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Abstract: Effectively extracting a lithium-ion battery’s impedance is of great importance for various
onboard applications, which requires consideration of both the time consumption and accuracy of
the measurement process. Although the pseudorandom binary sequence (PRBS) excitation signal can
inject the superposition frequencies with high time efficiency and an easily implementable device,
processing the data of the battery’s impedance measurement is still a challenge at present. This
study proposes a fast impedance spectrum construction method for lithium-ion batteries, where a
multi-density clustering algorithm was designed to effectively extract the useful impedance after
PRBS injection. According to the distribution properties of the measurement points by PRBS, a
density-based spatial clustering of applications with noise (DBSCAN) was used for processing the
data of the lithium-ion battery’s impedance. The two key parameters of the DBSCAN were adjusted
by a delicate workflow according to the frequency range. The validation of the proposed method was
proved on a 3 Ah lithium-ion battery under nine different test conditions, considering both the SOC
and temperature variations.

Keywords: lithium-ion battery; pseudorandom sequence; electrochemical impedance spectroscopy;
signal denoising; density clustering

1. Introduction

In recent years, green low-carbon development has gradually become the consensus
and development goal of our future society. Under the demand of the low-carbon concept,
a high proportion of intermittent and stochastic renewable energy sources merging into
the grid will bring new challenges to the stability of the grid’s operation. The energy
storage technology represented by lithium-ion batteries can cope with the challenges and
provide technologies and solutions for power regulation and supporting the stability of
the grid [1-3]. A lithium-ion battery has high energy density and a fast response speed,
which can meet the scheduling needs of the grid. However, a lithium-ion battery based on
an energy storage system needs to be combined with the states to control the charging and
discharging process to avoid overcharging, over-discharging, and other safety issues. Thus,
an efficient battery energy management system (BMS) is the key to the reliable operation of
a battery energy storage system [4—6].

A BMS contains several functions, such as signal measurement, cell equalization,
state estimation, and protective fault warnings. The signal measurement module aims
to measure the voltage and temperature in real time through the analog front-end (AFE)
and monitors the batteries” external performance [7,8]. The equalization circuit enables
a consistent control of individual cells by transferring energy. The function of the state
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estimation is to capture the internal states of the battery, including state of charge (SOC)
and state of health (SOH), thus, providing data support for controlling, operating, and
maintaining the battery energy storage system [9,10]. The protection and warning function
combines external measurement and the internal state to realize the regulation of and
protection against abnormal working conditions during the battery’s operation, as well
as warnings of safety-related failures [11-13]. Current BMS systems rely on the detection
of basic electrothermal information such as voltage, current, and temperature; however,
it is difficult to effectively obtain the changes in the internal electrochemical states of the
battery. To realize the accurate estimation of SOC and SOH, there is an urgent need to
carry out research on methodologies of detecting the battery’s electrochemical state for
onboard applications [14,15].

Electrochemical impedance spectroscopy (EIS) is a technique for obtaining changes in
the impedance of a battery in the broadband frequency range and realizing the observation
of electrochemical reactions such as lithium ions’ kinetics, charge transfer, and diffusion
process, and thus can reflect the battery’s state. The impedance spectrum provides a new
characterization method for sensing the internal states of a battery, which has gained
extensive attention and been the focus of much research in recent years [16,17]. The authors
of [18] connected the trend of the impedance spectral curve to the degradation process
of 18650 lithium-ion batteries and explored the impedance characteristics corresponding
to the batteries” SOC and SOH. It was concluded that the ohmic resistance could reflect
the batteries’ SOH and the transfer resistance was closely related to the variation in SOC.
The authors of [19] used EIS to establish a frequency domain model and then chose the
parameters of the model as the features to achieve SOC estimation using light computing
machine learning algorithms. The authors of [20] used the imaginary parts of the mid-
frequency band in the EIS, which were believed to have no obvious dependence on the
temperature, as a feature for predicting the battery’s remaining useful life (RUL) with a
one-dimensional convolutional neural network-self-attention mechanism, and achieved an
accurate RUL of lithium-ion batteries.

