and an inherent latency was experienced whenever the charging mode was changed from a CV mode to REST &
CC mode. Nonetheless, it was easy to program and integrate this unit to a laptop computer through a TCP/IP
interface via an Ethernet cable. Here, the NLV charging application was programmed using C#.NET.

Figure 3: KEYSIGHT, Power Supply with max Current of 50A
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Figure 4: OMEGA, Thermometer

Temperature Sensing Module
The temperature profile was recorded using an external Omega HH520 [18] thermometer data logger,
figure 4. This unit provides 4-thermocouples with the accuracy of around 0.7 °C at a sampling rate of 2 readings
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per second. It also comes with a separate software, which can be installed, on a computer and use to extract the
data that are stored in its internal memory.

Experiment Design

Purpose Of the Expected Cell Name Capacity No. of Cycles

Experiment Charging Time (mAh)

01 Comparison Test 30 Min LIR13450 650 035
Cylindrical

02 Aging Test 30 Min ALT Pouch 2100 153

03 Aging Test 45 Min LIR18650 2000 297
Cylindrical

04 Aging Test 1Hr ICR14430J 1200 122
Cylindrical [Parallel]

05 Daily Charge 30 Min Fast & ALT Pouch 2100 1300

Schedule [Mobile User] CCCV Slow Cells

Table 2: The Table of different Experiments.

As shown in the Table 2, five different experiments were designed to evaluate the performance of the charging
protocol in different patterns of charging and discharging of LIBs.

01 Comparison Test: Two tests were designed to cross-compare the aging performances of a 30 minutes
NLV Charging and a similar charging combination with the standard CCCV method. In both the tests, the
LIR13450 cells with 650 mAh nominal capacity was used. This CCCV test was designed to use a CC current of
2.6 C-rate with a CV threshold increased up to 4.45V during the charging steps. Then, both the cells were
discharged with a 1C based constant current discharge until the voltage drops down to 2.6V. Accordingly, these
charging and discharging steps were cycled and monitored the aging performances to decide which method
performs better.

02 Aging Test, 03 Aging Test & 04 Aging Test: These three tests were designed to check the aging
performance of the ACP based NLV charging when configured for different charging durations on different LI1B
cells. The “02 Aging Test” was created to charge a pouch cell of a 2100 mAh capacity, within 30 minutes using
this method followed by a 1C discharge. The “03Aging Test” was designed to charge in 45 minutes while the “04
Aging Test” was targeted for 1 hour. In addition, the “04 Aging Test” was designed with two ICR14430J cells
(each 600 mAh) connected together in parallel mode. The main objective of this parallel connection was to check
the applicability of the charging method on battery packs with cells connected in parallel.

05 Daily Charge Schedule [Mobile User]: This is a specially designed test to model the average
smartphone users’ daily charging behavior. It has assumed that the user wants to fast charge the phone during the
daytime but prefers the slow charge overnight. Therefore, 3 consecutive fast charge cycles of ACP based NLV
followed by a 1 standard CCCV Charge [slow] were designed. After each of these charge cycles, a 1C Discharge
was introduced. Then, this charge-discharge pattern was iterated until its discharge capacity drops below 80% of
the nominal capacity of the selected cell. The ALT pouch cell with 2100 mAh capacity was used for the test.

ACP based NLV Fast Charging Method

The ACP based NLV method [20] consists of applying a charging protocol in a “loop” scheme [figure
5] in which the factors such as current, voltage, state-of-charge (SOC) and state-of-health (SOH) of a battery
interactively contribute to the charging pattern at every step and finally to the resulting charging time. These
factors contributes both directly and indirectly to varying, non-linearly controlled, set-voltage steps to charge the
battery. The duration of these steps kept very short and dynamic throughout the entire charging process to self-
adjust its steps based on the changes of the aforementioned factors at a finer granularity. As such, the voltage
increment at each charge step will depends on the SOC, SOH and the drawn current of the battery during its
previous step.

