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Abstract: Incremental capacity analysis (ICA) is widely used in the battery decay mechanism analysis
since the features of battery incremental capacity (IC) curves are closely related to battery aging
and maximum available capacity. However, the traditional ICA method to estimate battery capacity
mainly focuses on a single charging condition, and the influence of charging current on IC curves
is ignored. In this paper, an adaptive capacity estimation method based on ICA considering the
charging current is established. First, the charging experiments using different charging current
rates under different battery aging statuses are designed and conducted. Then, the relationship
between battery maximum available capacity, IC curve features, and charging current is investigated.
Furthermore, the fitting method and data-driven method considering charging current are proposed
and compared. Finally, the capacity estimation results prove the accuracy and adaptability of the
proposed method.

Keywords: lithium-ion batteries; incremental capacity analysis; adaptive capacity estimation; charg-

ing current

1. Introduction

Lithium-ion batteries (LIBs) have been widely applied in electric vehicles because
of their high energy/power density and low environmental impact [1]. However, due to
the harsh working conditions and their inherent poor durability, LIBs must be assisted by
an advanced battery management system (BMS), which can ensure the safe and reliable
operation of LIBs. Battery capacity is an essential parameter in battery management
technology and can indicate the battery health status and remaining useful life [2]. However,
the nonlinear degradation of battery capacity due to the effect of inside and outside factors
brings great challenges to capacity estimation.

Some effective battery capacity estimation methods have been proposed, including
the state of charge (SOC) based method [3,4], the data-driven based method [5,6], and
the incremental capacity analysis (ICA) based method [7,8]. Bartlett et al. [9] proposed
a dual-nonlinear observer to estimate the SOC and capacity based on a reduced-order
electrochemical mode, but the battery aging only considered the loss of cyclable lithium.
Cheng et al. [10] proposed an adaptive square root unscented Kalman filter method to
improve the SOC estimation accuracy based on a second-order equivalent circuit model.
However, the effect of aging and temperature was not taken into account in the model.
With the development of artificial intelligence, methods using machine learning [5,11] and
deep learning [12,13] have drawn great interest and proved their effectiveness in battery
capacity or state of health (SOH) estimation. Hu et al. [5] extracted five characteristics
related to the capacity from the charge curve and used k-nearest neighbor regression to
build a nonlinear kernel regression model. Wu et al. [12] applied control theory to assist
the estimation of SOH, in which the SOH is treated as an internal state. Then, the certain
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system output data and battery SOH are modeled by the group method of a data handling
polynomial neural network. Nevertheless, a great amount of experimental data is essential
for the data-driven method, which is hard and time-consuming to acquire. Moreover, the
quality of experimental data and the speed of the training process have a great influence
on the estimation performance.

Facing the defects of the SOC based method and the data-driven based method,
the ICA based method received more and more attention. It has been proved as an
effective way to estimate the battery capacity. In addition, it is also considered as a good
approach to study the battery fading mechanisms, since there is no need to damage the
battery’s internal structure. IC curves are obtained by calculating the derivative of the
charging/discharging capacity to battery voltage. The voltage plateaus caused by the
electrode phase transition is then transferred into valleys and peaks on the incremental
capacity (IC) curve, which is more intuitive and identifiable. The reduction, shift, or
disappearance of the IC curves are employed to reveal the battery degradation and estimate
capacity, which represents different electrochemical processes of the LIBs. However, it is
also important to avoid the deformation of the IC curves caused by the polarization effect.
Thus, a low charging/discharging current with C/25 is usually adopted in the experiment
to ensure the equilibrium state. Overall, ICA is a promising method to estimate battery
capacity [14].

The foundation of the capacity estimation based on ICA is to determine the features of
IC curves, which have a strong relationship with battery capacity fading [15]. A universal
capacity model based on the charging curve is proposed in Ref. [15], which established the
correlation between SOH and the electrode phase transition. The feasibility and accuracy
are verified on batteries of different types and aging statuses. In Ref. [14], the influence of
sampling frequency on the IC curves was investigated, and the position of IC peaks was
adopted to estimate battery capacity after obtaining the IC curves under different battery
aging statuses. Furthermore, Weng et al. [16] employed ICA curves to characterize the
aging behavior of LIBs, and further extended the SOH monitoring approach from single
cells to battery modules or packs that have parallel-connected cells.