As a non-invasive technology for estimating a battery’s, EIS has received increasing
attention. However, a battery’s EIS measurement uses electrochemical workstations ap-
plying the sine sweeping method. It has been realized that the sine sweeping method is
time-consuming and needs expensive test equipment, and is mostly used for laboratory
measurements. The realization of fast online measurement of impedance is a current
research hotspot for battery system applications.

The authors of [21] proposed a multi-sine wave aggregation detection method, where
multi-frequency sinusoidal superposition was performed at the same time to realize the
detection of impedance over the entire frequency range. Fast detection of the impedance
spectrum within the 0.1 Hz-1 kHz frequency interval was achieved using a 20 s step excita-
tion [22]. The pseudorandom binary sequence (PRBS), as an easily generated excitation
signal with good power consistency, has received increasing attention in the rapid detection
of batteries’ impedance. The authors of [23,24] investigated the spectral characterization of
the PRBS signal and the extraction method of the cell’s impedance. The authors of [25,26]
proposed an optimized three-level sequence to improve the power spectral density of
conventional PRBS excitation, which was suitable for measuring batteries’ impedance. The
authors of [27] proposed a novel hybrid pseudorandom sequence (HPRS) to boost the
signal power in the low-frequency region.

The impedance measurement method based on PRBS excitation is characterized by a
fast measurement speed and high-power consistency. Due to the limitation in the amplitude
of the signal, the power density at each frequency of the measurement interval is generally
low and susceptible to interference from the measurement noise, which leads to large
impedance errors. Therefore, filtering and processing the original data from the impedance
calculation is an important challenge for the fast measurement of batteries” impedance.
The authors of [28] proposed a new measurement evaluation procedure (MEP) and a
two-dimensional Gaussian filter (2-DGF) to improve the performance of PRS. In [29,30],
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the moving average filter (MAF) was used to smooth the impedance curve and reduce
the measurement error, which was suitable for suppressing the noise in the middle and
low-frequency ranges. The authors of [31,32] proposed an impedance denoising and
filtering method using the power spectral density and frequency characteristics of PRBS
to accurately extract the impedance in the full frequency interval [0.21 Hz, 3.5 kHz]. It
was noticed that the impedance extraction method based on MAF had a large calculation
error because it failed to effectively eliminate the measurement noise. In addition, the
processing based on features of fusion such as frequency and power spectra increased the
dimensionality and computational effort of data processing in extraction of the impedance.

This study proposes a filtering and denoising method using impedance data’s sparsity
according to the inherent properties of PRBS excitation. By characterizing the distribution
of the original impedance data, the noise, and useful impedance were identified to effective
extraction of the impedance spectrum. The main contributions of this study are as follows:

(1) A density-based spatial clustering of applications with a noise-based (DBSCAN-based)
impedance data processing method is proposed to utilize the distribution properties
of the measurement points by PRBS excitation.

(2) A parameter setting workflow was designed to properly cluster the data points of the
impedance measured by DBSCAN, where the key parameters, that is, the neighbor-
hood radius and the minimum number of points within the specific neighborhood,
can be adjusted according to the frequency ranges.

(3) The fast measurement of a battery’s impedance by integrating the PRBS and the
data processing method was verified at various temperatures and SOCs on a 3 Ah
lithium-ion battery.

This article is divided into five parts. Section 2 introduces the principle of fast mea-
surement of the impedance spectrum. Section 3 describes the extraction method for the
multi-density distribution EIS data of lithium batteries. Section 4 introduces the experimen-
tal validation. Section 5 summarizes the above work.

2. The Principle of Rapid Measurement of a Battery’s Impedance Spectrum

A highly aggregated carrier, PRBS, was chosen as the excitation signal to realize the
extraction of the full frequency band impedance spectrum of a lithium-ion battery in a short
period. In this section, the principle of PRBS generation and the method for calculating the
battery’s impedance spectrum are introduced.