This can also be considered as an adaptation technique where the charging process get adjusted based on
the real-time changes in the current response of the battery, and indirectly allowing it to cope with the very
dynamic internal status in the battery cell. The non-linear voltage (NLV) regulating intelligence of this method
based on a relationship between the “rate of the change in current d [I] /dt” and the “rate of the change in voltage
(d [V] /dt)” as described in the patent [19].
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Figure 5: The abstract view of the adaptation relationships in the ACP based NLV charging method.
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This relationship can be expressed as below:

(Kn) = d[V]/dt * (|d[1]/dt])
Kn : is a constant within the charging process (n >= 0).
d [V]/ dt (volts/ secs) : the rate of the change of Voltage (V) during the charging process. [(Vstep-end- vstep-start)/
Step-Time Duration]

d [1]/ dt (mA/ secs) : the rate of the change of Current (I) during the charging process. It can be +/- within
the process. Therefore, the absolute value is taken.
(d[n/datp* : the absolute value of the “d [I] /dt” (a>= 1, is a non-negative continuous value). We

assume as o = 1, for all the experiments in this work.

Even though the patent [19] claimed that the Kn is a constant, the ACP based NLV charging method
uses it differently allowing it to change based on certain regions of the charging process depending on how good
or bad the battery cell is willing to charge at that voltage region. This will indirectly allow the intrinsic
environmental changes in the battery to impact on its subsequent charging pattern. As the voltage is non-linearly
incremented, this charging method will never controls/ impose any current to charge the battery, instead it enables
the battery cell to charge with whatever the current favorable to the battery at that very moment (at the particular
short voltage step). In case, if the drawn current is considerably higher than the expected-current-rate (the required
current-rate to charge, if just a CC is used, within the expected duration), an extra time will be given to charge at
that charge step. In addition, it also does not use any predetermined end-voltage. The end-voltage is adjusted based
on the gained capacity and the current response during the charging process. However, a safety voltage limit (4.85
V for most of the tests) is used to protect the battery. Therefore, this method indirectly models a natural charging
on the battery cell. It has tested through a number of different experiments as mentioned above and evaluated the
performances and compatibility of the method on a number of real battery charging situations/modes. Following
section will discuss those test results.

I1l.  Results

Figure 6, shows a sample charging profile of the ACP based NLV charging. In this test, a LIR13450
battery cell with 650 mAh capacity has fully charged in just 22 minutes.

Here, the voltage has non-linearly incremented resulting in a dynamic and voluntary variation of the
current used to charge the battery. Most interestingly, each charge step has kept very short and has given relaxation
(zero current) periods in between. The duration of this relaxation period also changing based on the adaptation
intelligence in this method. Further, the capacity gaining seems very slow at the beginning and manages to
continue almost linear within the actively charging regions. However, this can be seen as a stair-case in a zoom-
in level as there is no capacity gain during the relaxation steps.

The corresponding discharging profile of this fully charged cell is shown in the Figure 7. It can be seen
that almost 100% discharge capacity of its nominal capacity is produced even at a rate of 1C constant current
discharge. Therefore, the charging efficiency during this test is almost 100%.

In order to compare the charging performances of this method with a similar charging method, based on
standard CCCV method, the “01 Comparison Test” was designed. Here, four cells of LIR13450 were used with
two cells performing each tests. Then the experiment was cycled and analyzed the aging performances. As shown
in Figure 8, the CCCV based fast charging method failed to gain more than 50% of its nominal capacity just after
18 cycles while the ACP based NLV method was able to maintain a discharge capacity well-above 80% of its
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nominal capacity all the while. Even after the 35 cycles, these ACP based cells were continued for many cycles
until it was stopped.

NLV Charge in 22 Mins (LIR13450 Cells, 650 mAh)
Voltage & Current vs Time
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Figure 6: The Voltage, Current & Capacity vs Time profile of an ACP based NLV Charging of a LIR13450.

Discahrge Profile @ -1C (LIR13450 Cells, 650 mAh)
Voltage & Current vs Time [Discharge Time: 61 mins & Cap: 661 mAh]
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Figure 7: The Voltage & Current vs Time profile during 1C-based Discharge of the LIR13450 battery that was
fully charged in 22 minutes using ACP based NLV.

