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Abstract—In this article, an adaptive fast charging strategy for
lithium-ion batteries considering the variation of dc internal resis-
tance (DCIR) is proposed, which applies to mobile applications. The
experiments prove that the DCIR obeys the Gaussian distribution
during the normal charging stage. However, the DCIR no longer
obeys Gaussian distribution once the battery is fully charged. The
proposed strategy employs the maximum-likelihood method to esti-
mate the expectation and variance of the Gaussian distribution. The
charging mode switches from constant current (CC) to constant
voltage (CV) immediately when the DCIR deviates significantly
from the expectation. Under the premise of satisfying the high
accuracy for the parameter estimates, a constrained optimization
problem is established to determine the DCIR minimum number
of measurements (nmin), and the constraints are transformed into
hypothesis testing for solving. The CC operating time is maximized
based on nmin and the adaptive control of the transition point.
The experiments verify the validity of the proposed method. The
results show that compared with the CC-CV method, the proposed
strategy saves 52.2%, 41.57%, and 29.72% of the charging time at
1C, 0.75C, and 0.5C, respectively, which effectively improves the
charging speed and prevents overcharging.

Index Terms—Adaptive control, constrained optimization, dc
internal resistance (DCIR), fast charging, maximum-likelihood
estimation.

I. INTRODUCTION

L ITHIUM-ION (Li-ion) batteries have been regarded as an
energy storage solution for applications, such as mobile

electronic equipment and electric transportation, due to their
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high power density, long cycle life, and low self-discharge [1].
However, one of the main obstacles limiting these applications
is the anxiety of consumers regarding the prolonged charging
process of Li-ion batteries. Customers hope that the Li-ion
batteries operate longer after charge, but since battery volume
cannot increase indefinitely, it is a natural solution to provide
a faster charge speed [2]. Charging time directly impacts the
consumer’s subjective perception and is crucial to the promo-
tion of commodities, such as mobile electronic equipment and
electric vehicles. As the demand for Li-ion batteries grows, fast
charging strategies are attracting more and more attention in
the pursuit of speed while also maximizing battery safety for
optimal performance and extended life [3], [4].

The constant current and constant voltage (CC-CV) mode
is the mainstream charging method nowadays. It adopts CC
charging at first until the terminal voltage reaches the cutoff
voltage, and then keeps that voltage constant for charging. In
the CC stage, if the C-rate of the charging current is 1C, it
is defined as the current for charging the battery to the rated
capacity in one hour. In the CV stage, the current gradually
decreases as the battery capacity increases, the charging ends
once the current reduces to a certain threshold, which ensures the
battery is fully charged and prevents overcharging effectively.
However, the CC-CV method results in a long charging time. The
CV stage is actually the major factor limiting the charging speed
due to the lower current [5], [6]. The charging of Li-ion batteries
is a complex process with multiple factors coupled. The factors
include environmental temperature, state of charge (SOC), state
of health (SOH), C-rate, and internal materials. The empirical
approach of simply increasing the C-rate or overcharging beyond
the cutoff voltage would cause irreversible damage to the cycle
life, so it is not an ideal solution.

In recent years, many related studies have been carried out on
the fast charging strategy of Li-ion batteries. A built-in resistance
(BIR) detection circuit was designed in [7], and the CC operation
time was extended by detecting the BIR, but there were no
specific parameters or calculation procedures for the transition
point. Anseán et al. [8], [9] proposed a multistage fast charging
method that divides the charging process into three stages,
containing two CC stages and one CV stage. It is also pointed
out that the proposed method enables fast and safe charging ef-
fectively and without affecting the long-term cycle performance.
A multistage CC charging method (MSCC) with fast charging
capability was proposed in [10], where the MSCC employs only
CC with different amplitudes without the CV stage. For MSCC,
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various optimization methods have been proposed, such as the
Taguchi method [11], [12], fuzzy logic [13], and particle swarm
optimization [14], [15]; however, these methods are based on
a large number of pretests, and the charging target capacity of
most studies is not 100%. Therefore, the validity in practical
applications remains to be further investigated. In addition, the
pulse charging method, which refers to charging the battery
with high current pulses separated by a small current, is also
considered a fast and effective method [16]. The proper selection
of pulse amplitude, duty cycle, and frequency is essential for
charging, and to minimize the charging time, it is necessary to
determine the parameters of pulse charging and the impact of
different parameters on the charging time according to some
optimization methods [17], [18]. The pulse charging methods
are relatively demanding on the computational performance of
the controller and complicated to implement due to the large
number of parameters involved. Several approaches considering
SOH have been proposed [2], [19], [20], [21], which are based
on electrochemical system modeling and predictive control al-
gorithms with explicit constraints on the state variables in a
physical sense, however, the limitation is the lack of hardware
experiments to verify the validity of the strategies.