2.1. PRBS Generation

In this study, the maximum length sequence (MLS) (a typical PRBS) was used as the
excitation signal for measuring the battery’s impedance. The MLS can be generated offline
by shifts and different or simultaneous operations, and its algorithmic structure is shown
in Figure 1.

Shift
Register "

Initialize l > MLS length i=1 s Y
ST —> 5 —» ML = > ;
ART Register D, LmD _git S(1)=D, 'y i<L —» MLSOutput

Move register forward
by 1 bit

g
\—a,=>"¢D,  (mod 2)
i=1

Maximum length sequence

Figure 1. The generation of MLS.

In Figure 1, D, represents the states of the n shift registers at a given moment, ¢,
denotes the feedback coefficients of the shift register, and L is the total length of the
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sequence. The first bit of the MLS is the n-th bit of the initialization register; next, the adder
uses the addition of Module 2.
The general form of the linear feedback logic expression is shown in Equation (1):

n
ay =01Dy 19Dy 2@+ ®cyDy = 2 ¢;Dy,_i(mod 2) 1)
i=1

According to the MLS generation flowchart above, the data bits in the shift register c,
are shifted one bit to the right register from D,,_1 to D, 5 in each clock cycle fe, to produce
a new bit a,. The complete MLS sequence is obtained after L x fgm cycles, where fgen is the
clock period of the algorithm and L is the total length of the sequence. Moreover, fe, limits
the upper range of the measurable frequency for the MLS to fyax = 0.45 feen. The register
order I determines the length of the MLS as L = 2/~ 1 and L limits the resolution of the
measured frequency to f,i, = feen/L.

2.2. Calculation of the Battery’s Impedance

During testing a battery’s impedance, it is necessary to set the parameters f., and
generate the MLS sequence offline according to the measurement bandwidth [fmin, fmax]
for the battery to be tested. Afterward, the MLS sequence is injected into the lithium-ion
battery as an excitation, and the battery’s impedance in the whole frequency domain is
calculated by collecting the voltage and current measurements. Thus, a spectral curve of
the impedance is obtained. The whole process is shown in Figure 2.

Frequency range MLS length MLS generation
([t 7o L frequency fen
[ | |
v
Acquisition

MLS sequence b N

0.00

FFT
0,000
T / +—

09 | |
0012 0015 0.018 0.021

Figure 2. Impedance spectrum using the FFT transform.
The exact calculation process is as follows. The MLS is injected as an excitation signal
into the lithium-ion battery, and the terminal voltage u[n] and current i[n] are collected.

The frequency domain distribution of voltage and current U(jw) and I(jw) using FFT are
calculated as shown in Equations (2) and (3).

—+o00

U(jw) = ) ulne " @
+ .
I(jew) = Y ilnle " ©)

The lithium-ion battery’s impedance Z(jw) can be calculated in the frequency domain
as shown in Equation (4).

Z(jw) = U(jw)/I(jw) 4)
wi=2nf;i=12,...,N (5)
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Through the above steps, the impedance of the lithium-ion battery at different fre-
quencies is sequentially obtained. The real part Zg.(w) and the imaginary part Zy, (w) of
the impedance can be obtained as follows:

Zre(w) = Re[Z(jw)] ©)
Zim(w) = Im[Z(jw)] )

3. Extraction of the Lithium-Ion Battery’s EIS Using Multi-Density Data Clustering
3.1. Characterization of the Distribution of Batteries” Impedance Based on PRBS Excitation