In addition, from the two cells used to charge with CCCV, one was bloated [Figure 9] after about 23
cycles and the other was burned to ashes [Figure 10] during the 36" cycle. Accordingly, this comparison test
results shows that the presented ACP based NLV fast charging method is performing a lot better than its
reference CCCV. However, to further evaluate the stability and the applicability of this method, for different
battery cells, the rest of the aging tests were performed.
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NLV & CCCV Charging, LIR13450, 650mAAh, Cylindrical
Approx. Charging Time : 30 Mins

= 700
<
£ 600
; \k
S 500
Qo
]
5 400 7 N\
£ 300 —
2
8 200
** CCCV based, Discﬁrge Cap dropping rapidly.
100 . . . .
(et 50% Dischrarge Caparity after 18 Cyctes] y,
0 T T T T T T "
0 5 10 15 20 25 30 35
Cycle No(#)

e Cel| 06: Discharge Capacity (mAh): NLV Charge
Cell 13: Discharge Capacity (mAh): NLV Charge

Cell 65b: Discharge_Capacity(mAh): 2.5C & 4.4V [CCCV]
Cell 66b: Discharge_Capacity(mAh): 2.5C & 4.4V [CCCV]

Figure 8: The aging results of four cells of LIR13450, fully charged using ACP based NLV and CCCV in just
30 minutes.
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Figure 9:LIR13450 bloated cell after the cyclic test of CCCV charging in 30 minutes.
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Figure 10:LIR13450 burned to ashes cell after the cyclic test of CCCV charging in 30 minutes.

Figure 11 shows the results of a NLV charging (“02 Aging Test”) of a Pouch cell (2100 mAh) targeted
to fully charge in just 30 minutes. Here, the discharge capacity after each NLV charge cycle has recorded and
presented. When it was stopped after 153 cycles, the discharge capacity remained a lot more than the 80% of its
nominal capacity. In addition, it can be seen that the discharge capacity is considerably consistent throughout the
test with only a few deviations.

Afterwards, instead of trying to further reduce the charging time, the tests were targeted to check the
performances of the charging solution on commercially available LIB cells. For this, two tests were designed to
charge within 45 minutes (the LIR18650, is one of the famous type of battery in Lithium battery world) and 1 hr
charging time using NLV Charging method. Here, the time duration was increased as many of the commercially
available fast chargers take about 1.5 hours to fully charge a Li-ion battery. Therefore, these test results should
also be easily comparable with some of those contemporary fast-charging solutions.
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NLV Charge in 30 Mins : Pouch Cells with 2100 mAh Nominal Capacity. Discharge
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Figure 11: Aging test profile of the ACP based NLV Charge in 30 Mins : ATL Pouch Cells with 2100 mAh
nominal capacity & Discharge @ -1C.

NLV Charge in 45 Mins (LIR18650 Cells, 2000 mAh)
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Figure 12: The Voltage &Current vs Time profile of the ACP based NLV Charging in 45 mins and CC
Discharging: on a LIR18650.

Even the targeted charging time was 45 minutes; the charge-discharge profile in the figure 12 shows (“03
Aging Test”) that it has only taken 43 minutes to charge the battery. Analyzing its discharge profile, it is clear
that the 1C discharge was able to constantly provide current for 56 minutes before reaching its lower voltage
threshold of 2.6 V. Accordingly to this sample graph, the particular charge-discharge cycle has managed to give
a charge efficiency of 93% (56/60 * 100). However, as shown in its aging analysis, figure 13, the discharge
capacity has never dropped below the 80% of its nominal capacity.

Considering the battery charging configurations in parallel mode, in some of the battery packs or power
banks, the next test (“04 Aging Test”) was designed to charge a battery module with 2 parallel connected
ICR14430J batteries (each with 600 mAh capacity). Therefore, this ICR14430J battery module holds a capacity
of 1200 mAh. However, the battery module was just another single load for the ACP based NLV Charger system
[Figure 14].

The sample charging-discharging profile seen on the parallel charging test in figure 15 shows a
charging time of 63 minutes to fully charge the battery. Further, it has a discharging time of 58.61 minutes and
thus holds a capacity of 1172.2 mAh securing a 97.7% charge efficiency. Subsequently, its aging analysis in the
figure 16 shows that this test managed to maintain a very good discharge capacity percentage above 80% of its
nominal capacity all along the aging process.
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Discharge Capacity(%) vs Cycle Number
NLV Charging in 45 mins & Discharge @ 1C [LIR 18650, 2000 mAbh, Cylindric]
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Figure 13: Aging test profile of the ACP based NLV Charge in 45 Mins & Discharge @ -1C: LIR18650 Cells
with 2000 mAh capacity.
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Figure 14: Two'pvarallel-connected ICR14430J batteries attached to the charging clips.