The safety and rapidity of the battery charging process are
contradictory, which demands a fast charging strategy balances
them. It is shown that the dc internal resistance (DCIR) of
a battery varies continuously with time during charging and
discharging, which is a key parameter for measuring the per-
formance of Li-ion batteries. DCIR is significant for estimating
common factors, such as available capacity, SOH, and SOC of
the batteries [22], [23]. The reduction in capacity during degen-
eration is typically accompanied by an increase in DCIR, and
batteries with low DCIR have high capacity and strong discharge
capability [24], [25]. With the acquisition of accurate real-time
DCIR evolution data, it is feasible to deduce the battery capacity
variation, which is potentially applied to estimate the status
information during charging [26]. It is possible to maximize
the charging speed within a reasonable range while preventing
the battery from overcharging by identifying a safe upper limit
for charging based on the variation of DCIR.

Based on the above ideas, an adaptive fast charging strat-
egy for Li-ion batteries considering the variation of DCIR is
proposed in this article, which applies to mobile electronic
equipment. Specifically, several critical contributions are made
as follows.

1) The trend of DCIR variation during the charging process
is obtained by online measurement of Li-ion batteries. The
results show that the DCIR obeys the Gaussian distribution
in the normal charging stage. While the DCIR shows a
trend of first decreasing and then increasing sharply after
the battery is fully charged.

2) The proposed strategy employs the maximum-likelihood
method to estimate the expectation and variance of the
Gaussian distribution obeyed by the DCIR, and the esti-
mates are used for adaptive control of the optimal transi-
tion point. When the DCIR deviates significantly from the
expectation, the battery is considered close to full charge
and immediately switches from CC to CV mode.

Fig. 1. Thevenin equivalent circuit model of the battery.

3) A constrained optimization problem is established to de-
termine the DCIR minimum number of measurements
(nmin) while satisfying the premise of high accuracy for
the parameter estimates. To simplify the problem, the con-
straints are transformed into hypothesis testing to evaluate
the Gaussian distribution of the data samples.

4) The CC operating time is maximized based on nmin and the
adaptive control of the transition point. The specific imple-
mentation of the fast charging strategy is presented. The
experiments verify the validity of the proposed strategy.

The rest of this article is organized as follows. Section II
is about the principle of online measurement and the trend of
DCIR obtained from the measurements. Section III concerns
the method for determining the optimal transition point and nmin

and the implementation of the proposed fast charging strategy.
The proposed strategy is verified and discussed by experiments
in Section IV. Finally, Section V concludes this article.

II. DCIR ONLINE MEASUREMENT OF LI-ION BATTERIES

A. DCIR Online Measurement

The Thevenin equivalent circuit model of the battery is shown
in Fig. 1. Here, Ri is ohmic resistance, which simulates the
voltage change generated instantaneously by the applied current.
Rd and Cd are the polarization resistance and capacitance,
respectively, which simulate the response resulting from the
change of voltage with time. ibat is the charging current, and
Vbat and Voc are the corresponding battery terminal voltage and
open-circuit voltage, respectively.

The current profile and the corresponding terminal voltage of
the online DCIR measurement method based on two-level CC
pulses are shown in Fig. 2. The battery is first charged with CC I1,
and Vbat is equal to V1 at the end of this stage. Then, the current
steps down to I2 for charging with a duration of t2. A sudden
shift in charging current will cause a rapid drop in Vbat first due
to Ri. After that, Vbat will keep falling slowly. It is because the
voltage on Cd cannot change abruptly after the current drops,
and Cd will discharge slowly through Rd. The stable value of
Vbat at the end of this stage is V2. During CC mode, the current
flows through Ri and Rd to charge the battery, as shown by the
red dashed line in Fig. 1. Since the duration of the test process
is relatively brief, it is assumed that Voc and DCIR have not
changed, so V1 and V2 can be represented respectively as

{
V1 = Voc + I1 (Rd +Ri)
V2 = Voc + I2 (Rd +Ri)

. (1)
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Fig. 2. Current profile and corresponding terminal voltage of the online DCIR
measurement based on two-level CC pulses.