The EIS measurement relies on a small perturbation signal. In [28], it was found
that the amplitude of the excitation signal should be less than 1 C without destroying the
equilibrium state of the cell, and greater than 0.4 C to ensure a sufficient signal-to-noise
ratio. In this study, the amplitude was chosen to be 0.8 C. To enable a convenient battery
EIS measurement in a real application, this work used the PRBS excitation signal instead
of the traditional single sine sweeping injection. Since the amplitude of the PRBS was
limited, the decomposition of the PRBS’s amplitude at each frequency point was even
smaller compared with the sine sweeping method. In addition, the aggregated carrier class
excitation method has a disadvantage in power density. The original impedance spectra of
the battery calculated directly from the voltage and current responses under PRBS is shown
in Figure 3. The direction of the arrow in the legend of Figure 3 is where the data density is
concentrated. The measurable impedance data are chaotically dispersed at each frequency
point, which increased the difficulties in extracting the useful impedance accurately and
made it difficult to form an effective EIS for the battery.

0.006

-Im(Q)

Low-frequency
Mid-frequency

-0.003 -~ .; 3 | 0 High-frequency |
R i Reference
0.010 0.015 0.020 0.025 0.030
Real(Q)

Figure 3. The original impedance spectrum obtained from the injection of the PRBS.

The low power density characteristic of PRBS excitation leads to a poor signal-to-noise
ratio in the original impedance measurement results and the presence of noise interference.
However, it can still be found from Figure 3 that the useful impedance and the noise
had some differences in their density distribution. The effective impedance points had a
relationship with the frequency variation and were arranged with high density relative
to the reference (the blue line in Figure 3). Meanwhile, the noise was in a disordered and
dispersed distribution. According to the basic regularity in Figure 3, we propose a new
method in this work to extract the useful impedance of the battery and synchronously
remove the noise with a density clustering algorithm.

3.2. Impedance Extraction Algorithm with DBSCAN

Although the battery’s impedance measured by PRBS is fast and convenient, it suffers
from a low signal-to-noise ratio and high difficulty in extraction. In this study, the sparse
density of the original impedance measurement was characterized by DBSCAN for effective
discrimination of data and noise.
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3.2.1. Parameters Setting for DBSCAN

DBSCAN contains two parameters to be properly set before performing the discrimi-
nation of the impedance data’s sparsity in a clustering manner, i.e., the minimum number
of points in the neighborhood MinPts, and the neighborhood radius Eps.

(1) Minpts

When processing a large-scale dataset, MinPts = 2-D (D is the dimension of the sample
data) is usually set for DBSCAN. When the measurement data contain high noise, Minpts
should be appropriately increased on the basis of 2-D. In this study, the MinPts was selected
as 5 for clustering the battery’s impedance data. This was because the battery’s impedance
contained two dimensions of real and imaginary parts with extensive noise.

(2) Eps

The selection of the neighborhood radius Eps in DBSCAN is rather complicated,
especially when dealing with large-scale and noisy battery impedance data. The parameter
Eps can be selected with the aid of constructing a k-distance curve characterizing the
sparsity of the data. This curve is made up of the distances between the data points,
where the distance dy; between a sample point (x1,y1) and all other points (x;,y; 17 # 1) in
the dataset is calculated. The distance metric is based on Euclidean distance, which is
calculated using Equation (8):

dyj = \/(x1 —x) (i —yi) i#A1 (8)

After calculating the distance between any two data points in the dataset, those
distances are sorted in descending order. Then, after selecting the k points that are closest
to a sample point, the distances between these k points and this sample point are plotted as
a k-distance curve. A mutation point is found at the location of the curve’s inflection point.
According to the elbow method, the value at the point of inflection can be set as Eps.

3.2.2. Clustering Impedance Data

For the impedance data sparsity discrimination, the DBSACN needs to set the neigh-
borhood radius Eps and the minimum number of points within the specific neighborhood
MinPts to distinguish the sparsity of the data. The structure of the algorithm is shown in
Figure 4.

MinPts=2 Eps=4| MinPts=2 Eps=4 Cluster1
@ Core Point @ Core Point

Border Point
@ Noise Point

i @ Cluster2
Border Point

. Noise Point . Noise

o o
°
.° : «°®®
(a) (b) (©)

Figure 4. Schematic diagram of the clustering algorithm. The process is as follows: (a) selection of all
core points; (b) constructing the neighborhood chains; (c) completing the classification of the clusters.