NLV Charge in 1 Hr (ICR14430) Cylindric, 1200 mAh)
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Figure 15: The Voltage & Current vs Time profile of the ACP based NLV Charging in 1 Hr & Discharge @ -
1C: on a ICR14430.J.
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ICR14430J, 2 Cells of 1200 mAh Nomical Capacity

NLV Charge in 1 Hr & Discharge @ -1C rate
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Figure 16: Aging test profile of the ACP based NLV Charge in 1 Hr & Discharge @ -1C: ICR14430J Cells
with 1200 mAh capacity.

After considering a normal smartphone users daily routing, it is likely that the phone may charge
frequently during the day time than a longer charging at night where slow charging is possible. Therefore, a
separate test was designed as “3 NLV + 1 CCCV charge schedule” to model this daily charge routine. Here, the 3
NLV means to fully charge the battery using ACP based NLV Charging method and the 1 CCCV meant for a
standard CCCV based slow charging with C/4-rate CC stage and 4.2V CV stage constant voltage charging. Also,
during each NLV charge process, the battery was set to charge only upto 95% of its nominal capacity. This is also
due to the fact the most of the mobile rarely charges a battery until its 100% capability [86]. As usual in all other
test in this work, a 1C constant current discharge is used to discharge the charge battery. Further, a rest time of 30
minutes was assigned in between every charge-discharge and discharge-charge processes.

Figure 17 (“05 Daily Charge Schedule [Mobile User]) clearly shows that after 3 cycles of ACP based
NLV fast charging, a slow charging with standard CCCV has applied. The discharge capacity was recorded at
each cycle and continued cycling this charging-discharging pattern expecting the battery to drop its discharge
capacity below 80% of its nominal capacity. More interestingly, the aging results in Figure 18 shows that this test
managed to continue more than 1000 cycles without degrading the discharge capacity below the minimum
expected.

Sample Voltage & Current Profile of the Daily Charging Schedule
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Figure 17:The Voltage &Current vs Time profile of the “Daily Charge Schedule [Mobile User]”Charging in
30Mins ACP based NLV and & Discharge @ -1C CC: on a ALT Pouch Cell [2100 mAh].
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ATL Pouch Cell 2100 mAAh Cells, [Daily Schedule of an Ideal Mobile User]
NLV Charge Time Avg. 32 Mins, Discharge @ -1C
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Figure 18: Aging test profile of the “Daily Charge Schedule [Mobile User]” Charging in 30 Mins ACP based
NLV & CCCV, & Discharge @ -1C CC: on a ALT Pouch Cell [2100 mAh].

Considering all these test results, it is very clear that the ACP based NLV Charging method for fast
charging is a very effective fast charging method. Further, the above experiments on different LIBs has verified
that this method is not dependent on a particular battery type or chemistry and rather applicable to many LIBs. It
can also be used with different expected charge time durations that may allow some flexibility in designing fast
chargers focused on different requirements.

IV.  Discussion

In a nutshell, the ACP based NLV Charging method for fast charging LIBs shows very significant
charging performances on different types of LIBs. While it holds a competitive faster charging time of around 30
minutes, no considerable degradations in the cycle life is observed. From the experiments with commercial LIBs,
it shows a clear competitive advantage in reducing the charging time below 1 hour that is not practically available
in today’s fast chargers in the market.

Furthermore, there are two major distinctive features in this charging method. One is the lower footprints
of the temperature variations and the reduction of the temperature during charging. The second is the unique
charging profiles for each different charge cycle even for the same battery. Following sections will discuss these
features briefly.

Temperature Decreases while Charging

The kinetics of the internal battery-particles and their reactive processes, such as lithiation/ de-lithiation
(intercalation/ de-intercalation), shooting/floating the ions/electrons through the solvents & separators and
transporting the charged particles (both mass transfer and charge transfer driven resistances) against the internal
impedance (IR) affects the final outcome of the charging process. This internal impedance causes the joule effect
and heat up the entire system resulting an exothermic reaction. However, the chemical reaction that takes place
during the charging of a lithium ion battery cell is endothermic and it absorbs the heat. However, the collective
outcome of these two heat components mostly resulted in an exothermic reaction. Therefore, the battery seems
to heat-up during the charging process. In most of the fast charging solutions with high current rates, this joule
effect seems to be increased and resulted in more heat causing adverse effects, and sometimes even causing
explosions.