Fig. 3. Experimental setup for DCIR online measurement.

DCIR is calculated by the following equation:

DCIR = Rd +Ri =
V1 − V2

I1 − I2
. (2)

The advantage of this method is the capability of continuous
online measurement during the charging process, thus obtaining
real-time DCIR. There is no effect on the charging function since
the current is always present and the battery has not been relaxed
and shelved. DCIR is measured once every fixed time interval
by this method during the charging process. It is possible to
efficiently grasp the variation trend of DCIR while completing
the charging.

B. Online Measurement Experiment

The battery test system (BTS) is adopted to experiment on
the INR18650-30Q Li-ion battery produced by Samsung, and
the configuration of the experimental prototype is shown in
Fig. 3. The nominal specifications of INR18650-30Q are shown
in Table I. The designed BTS employs the DSP TMS320F28055
as the main controller. The Arduino UNO module, which is
based on the Atmel 8-bit MCU ATmega328, is adopted to store

TABLE I
NOMINAL SPECIFICATIONS OF INR18650-30Q

Fig. 4. Program flowchart of the battery online measurement.

Fig. 5. Battery is charged until it explodes.

the experimental data on an SD card. The operating principle
and configuration of BTS are described in detail in [26] and will
not be repeated in this article.

Fig. 4 illustrates the program flowchart of the battery online
measurement. The battery is CC charged with I1, and a counter
is adopted to ensure that the DCIR is measured at every fixed
time interval. The current is resumed to I1 for CC charging after
the measurement is completed, and thus the cycle. The battery
is charged with a 1 C current until it explodes (I1 = 1 C), as
shown in Fig. 5. During this process, the DCIR is measured every
one-minute interval by the method shown in Fig. 2. The profiles
of ibat, Vbat, and corresponding Voc are shown in Fig. 6(a). Voc is
simply estimated using V1, I1, and DCIR at each measurement.
The DCIR online measurement results and fitted curve of five
groups of batteries under identical experimental conditions are
shown in Fig. 6(b). The battery can be divided into five operating
stages according to the variation of Voc. Strictly speaking, a
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Fig. 6. Online measurement results of the charging process. (a) Current profile and corresponding voltage. (b) DCIR variation trend and its fitted curve.

Fig. 7. (a) Q–Q plot of DCIR measurement data. (b) DCIR histogram and the fitted PDF of the Gaussian distribution.

Li-ion battery is overcharged when it is charged beyond Stage
1, i.e., 4.20 V. However, there are degrees of overcharging.

Stage 1 (2.5 < Voc < 4.2): The normal charging stage.
Stage 2 (4.2 < Voc < 4.25): Mild overvoltage. It is generally

considered that a stage below 4.25 V can be not regarded as
overcharging, which is acceptable. It is because the charging
limit voltage of the Li-ion battery is 4.20 V ± 0.05 V.

Stage 3 (4.25 < Voc < 4.35): Moderate overvoltage. There
is barely any change in the capacity of the battery after a
moderate overcharge occurs, and its discharge capacity may
be higher than a normal battery. However, it will shorten the
cycle life of the battery in the long term, so this situation
should be avoided as much as possible.

Stage 4 (4.35 < Voc < 4.68): Severe overvoltage. The impact
of severe overcharge on the capacity and life of the battery is
more serious than moderate overvoltage.

Stage 5 (Voc > 4.68): End of life. The chemical side reactions of
overvoltage will lead to battery damage or safety problems.
At this point, the battery is no longer usable, and in severe
cases, it may even explode.

Fig. 7(a) shows the quantile–quantile plot (Q–Q plot) of the
DCIR measurement data, where the marker “+” plots all the
data points. The Q–Q plot is a probability plotting method that
compares two probability distributions by plotting their quartiles
against each other. The dashed line represents the reference line
of the theoretical distribution, and if all sample points are around
this reference line, it is rational to assume that the sample data
obey a Gaussian distribution. Otherwise, a distribution other
than Gaussian would introduce curvature in the Q–Q plot. As
shown in Fig. 7(a), the data points in the middle part are basically
distributed near the reference line, and only the data on both sides
deviate significantly from the reference line. It means that the
data in the middle part can be considered to obey a Gaussian
distribution. It is verified in Fig. 6(b) that from the end of Stage
1 to Stage 5, the DCIR shows a trend of first decreasing and then
increasing sharply, which corresponds to the deviation from the
reference line in Fig. 7(a). The decrease in DCIR leads to a
deviation of the data to the left from the reference line, and the
increase in DCIR leads to a deviation of the data to the right
from the reference line. In other words, it is rational to assume
that the DCIR of Stage 1 obeys a Gaussian distribution. Then,
the DCIR histogram of Stage 1 and the fitted probability density
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function (PDF) of the Gaussian distribution can be plotted as
shown in Fig. 7(b). Therefore, we can conclude that the DCIR
measurement data of Li-ion batteries in the normal charging
stage obey a Gaussian distribution.