However, the traditional ICA method is limited by the charging condition, such as
charging current, charging temperature, or initial SOC, which have a severe influence on
ICA [8], while previous ICA studies mainly focused on the standard charging condition
(charging from 0% SOC with a 0.5 C current at 25 °C, 1 C =2.75 A). Therefore, it is necessary
to study the IC curve characteristics under different charging conditions to improve the
adaptability of the ICA method. This paper will mainly focus on the impact of charging
current rate on IC curve features, and further propose an adaptive ICA method to estimate
battery capacity. In order to achieve the research goal, we have conducted a series of
experiments and introduced two different methods to fit the relationship between the
capacity and IC curve features. The final results show a great improvement compared with
the traditional method.

The specific work is organized as follows: Section 2 introduces the battery experiments
and the IC curve characteristics under different charging current rates. Section 3 proposes
two different methods to obtain the relationship between battery capacity and picked
IC curve characteristics. Then, the feasibility of the two methods is proved. Section 4
further performs a comparison between the accuracy of the two improved methods and
the traditional method by qualitative and quantitative analysis. Some conclusions and
summarizations are provided in the final section.

2. Experiment Design and IC Curve Characteristic Analysis
2.1. Battery Experiments

A kind of commercial NCM/graphite cylindrical battery with a rated capacity of
2750 mAh and a nominal capacity of 2900 mAh is used in this study. The battery charge
and discharge cut-off voltage are 4.2 V and 2.5 V, respectively. The recommended charging
temperature ranges from 0 °C to 45 °C. The experiment setups include a battery charge
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and discharge system, a temperature measurement station, an environmental chamber, and
a host computer, as shown in the following Figure 1.

S
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Battery Test System

.

Figure 1. Experiment setups.

To obtain the relationship between IC features, capacity fading, and charging current
rate, some charging experiments are designed and conducted. The specific experimental
steps are shown in Table 1. Considering the 0.5 C charging current is relatively large for
vehicular application, this study focuses on charging current rates smaller than 0.5 C, and
includes the charging experiments of 0.1 C, 0.2 C, 0.3 C, 0.4 C, and 0.5 C. It should be noted
that the charging experiment is performed periodically during the battery accelerated
aging test.

Table 1. Charging experiments at different charging current rates.

Step Experiment Description

1 Set the chamber temperature to 25 °C, discharge the battery to 2.5 V with 0.5 C current
2 Rest the battery for 1 h, and charge the battery to 4.2 V with 0.1 C current

3 Rest the battery for 1 h, and discharge the battery to 2.5 V with 0.5 C current

4 Rest the battery for 1h

5 Charge the battery to 4.2 V with 0.2 C, 0.3 C, 0.4 C, 0.5 C current, repeat step 3 to step 4

2.2. Battery IC Curve Characteristics with Different Current Rates

Traditionally, the numerical derivative method is adopted to acquire IC curves. Ac-
cording to the definition of ICA, the charging capacity divided by terminal voltage change
within the equal voltage interval (EVI) or equal time interval (ETI) is the IC value. The
acquisition of IC curves through the numerical derivative method can adopt the following
equation.

A AV, AV, (1)
ETI: IC — 49 o AQ: _ _icAt
’ ch AV, c,Z*Vc,l

{EVI: IC = 99 ~ AQc — Qea—Qcr

However, the IC curve will be severely affected by the selected voltage or time interval.
Therefore, it is necessary to adopt a proper filter to obtain a smooth IC curve. In our
previous study [8], a fast acquisition method for IC curves is proposed, and in this paper,
we still use the Kalman filter (KF) method to smooth IC curves.