However, the ACP based NLV fast charging method shows a significant temperature decrement in some
cases, while finally resulted in only a small temperature increment in most cases. This can be realized with what
could happen inside the battery cell within the iconic relaxation steps introduced in this method. Within these
relaxation steps, there is no chance of propagating a joule effect anymore (zero current), but the automatic
stabilization with the intercalation and diffusion in the anode can result in an endothermic outcome. Therefore,
the total outcome of the temperature can get endothermic. This is a very important feature for a fast charging.
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NLV Charge in 28 Mins (LIR13450 Cells, 650 mAh) Voltage, Current & Temperature
vs Time
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Figure 19: The Voltage, Current and Temperature vs Time profile of the ACP based NLV Charging in 28 mins:
on a LIR13450.

Figure 19 shows a clear drop in the temperature followed by a considerably low increment in the end.
This cell is a LIR13450 with 650 mAh nominal capacity and expected to have a cathode of LCO : LiCo0Os.. In
figure 20, it can be seen that the overall temperature increment is very small and thus it can expect that the
relaxation has played a key role during the charging process. An ATL Pouch cell with 2100 mAh capacity is
used in this test, and expected to have a cathode of NMC: LiNiMnCoO:2. Accordingly, it is also clear that the
internal battery chemistry and the kinetics together plays a key role in the variation of the temperature.
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Figure 20: The Voltage, Current & Temperature vs Time profile of the ACP based NLV Charging in 33 mins
ona ATL Pouch Cell [2100 mAh nominal capacity].

Unique charging Profiles

The internal operations of a battery during the charging process depends on a number of engineering
disciplines, and it is rapidly changing almost all the time. During this process, the ions and electrons transport
within their designated trajectories resulted by the cumulative impacts of different factors such as, both the mass
and charge transfer potentials and resistances, the ionic concentration near the SEI surfaces, the diffusions and
absorption coefficients of active materials in electrode surfaces, and the ionic concentration in the electrolyte
solvents. Therefore, the exact amount of restorable Li-ions at a particular time depends on the very specific internal
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status (state of health - SOH) of the battery at that time. Hence, if the battery is enabled with natural charging, it
can expect the charging current profile will be changed in every cycle.

Voltage & Current vs Time [650 mAh, 13450 Cells]
During a Number of Charge Cycles using NLV
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Figure 21: The Voltage & Current vs Time profile of the ACP based NLV Charging in 30 minutes on a LIR
13450 cell.

As the battery tends charge with its naturally chargeable current with the ACP based NLV charging, it resulted
in unique charging profiles even in an iterative charging of the same cell. Figure 21, shows a set of charging-
profile comparisons of a single cell of LIR13450 [from the same experiments above, “01 Comparison Test”]
on different charging cycles of 01, 10, 20 & 30. From this, it is clear that the charging profile is unique. It is
another distinctive feature in this NLV method and shows that there is no enforcement on voltage or current
during the charging process.

Use of High Voltage

One another different feature of this charging method is the use of the high voltages. Normally, it is
widely accepted that the use of high voltages for charging is adversely impact on the battery performances. This
is mostly due to the accelerated oxidation at the cathode at high potentials.

However, the use of high voltage region in the NLV method is different from that of continuous use in
some of the CV based fast charging solutions. As such, this method uses high voltage only for a very short period
in which it can expect that the possibility of aggregating adverse effects would be minimized. To a certain extent,
this can be assured by the experiment that continued more than 1000 cycles without any safety issues while using
the high voltage of up to 4.85V.

Controlling the Charging Time

It is observed that the charging time of this method is ranging around the expected charging time (+/- 5
minutes) and not exact in many cases. This also shows the natural charging tendency of the method. In terms of
consistency aspects, this can be considered as a weakness. Anyhow, it is also understood that this may be able to
control only to minimize the deviation but not to confirm on any exact time duration.

V.  Conclusion

This research work shows a comprehensive analysis of the use of ACP based NLV charging method for
fast charging LIBs. The results presented in the paper on different types of LIB cells targeting different charging
times show the compatibility of the charging method with different batteries. In addition, modeling the charge-
discharge behavior of a smartphone users’ daily charging routine is an important reference point to consider this
method for the mobile phone chargers.

Further, a brief analysis of the temperature profiles during the charging of different batteries were
discussed. Here, it is also identified that the decrement in temperature is something very special in this charging
method. In addition, the unique charging profiles encourages natural charging at every charging attempt and avoid
stress on the battery. In an overall, the results show that the charging performance of this method is very positive.
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