III. ADAPTIVE FAST CHARGING STRATEGY

A. Adaptive Control of Transition Point

At a constant battery capacity, the charging power marks the
charging speed. It is possible to maintain the high-power charg-
ing state longer to improve the charging speed without raising the
charging voltage and current. While the charging power in the
CC mode is generally great than that in the CV mode, so the CC
mode is the primary action period of fast charging. It is simple
and effective to improve the charging speed by maximizing the
CC mode operation time. Theoretically, it is possible to rearward
shift the transition point of CC to CV by raising the reference
voltage of the CV mode, thus lengthening the operation time of
the CC mode. In practice, however, it is difficult to determine
this transition point, an optimal and generally applicable point,
by simply increasing the CV reference voltage. Combined with
the conclusion in Section II, there is no need to find a specific
expression for the relationship between DCIR and SOC, but
rather to only focus on the variation of DCIR, which would
reflect the current operating stage and status information of
the battery. The idea is to employ CC to charge the battery,
combined with DCIR online measurement at the same time.
Then the DCIR-measured data in Stage 1 should obey a Gaussian
distribution. Once the DCIR measurement data no longer obeys
the Gaussian, which means the data deviates from the average
value significantly, it can be considered that the battery is close
to full charge or abnormal. At this time, the charging mode is
immediately switched from CC to CV, thereby ensuring the safe
operation of the battery.

The foundation for making a judgment by this method is to
acquire the expectation and variance of the Gaussian distribu-
tion to which the data are subject. However, in the process of
measurement, we can only estimate the uncertain parameters
of the Gaussian with the sample information obtained from
measurement. Assuming that all DCIR data obey a Gaussian
distribution whose expectation is μ and variance is σ2, which
can be expressed as

DCIR ∼ N
(
μ, σ2

)
. (3)

The DCIR is measured n times repeatedly and independently
under the same experimental conditions, and the results are given
as

r
Δ
= [r1, r2, . . . , rn]

T ∈ Rn. (4)

Then, the PDF of DCIR is represented as

f (r) =
1√
2πσ

e−
(r−μ)2

2σ2 . (5)

The average value of the online measurements is expressed
as

r̄ =
1

n

n∑
i=1

ri. (6)

Fig. 8. Proportion of data deviation from the expectation for Gaussian distri-
bution.

In the case that the distribution of DCIR is known, the
uncertain parameters μ and σ2 could be inferred according to
the measured data adopting the maximum-likelihood estimation
method, where the likelihood function of DCIR is

L (μ, σ) =

n∏
i=1

f (ri;μ, σ) =

n∏
i=1

1√
2πσ

e−
(ri−μ)2

2σ2 . (7)

The log-likelihood equation is represented as⎧⎪⎪⎨
⎪⎪⎩

∂
∂μ lnL (μ, σ) = 1

σ2

[
n∑

i=1

ri − nμ

]

∂
∂σ2 lnL (μ, σ) = − n

2σ2 + 1
2(σ2)2

n∑
i=1

(ri − μ)2
. (8)

By making (8) equal to 0, the maximum-likelihood estimates
of μ and σ2 could be solved{

μ̂ = 1
n

∑n
i=1 ri = r̄

σ̂2 = 1
n

∑n
i=1 (ri − r̄)2

. (9)

Therefore, the measurements obey a Gaussian distribution
with expectation μ̂ and variance σ̂2, which can be expressed as

r ∼ N
(
μ̂, σ̂2

)
. (10)

Once the parameters of the Gaussian distribution are obtained,
they can be used to determine whether the measured values are
within the normal range. For the measured value ri

P (μ̂− 3σ̂ ≤ ri ≤ μ̂+ 3σ̂) ≈ 0.9973. (11)

It means that about 99.7% of the measured values should
be located within a range less than 3σ̂ from μ̂ if they obey
a Gaussian distribution, as shown in Fig. 8. Therefore, it is
considered that when ri >μ̂+ 3σ̂ or ri <μ̂− 3σ̂, the measured
value significantly deviates from the expectation and no longer
obeys N(μ̂,σ̂2), which indicates that the battery may be close to
the full charge or overcharged. Then, the CC mode should be
ended immediately and switched to CV at this point, which is
the transition point of adaptive control.