Based on the KF method mentioned above and the experimental data obtained in
Section 2.1., IC curves with the different charging current rates at different aging cycles are
obtained, as shown in Figure 2.
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Figure 2. IC curves with different current rates under different aging cycles: (a) cycle 0; (b) cycle 200;
(c) cycle 400; (d) cycle 600.

Overall, the shape of the IC curves with the same charging current is basically the
same under different aging cycles. However, the location and intensity of curves change
under different charging current rates. With the decrease in the charging current, the IC
curves have a moving trend to low voltage. For cycle 0, every peak or valley moves about
0.1V left as the charging current decreases from 0.5 C to 0.1 C. Additionally, the fourth
peak is shown around 4.15 V when the current is less than 0.3 C. Moreover, when the
battery SOH is high and the charging current is low, as shown in Figure 2a, b, a smaller
peak is generated at 3.6 V. Therefore, the charging/discharging process with extremely
low current is essential for the analysis of the battery degradation mechanism in detail.
In addition, it can be seen that with the decrease in the charging current, the height of all
peaks increases, and the height of the valleys decreases. Taking the second peak around
3.7 V as an example, for 0, 200, 400, and 600 cycles, the height of the peak increases by 0.43,
0.67,0.92, and 1.04, respectively, when the current decreases from 0.5 C to 0.1 C. It is also
noteworthy that, the more serious the aging status of the battery, the greater the IC curves
of the battery affected by the charging current. As the SOH decreases, the fluctuation of
the curves becomes flat. When the highest peak of IC curves under 0.1 C is 6.5 Ah/V for
cycle 0, it only reaches 4.8 Ah/V for cycle 600. Thus, taking the coupling effect of aging
and charging current to IC curve characteristics into consideration is helpful for expanding
the adaptability of the ICA method in capacity estimation.

3. Development of Battery Capacity Estimation Considering Charging Current
3.1. Capacity Estimation Based on the Fitting Method

Based on the analysis in Section 2.2, the relationship between IC curve characteristics
and capacity under different current rates can be fitted for capacity estimation. In this
paper, we adopt the height of the IC peaks to estimate the battery capacity. The peaks are
associated with the phase transition process in the positive and negative electrodes, as
discussed in Refs. [17-19]. Basically, capacity fading is mainly caused by the loss of lithium
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inventory (LLI), the loss of active material (LAM), and resistance increase during the phase
transition process. However, which aging factors dominate depends on the specific using
conditions of the battery. The area under each peak represents the charging capacity during
the corresponding phase change process. The decrease in the peak value means LAM of
the negative electrode. If a certain peak loses more proportion than the others, it indicates
that LLI also happens. Additionally, the moving trend towards high voltage means that the
plateau voltage corresponding to each phase transition process has a significant increase,
indicating that the internal resistance has increased. Here, because peak II around 3.7 V
and peak III around 3.9 V have a strong correlation with the battery capacity under all
current rates, as shown in Figure 3, these two features will be employed for the ICA based
estimation method. As analyzed before, it can be found that LAM and resistance increase
happened during both the phase transition process of peak II and peak III. In addition, LLI
also happened in peak II after cycle 400.
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Figure 3. The correlation between the features of IC curves and battery capacity: (a) peak II;
(b) peak IIL

The linear relationship between the battery capacity and the features can be established
with the following equation:
Cr, = a; X Hf, + B @

where i represents the ith IC feature, Cr, represents the estimated capacity according to
the ith feature. Hf, represents the identified height of the ith feature. The corresponding
coefficients «; and B; with different currents are listed in Table 2.

Table 2. The coefficients ; and f; with different currents.