As shown in Figure 4, the formation of clusters requires three steps:

(a) Determination of the cluster cores based on clustering parameters: if a data point has
more than MinPts points in its neighborhood with a radius of Eps, this data point is
marked as a core point. We can then find all core points in the dataset. The circles of
different colors in subfigures (a) and (b) represent the neighborhood of the point with
radius Eps.
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(b) Formation of a neighborhood chain: for each core point, find all points that are densely
accessible from that core point, forming a chain of neighborhoods.

(¢) Labeling the cluster classes and noise points: All points contained in a neighbor-
hood chain are labeled as a cluster class, boundary points are assigned to the core
point cluster class to which they are connected, and points that are not assigned to
any cluster class are labeled as noise. The entire impedance test dataset is scanned
and then labeled with noise points and several data clusters consisting of core and
boundary points.

3.2.3. The Proposed Multi-Density Clustering Algorithm

After obtaining the two clustering parameters, the clustering calculation can be per-
formed on the battery’s test data. DBSCAN clusters the data according to the Eps and
MinPts obtained from the calculation and divides the whole test sample set into multiple
clusters. DBSCAN searches for clusters by examining the Eps neighborhood of each point
in the dataset, and if the Eps neighborhood of a point p contains more points than MinPts
points, a cluster is created with p as the core object. DBSCAN then iteratively aggregates
the objects directly density-reachable from these core objects, a process that may involve
some merging of the density-reachable clusters. The process ends when no new points are
added to any cluster and a cluster class is formed, followed by repeating the process until
all the data have been labeled. The steps of the algorithm are shown in Algorithm 1, where
the set of core points is defined as (), the neighborhood of a sample point x; is defined as
the number of clustering clusters defined as k, the set of unvisited sample points is defined
as r, the current set of unvisited sample points is defined as I'y;;, a queue is defined as Q,
any of the core objects in () are defined as o, the first sample point in queue Q is defined as
g, and a clustering cluster is defined as Ck.

Algorithm 1 The proposed multi-density clustering algorithm.

Input: Dataset: D = {x1,x2, ..., X}, Eps: ¢ , MinPts
1.Q=4
2.forj=12,.,mdo
3.if [Ne(x;) | = MinPts then
4 O=0QUx}
5. end if
6. end for

7.k=0

8.1 =D

9. while ()., do

10.T,; =T

11. Q = <o>

12.T =T\{o}

13. while Q. do

14. if |[N¢(q)| > MinPts then

15.A = Ng(g)NT

16.r =1\ a

17. end if

18. end while

19.k = k+1, Ck = l"old\l"

20. Q0 = O\Cy

21. end while

Output: Clustering result: C = {C1,Cy, .. .,Cy}

The clusters of data completed by clustering need to be type-discriminated to deter-
mine whether they are valid points or noisy points. In this study, a contour coefficient
method was used to calculate the density of the data in the clusters after clustering. Data
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clusters with high density were judged as valid points, and data clusters with low density
were treated as noisy points. The method of judging the data cluster’s type is as follows

~ _ b(i)—a(i)
S() = ax(a (0, (D) ®)

where 5(i) represents the contour coefficient, a(i) denotes the average distance from a sample
point to other sample points in its cluster class, and b(i) denotes the average distance of a
sample point to all sample points of its nearest cluster class.

The mean value of the contour coefficients within the data clusters close to 1 (S(i) > 0.9)
can be recognized as valid signals, and the rest of the clusters are the noise clusters to be
eliminated from the dataset.