B. Minimum Number of Measurements

The selection of the number of online measurements n for
DCIR is another issue to be considered. To further improve the
charging speed, n requires to be reduced as much as possible.
The reason is that the online measurement contains two-level
CC pulses, and if n is larger, it will result in a longer charging
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time for small currents from the total charging time scale, which
leads to a slower speed. However, if n is taken too small,
it will cause inaccurate parameter estimates of the Gaussian
distribution, which results in the incorrect determination of
the transition point. In addition, it is actually not necessary to
continuously measure DCIR during the entire Stage 1, since the
same Gaussian could be represented by employing only a few
data in that stage. Therefore, a more reasonable approach is to
perform online measurements only in the last part of Stage 1.
While satisfying the premise of high accuracy for the parameter
estimates, the problem of determining nmin is formulated as the
following constrained optimization problem:

minimize n
s.t. μ̂ = μ .

(12)

Since the relationship between the estimated values and the
actual Gaussian distribution expectations is ambiguous, the con-
straint is considered to transform into hypothesis testing. U-test,
which is applicable to small sample data, is adopted to evaluate
whether the sample data obtained from n tests are from the same
Gaussian distribution as the overall data. The null hypothesis H0

and the alternative hypothesis H1 are proposed, and H0 indicates
that the measured data obey the same Gaussian distribution as
the overall data.

H0 : μ̂ = μ H1 : μ̂ �= μ . (13)

If H0 is true, then |μ̂− μ| is smaller. It is not advisable
to simply assume that H0 is not true even if there is some
discrepancy, because this may also be due to random factors.
If |μ̂− μ| is large, H0 is supposed to be rejected while accepting
H1. When H0 is true

U =
μ̂−μ

σ̂/
√
n
∼ N (0, 1) . (14)

A small probability event A supporting H1 holds is con-
structed, and it can be represented as

P (A) = P

{ |μ̂−μ|
σ̂/

√
n
≥ uα/2

}
= α (15)

where α refers to the significance level and uα/2 is the corre-
sponding bilateral critical value. Thus, the rejection region of
H0 is

|U | ≥ uα/2. (16)

Since A, as a small probability event, barely happens in
a single test. If it does happen, we are justified in doubting
the correctness of H0 and consequently accepting H1, which
means that the distribution of DCIR cannot be expressed by this
estimation value. Therefore, n ought to be increased to perform
the hypothesis testing again until H0 is accepted, at which point n
is equal to nmin. The flowchart of the algorithm for determining
nmin is shown in Fig. 9.

The confidence level 1-α was adopted to ensure that the
confidence interval contains the true value. 1-α reflects the
reliability of the interval estimation, while the length of the
confidence interval indicates the accuracy of the estimation.
The fitted expectation of multiple groups of DCIR in Fig. 6 is

Fig. 9. Flowchart of the algorithm for determining the minimum number of
measurements.

calculated as μ, and α= 0.05 is taken. When n≥6, |U | < uα/2=
1.96, so H0 is accepted, and therefore nmin is equal to 6.

C. Specific Implementation of the Charging Strategy

According to the above experiments and analysis, in the case
of 1C charging current, the previous DCIR measurement where
the battery reaches full charge state is taken as the starting
point, and count forward six points, at which Voc is exactly
slightly more than 4.1 V. For the purpose of ensuring at least six
measurements of DCIR before the battery reaches full charge
and preventing the battery from overcharging above Stage 2,
it is necessary to assure that measurements are started at least
before this point. Then, it is feasible to enter the online measure-
ment stage (OMS) with DCIR measurements once per minute
when Voc = 4.1 V. μ̂ and σ̂2 are calculated after obtaining 6
measurements, and they are taken as the criterion for adaptive
control of the transition point. After that, the DCIR measurement
continues until ri >μ̂+ 3σ̂ or ri μ̂− 3σ̂ when it switches to CV
mode immediately.