Peak II Peak III
Feature/Current
a B1 R? ay B2 R?
0.1C 0.215 1.478 0.993 0.906 —0.359 0.945
02C 0.180 1.710 0.991 0.918 —0.321 0.964
0.3C 0.169 1.806 0.995 1.109 —0.849 0.984
04C 0.160 1.883 0.989 1.408 —-1.724 0.992
05C 0.169 1.870 0.990 1.640 —2.3189 0.990

From Table 2, we can observe that almost all R? of the coefficients of peak II and peak
III are greater than 0.95, which indicates the high correlation between the coefficients and
capacity. In addition, it can be found that for peak II, the value of a; gradually drops as the
charging current increases, while that of 51 shows an increasing trend. The coefficients of
peak IIl show a complete opposite change rule. From Figure 4 below, we can have a more
intuitive understanding of the regular.



World Electr. Veh. ]. 2021, 12, 224 60f 13
0.22 2 1.8 0
e (a) peak I 8., ® (b) peak II
E P . 1.9 6 . 0.5
0.2 e,
L 1.8 E 1
k 14 . ®
B 0.8 & 178 8 15%
L . 12 AR
e 16 s 2
- — ) ) 5
& ®al 15 . . o | 25
e p1 h °p2
0.14 1.4 08 -
0 0.1 0.2 03 0.4 05 0.6 0 0.1 0.2 03 0.4 05 0.6
Charge Current(C) Charge Current(C)

Figure 4. The correlation between coefficients and current rate: (a) peak II; (b) peak III.
The relationship can be fitted by nonlinear functions shown in the Equations (3) and (4).

a1 = 0.635 x C% —0.493 x C + 0.257 3)
B1 = —3.640 x C? + 3.14087122 x C + 1.2083

ap = 3.910 x C? —0.388 x C +0.883 n
By = —11.5161 x C? +1.585 x C —0.323

Finally, we can obtain the estimated capacity with the following steps: first, two groups
of coefficients «; and B; corresponding to two characteristics under different charging
current rates are calculated using Equations (3) and (4). Secondly, the estimated capacity of
two characteristics under a specific charging current can be acquired by substituting the
coefficients into Equation (2). Lastly, the average of two results will be considered as the
final estimated capacity.

3.2. Capacity Estimation Based on the Data-Driven Method

In the previous method, there are two error sources: one comes from the fitting
process of the linear relationship between the battery capacity and the features, the other
comes from the fitting process of the coefficients and the charging current. In order to
further improve the precision of the estimation, we adopted a data-driven Gaussian process
regression (GPR) [20] method to acquire the relationship among the capacity, IC curve
features, and charging current directly. GPR is a machine learning regression method
based on statistical mathematics theory. It is a probabilistic machine learning method that
can avoid local optima during parameter optimization, and can also solve nonlinear or
high-dimension problems. The procedure of the GPR method is explained as follows:

First, consider the training set

D(x;,yi), i=12,...,n (5)

where x; and y; represent the input and output data.
Pretend that there is a function f (), which maps the input value x, to output value v,
as written in Equation (6):

Yn = f(xn) +Cu (6)

where the value of noise ¢, follows the Gaussian process &, ~N(0, on?).
Here, we use squared exponential kernel functions as the kernel of the GPR model, as
written in Equation (7):

_1yvD (Nd"jd 2
Ko y) = 262 R ) @)
where [ = [ly, I1, ... I;] denotes hyperparameter in the kernel function. Substituting

Equation (7) into Equation (6), we can obtain Equation (8).

k(xi,yi) = ks(xi,y;) + ‘73151‘,]' ®)



World Electr. Veh. ]. 2021, 12, 224 7 of 13

Therefore, the distribution of output y follows:

plf, X) = N(f,021) ©)

Using maximum likelihood estimation to find the hyperparameters of the kernel
function of the formula, we finally determine the kernel function:

1 -1 1 N
logp(y|X,0) = —in (k—l—a,zll) y— ilog’k—l-a,%l — Eloan (10)

Therefore, the combined distribution of the training output and the test output can be
expressed as:

B 0 k+ 02l ke
p(y,ysIX,y,xeG)nq 0 H K ket o D (11)
where the mean and covariance of the predicted distribution are as follows:
-1
pe =K (K+al) y (12)
-1
Te = 02 + ke — k! (K + a,%l) ke (13)

The mean value of the predicted distribution in Equation (11) is actually the estimation
value of the output.