4. Experimental Verification
4.1. Experimental Platform

In this section, an experimental test platform for the battery’s impedance spectrum was
built, as shown in Figure 5. The experimental platform included a controller, an acquisition
module, and a power module. First, an MLS was generated with a length of 32,767 bits
using a 15-bit shift register. Second, this signal was injected into the battery via an external
bipolar power supply, that is, the PBZ20-20, which was made by KIKUSUI, Yamanashi,
Japan. Next, an instrumentation amplifier performed a differential operation on the signals
from the two terminals of the cell to obtain the battery’s response. Next, the dual-channel
high-speed digital-to-analog converter used the same clock to sample the response signal
and the excitation signal, and the sampling results were cached by SRAM in real time and
then uploaded to the host computer. Finally, the host computer uses MatlabR2022b to
perform FFT analysis on the data and calculated the spectra of the excitation and response
signals to obtain the amplitude and phase characteristics of the measured impedance.

External power supply

MLS sequence generation transmitting signals

LalMEW

PBZ20-20

Data processing Dual c}h}a}nnell
Calculation of ADC Acquisition signal

impedance spectrum SRAM
Uses MatlabR2022b - =

SRAM —_

°
=]
€
g
S
e
2
s
d
g
-3
£
o
I

2101007004-USB2871

Figure 5. Construction of the experimental platform.

In this experiment, a SONY VT5C 18650 lithium-ion battery which is manufactured by
SONY of Tokyo, Japan was selected as the test sample, and the battery’s specifications are
shown in Table 1.

Table 1. The specifications of the SONY VT5C 18650 lithium-ion battery.

Nominal Capacity Voltage Range Maximum Current

3000 mAh 20425V 30A

4.2. Validation of the Impedance Measurement

The proposed impedance extraction algorithm utilizes the difference in the sparse
density between the impedance data to remove the disordered and dispersive noise points
and realize the extraction of reliable impedance measurements. In this study, the results of
the battery’s impedance under PRBS excitation showed some characteristics. The higher
the injection frequency, the more scattered the results of the impedance calculation were.
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Original

impedance

Therefore, the whole test interval was divided into three frequency bands, namely, the low-
frequency interval, the middle-frequency interval, and the high-frequency interval. There
were differences in data’s density at different frequency intervals, and the parameters of the
corresponding impedance extraction algorithms were changed. The process of extracting
the impedance is shown in Figure 6.

Battery

impedance

Figure 6. The process of extracting the impedance in the proposed method.

The impedance calculations in the high-frequency interval were taken as an example
to verify the process of parameter selection and data processing in Section 3. As shown
in Figure 7a, Minpts1 was set to 5 to construct the k-distance (k = 5) curve for data in
the high-frequency interval, and the curve’s inflection point was selected as Eps1. The
first clustering was carried out using the parameters above, and the results of the data
discrimination are shown in Figure 7b.

0.10 7— T T 0.004 0 T —
‘ the k-distance (Minpts=5) } ; ’
0.08 4 B
~ 0.000 4
) 0.06 4 B _
[ a
5 =
Z 004 ) : H
& 436, 6.24873x10
m ( ) -0.0041 - -
0.02 4 g . = .
001 B
N Noise
T T T -0.008 - -
0 40,000 80,000 120,000 0.008 0.012 0.016 0.020
Number of the k-distance Real(Q)
(a) (b)
107
15310 : : 0.003
‘ the k-distance (Minpts=5)
1.0 1 .
=~ 0.000 "<,
g 3 :
z
% 031 (5.463x10° 5.84648x10°) 1 E
o, T
] -0.003 4 . ..
0.0 B T PR
R Valid poinf
-0.5 - Noise
Sk T T -0.006 T T
0 40,000 80,000 120,000 0.010 0.012 0.014 0.016
Number of the k-distance
Real(Q)
(0 (d)

Figure 7. Cont.
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| -0.002{ .
0.0 .
Valid point]
= Noise
-054 T T -0.004 " "
0 40,000 80,000 120,000 0.012 0.013 0.014 0.015
Number of the k-distance Real(Q)
(e) )

Figure 7. Process of clustering data from the high-frequency region. (a) The parameters selected
in the first round. (b) The first clustering results. (c) The parameters selected in the second round.
(d) The second set of clustering results. (e) The parameters selected for the third round. (f) The third
set of clustering results.