Moreover, the proposed method is equally applicable for
the case below 1C, since its OMS lasts longer. However, it is
necessary to measure DCIR once before the OMS, after which
the value is employed to estimate Voc. A simple approach is
to carry out the measurement when Vbat reaches 4.2 V, which
point is the transition point in the traditional CC-CV charging
method. When Vbat first reaches 4.2 V, the DCIR is calculated
according to (2) by applying the online measurement method
shown in Fig. 2. From the conclusions drawn in Section II, it is
clear that the DCIR measurements during the normal charging
stage obey a Gaussian distribution. The variation of DCIR is
slight until the battery is fully charged. Therefore, the DCIR
measured at Vbat = 4.2 V can be employed to estimate the Voc

during the charging process afterward, as shown in (17). The
schematic diagram of the proposed fast charging strategy based
on transition point adaptive control and nmin is shown in Fig. 10.

Voc = V1 − I1 · DCIR. (17)
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Fig. 10. Schematic diagram of the proposed fast charging strategy for Li-ion
batteries.

Fig. 11. Program flowchart of the proposed fast charging strategy.

The proposed fast charging strategy firstly adopts CC mode
for charging, then enters OMS when Voc reaches 4.1 V, and
finally switches to 4.2-V CV mode once the DCIR deviates from
the Gaussian distribution. Compared with the conventional CC-
CV method, the proposed strategy maximizes the charging time
of CC mode and incorporates an OMS for real-time monitoring
of DCIR, which improves the charging speed and prevents the
battery from overcharging. Actually, the OMS is implemented
by two-level pulses and the duration of the low-level pulses
is short. Hence, the charging speed in this stage differs little
from the CC mode, which is also regarded as the CC stage
in a broad sense. The program flowchart of the proposed fast
charging strategy is shown in Fig. 11.

It is not required to measure the DCIR with great accuracy for
the proposed method, and the prerequisites to be identified are
the rated capacity of the battery and the charging cutoff voltage.
The focus of the proposed strategy is on the trend of DCIR rather
than on the actual value. When the DCIR measurement changes
dramatically and no longer obeys a Gaussian distribution, it
indicates that the battery state has also changed accordingly.
In other words, we are concerned with the degree that the DCIR

Fig. 12. Current profiles and corresponding voltages based on the traditional
CC-CV charging strategy for (a) 1C, (b) 0.75C, and (c) 0.5C.

measurements deviate from the expectation under the same
criteria (same parameters and model). As long as it is ensured
that the DCIR is measured based on the same standard, then
the error of all measurements relative to the exact value is also
uniform, and the trend of DCIR changes can correctly reflect the
change in battery state. Based on this, it is possible to employ sta-
tistical methods to determine the transition point of fast charging.
Therefore, the proposed strategy is not sensitive to the accuracy
of the DCIR measurements. In the case of measuring DCIR once
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Fig. 13. Current profiles and corresponding voltages based on the proposed
fast charging strategy for (a) 1C, (b) 0.75C, and (c) 0.5C.

per minute, t2 can be taken as small as possible to minimize the
influence of the measurement process on the charging speed.
However, at the same time, to avoid excessive errors, the battery
terminal voltage should not change significantly anymore after
t2, which is obtained based on engineering experience after
several experimental observations. In the case that the proposed
method does not require high accuracy, the simplest tradeoff is
to take I1 = 2I2 and t1 = t2 = 15 s.

Fig. 14. DCIR variations in OMS and the corresponding transition points
(a) 1C, (b) 0.75C, and (c) 0.5C.

IV. EXPERIMENTAL VERIFICATION

Based on the BTS shown in Fig. 3, the INR18650-30Q Li-
ion battery is charged by the traditional CC-CV method at 1C,
0.75C, and 0.5C, whereas the current profiles and corresponding
voltages are shown in Fig. 12(a)–(c), respectively. It is observed
that the traditional CC-CV method consumes about 136.4 min,
148.2 min, and 180 min to fully charge the battery at 1C, 0.75C,
and 0.5C, respectively. The red triangle on the time axis in Fig. 12
indicates the transition point of the traditional method, and the
duration of the CC mode accounts for approximately 17.09%,
31.4%, and 48.2% of the total charging time, respectively.
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TABLE II
EXPERIMENTAL DATA BASED ON THE PROPOSED FAST CHARGING STRATEGY