Here, the training inputs of the GPR model are the charging current and the heights of
peak II and peak III, and capacity obtained from the experiment is used as the test output,
as shown in Figure 5. The training output showed a high precision with a training error
under 0.8% in most conditions. Only in the situation of high aging cycles under 0.1 C is the
error relatively high, ranging from 0.8% to 1.4%. Thus, it is feasible to use the model for the
capacity estimation.

height of peak II

height of peak ITI GPR Model

charging current

battery capacity

Figure 5. Capacity estimation mode based on GPR.

4. Verification Results and Discussion
4.1. Comparison of the Estimation Accuracy between the Fitting and Data-Driven Methods

In order to validate the effectiveness and further compare the accuracy of the two
proposed methods, we also performed the same experiments on another battery. The
estimation results are shown in Figure 6, and we can figure out that the capacity estimation
error of the data-driven method is much lower than the fitting method in most conditions,
which indicates better estimation accuracy. The maximum estimation error difference
between the two methods is up to 2%. Additionally, it can be observed that the estimation
errors of the two methods both increase with the battery aging in general. From the aspect
of charging current, the error of the two methods shows a downward trend with increasing
of the current rate. It is noteworthy that the GPR method has more stable performance
in the whole lifecycle. For example, the error of the fitting method fluctuates from 2.0%
to 0.09%, while that of the data-driven method is much lower, ranging from 0.7% to 0.2%
under a 0.3 C charging current.
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Figure 6. Accuracy comparison of two methods considering charging current.

In order to have a quantitative analysis of the two methods, we further observed
average error and the root mean squared error (RMSE) of the two methods during the
whole lifecycle, as shown in Table 3. We can tell that both the average error and RMSE of
the data-driven method are better than that of the fitting method. While the average error
of the fitting method remains above 1% and achieves 3.9% under 0.1 C, the data-driven
method shows the improvement of precision up to 1%. Similar results can be obtained in
terms of RMSE. Thus, the data-driven method is effective in the corrected ICA method.

Table 3. Comparison of the average error and RMSE of the two methods.

Error Method 01C 02C 03C 0.4 C 0.5C
Average error (%) fitting method 3914 1.571 1.134 1.415 1.054
& ¢ GPR method 2.809 1.146 0.566 0.379 0.289
RMSE (%) fitting method 0.104 0.044 0.034 0.040 0.030

° GPR method 0.077 0.032 0.017 0.011 0.010

4.2. Comparison of the Accuracy between the GPR Method and Traditional Method

Figure 7 shows an intuitive comparison of the data-driven method and traditional
method in the whole life cycle of the battery. Here, the traditional method employs the data
under 0.5 C in Table 2 to estimate capacity without considering the charging current. It is
confirmed that the proposed method is effective. Compared with the traditional method,
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the precision of the improved method considering charging current has an improvement of
up to 15.175%. In addition, the smaller the charging current is, the bigger the improvement
will be. For the method ignoring charging current, the error ranges from around 19.5%
under 0.1 C to 0.39% under 0.5 C. Although the accuracy of the proposed method also
reduces slightly with the decrease in charging current, the variation of the error is still
within an acceptable range, not more than 5.6%. It is worth noting that the estimation
accuracy no longer has a linear relationship with the charging current compared with the
traditional method, which means the robustness to current interference has improved.
During the whole life cycle, the estimation precision also remains at a high level; thus, the
proposed method also has good adaptability to capacity attenuation.

[
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- .
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Figure 7. Accuracy comparison of the traditional method and data-driven method.

4.3. The Influence of Charging Current Offset on Capacity Estimation

For both of the two methods mentioned above, the charging current is used as a
vital input. However, the measurement error may exist in the actual test conditions and
could lead to the deviation of the estimation results. For the fitting method, different
charging current rates correspond to different IC curves, which means the characteristics
and corresponding coefficients will also change with it. For the data-driven method, the
deviation of the charging current will also affect the estimation error. Thus, the robustness
ability against the interference of charging current is of great importance.
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In order to validate the robustness of the two methods, interference verification was
conducted. Here, we impose a £10 mA offset on the actual charging current and investigate
the effects on the capacity estimation error of the two methods. Figure 8 demonstrates the
interference error of the fitting method caused by the current offset, which indicates the
increased deviation from the original estimation results shown in Figure 6.
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Figure 8. Interference error generated by +10 mA offset of the fitting method.