TABLE III
PERFORMANCE COMPARISON OF THE PROPOSED STRATEGY WITH OTHER STRATEGIES

To verify the validity of the proposed fast charging strategy,
the same Li-ion battery is charged at 1C, 0.75C, and 0.5C,
whereas the current profiles and corresponding voltages are
shown in Fig. 13(a)–(c), respectively. It can be seen that the
proposed strategy consumes about 65.2 min, 86.6 min, and
126.5 min to fully charge the battery, respectively. The green
triangle on the time axis in Fig. 13 signifies the transition point
of the proposed method. Compared with the traditional CC-CV,
the transition point of the proposed strategy is shifted to the
right. The duration of the CC mode is close to 100% of the total
charging time at 1C, 0.75C, and 0.5C. Fig. 13 indicates that the
proposed fast charging strategy maximizes the operating time of
the CC mode by adaptive control of the transition point based on
the DCIR variation, which leads to a significant improvement
in the charging speed of the Li-ion batteries. Moreover, the
proposed strategy is effective for charging currents of 1C and
below, as well as the higher is C-rate, the faster the charging
speed. Fig. 14 shows the DCIR variations in the OMS and
the corresponding transition points at 1C, 0.75C, and 0.5C,
respectively. The transition point varies depending on the C-rate
and the battery state, resulting in a discrepancy in the number of

measurements, which demonstrates the feasibility and flexibility
of the transition point adaptive control.

The 15 groups of experimental data for charging the battery
from 2.5 V to full state by the proposed strategy are shown in
Table II, where the permissive extent represents the interval of
μ̂− 3σ̂ ≤ ri ≤ μ̂+ 3σ̂. When the DCIR is outside this interval,
it indicates a significant deviation from the expectation and ought
to switch from CC to CV immediately. Throughout the charging
process by the proposed method, it is approximately equivalent
to charging the Li-ion battery to the rated capacity with CC
mode since the operating time of CV mode is negligible. It is
confirmed by the data in Table II. Vbat are measured again after
shelving for 30 min, and it is found that all batteries are fully
charged and without overcharging, which demonstrates the high
accuracy and reliability of the proposed strategy.

Table III shows the performance comparison of the proposed
fast charging strategy with other charging strategies. Compared
to the conventional CC-CV, the proposed strategy saves 52.2%,
41.57%, and 29.72% of the total charging time at 1C, 0.75C, and
0.5C, respectively, with higher time savings at higher C-rates.
The charging speed of the proposed strategy is further improved
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compared to previous works. The time-saving rate of [7] with
1C current is 41.2%. In contrast, the time-saving rate for the
proposed strategy with 1C is 52.2%. In addition, although the
time-saving rate of [13] is slightly better than the 52.2% for the
proposed method, its charging target SOC is 88%, which has
a limited application range. The battery capacity of [17] is too
low and is not applicable in the case of other C-rates due to
temperature rise. Therefore, in summary, the proposed strategy
in this article is superior by taking into account speed and safety,
which effectively improves the charging speed while preventing
overcharging.

V. CONCLUSION

In this article, an adaptive fast charging strategy for Li-ion
batteries considering the variation of DCIR is proposed, which
applies to mobile applications. The online measurement exper-
iment reveals that the DCIR, as a key parameter for measuring
the performance of Li-ion batteries, obeys Gaussian distribu-
tion during the normal charging stage. However, the DCIR no
longer obeys Gaussian distribution once the battery is fully
charged. The expectation and variance of the Gaussian distribu-
tion obeyed by DCIR are obtained by the maximum-likelihood
estimation method, and the estimates are employed for adaptive
control of the optimal transition point. When the DCIR deviates
significantly from the expectation, the battery is considered close
to full charge and immediately switches from CC to CV mode.
Under the premise of satisfying the high accuracy for the param-
eter estimates, a constrained optimization problem is established
to determine the DCIR minimum number of measurements. To
simplify the problem, the constraints are transformed into hy-
pothesis testing to evaluate the Gaussian distribution of the data
samples. The CC operating time is maximized based on nmin

and the adaptive control of the transition point, and the specific
implementation of the fast charging strategy is presented. The
experiments verify the validity of the proposed method. The re-
sults show that compared with the CC-CV method, the proposed
strategy saves 52.2%, 41.57%, and 29.72% of the charging time
at 1C, 0.75C, and 0.5C, respectively, which effectively improves
the charging speed and prevents overcharging. Compared with
the previous works, the proposed strategy is superior by taking
into account speed and safety.
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