It is noteworthy that the interference error is falling with the increase in the charging
current. In the high charging current conditions from 0.3 C to 0.5 C, the interference error
maintains in an acceptable range within 1%. However, the error under low charging current
is relatively high. Additionally, while the error has a downward trend with the battery
aging under the current rate from 0.1 C to 0.3 C, an opposite trend is observed under
0.4 C and 0.5 C. Furthermore, the interference error of —10 mA offset is always lower than
+10 mA offset, and the gap narrows with increasing of the charging current rate.

Figure 9 shows the interference error of the data-driven method caused by the current
offset. Compared with the fitting method, this method performs much better in resistance to
the charging current deviation. First, the interference error remains steady under different
charging current rates, ranging from 0.02% to 0.09%, indicating better robustness under
different charging conditions. The interference error of both offsets overlaps under most
conditions. Thus, the data-driven method also performs more stably under different
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charging current offsets. Overall, the data-driven method has a better and more stable
performance than the fitting method.
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Figure 9. Interference error generated by +10 mA offset of the data-driven method.

5. Conclusions

This paper investigates the capacity estimation using the ICA method considering
the charging current rate. First, the characteristics of IC curves with different charging
current rates under different aging statuses are investigated. Then, relationships between
the charging current and the coefficients of different features are established to construct
the fitting method. Furthermore, a data-driven GPR method is introduced to reduce the
estimation error caused by the two-step fitting process of the first method. In order to
validate the robustness against the measurement error of charging current, the interference
test also is performed on two methods. Finally, the accuracy and adaptability of different
methods are validated and compared.

Some conclusions and summarizations are drawn below:

e Charging current has a significant impact on IC curves. With the decrease in the
charging current, the IC curves have a moving trend to low voltage, and the height of
all peaks increases, and the height of valleys decreases. In addition, the more serious

the aging status of the battery, the more the IC curves of the battery will be affected by
the charging current.



World Electr. Veh. ]. 2021, 12, 224

12 of 13

References

e  The height of peak II, peak III has a strong linear relationship with the capacity
degradation under all tested charging currents, which can be used in the fitting
method or GPR model to build the capacity estimation model. Additionally, the
data-driven method can solve the error generated from the fitting process well and is
proved to have higher precision than the fitting method. The data-driven method has
an accuracy improvement of up to 15.175% compared with the traditional method.

e  Both methods have good robustness to the charging current interference under most
working conditions. The data-driven method performs better compared with the
fitting method, with an interference error under 0.1%, while that of the fitting method
is up to 3%.

There are still some problems that need to be considered in further research:

e In this paper, we did not consider the effect of charging temperature and initial
charging SOC, which also have a severe influence on ICA. Future research work that
takes these factors into consideration will be carried out to improve the accuracy on
the basis of this study.

e Here, we simply use the average of the estimated results of two picked features as
the final results in the fitting method, which may cause an increase in the capacity
estimation error. Pearson correlation coefficient can be used to determine the weights
of different features in order to optimize the estimation.

e  Only the charging current smaller than 0.5 C is studied in this paper. However, fast
charging is the research focus of the next-generation BMS. Hence, more work under
the high charging current rate should be carried out to improve the applicability of
this method.
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Nomenclature

BMS battery management system

ETI equal time interval

EVI equal voltage interval

GPR Gaussian process regression
IC incremental capacity

ICA incremental capacity analysis
KF Kalman filter

LAM  loss of active material

LIBs lithium-ion batteries

LLI loss of lithium inventory

RMSE  root mean squared error
SOC state of charge
SOH  state of health
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