From Figure 7b, it can be seen that the impedance data were classified into a peripheral
data cluster with high dispersion and an inner data cluster with high aggregation after the
first clustering procedure. A large amount of noise was effectively excluded by clustering
even in the first round. Due to the dispersion and the large amount of data in the high-
frequency interval, the ideal extraction results could not be obtained by using the clustering
method only once. The useful impedance of the battery was retained for the density
clustering after enough clustering had been completed. The EIS points retained after three
rounds of clustering are shown in Figure 7f. The algorithm effectively filtered out a large
amount of noise, and the retained data can be judged as effective test points, that is, the
battery’s EIS.

After processing the data in the high-frequency interval, the process above was used
again to extract the effective impedance from the mid-frequency and low-frequency inter-
vals. Due to the differences in the density characteristics of the data in the mid-frequency
and low-frequency regions, it was necessary to select appropriate clustering parameters
based on the distribution characteristics of the test data in different frequency intervals.
For example, as the data’s density decreased during the clustering process, a large value of
MinPts caused two neighboring clusters to merge into a single one, causing the extraction
algorithm to fail. Therefore, in the mid- and the low-frequency ranges, MinPts was reduced
appropriately. Table 2 shows the parameters of clustering in the three frequency ranges.

Table 2. The parameters for clustering in the three frequency intervals.

Frequencies Times MinPts Eps

1 6.25 x 1074
5 5.85 x 107°
6.56 x 107°
2.65 x 107*
6.30 x 107°
9.64 x 107°
1.04 x 1073
3 2.77 x 1074
1.30 x 10°

High frequency

Mid-frequency

Low frequency

PLINN|RP|WW|IN|~R,]|W[|DN
'S
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By using the proposed method, the impedance measurements in the high-, medium-,
and low-frequency intervals kept a similar number of the data points (Figure 8). It also
indicated that the proposed method could effectively extract the battery’s impedance

after denoising.

0.004

0002 7

o
0.000 | # !
L)
-0.002 ’; !

0010 0015 0020 0025 0030

-Im(Q)

Impedance spectrum curve

Real(Q)

Figure 8. The impedance obtained by the proposed method.

After the effective clusters had been formed, interpolation was used to extend the
relationships between the impedance data points of known frequencies to those of unknown
frequencies. This resulted in a smooth impedance spectrum curve, as shown in Figure 8.
The interpolated impedance spectrum offered more detailed and smoother information on

the frequency response.

4.3. Validation at Different SOCs and Temperatures
In this section, the impedance curves were extracted from the sample lithium-ion
battery at different SOCs and temperatures, as shown in Figure 9.
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Figure 9. Lithium-ion battery’s impedance under different test conditions: (a) T = 15 °C, SOC = 50%;
(b) T =25°C, SOC = 50%; (c) T =35 °C, SOC = 50%; (d) T =25 °C, SOC = 80%.
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The root mean square error (RMSE) and the mean absolute percentage error (MAPE)
were used to evaluate the overall error for the impedance curves after data processing.
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The impedance results of the lithium-ion battery in four cases are shown in Figure 9. The
superiority of the proposed method was highlighted by calculating the RMSE and MAPE
for the high-, medium-, and low-frequency intervals. The MAPE of the impedance in the
low-frequency range obtained by the proposed method was 0.0668 when the lithium-ion
battery was at 15 °C and the SOC was 50%, while the MAPE obtained by the MAF was
0.3127, which is 4.6 times higher than that of our method. As shown in Figure 9a, it can be
noticed that the impedance data obtained by the MAF in the low-frequency range were
far from the reference. An increase in temperature affected the impedance spectrum of the
lithium-ion battery in the mid-frequency range. At 25 °C, the MAPE of the mid-frequency
range measured by the MAF was twice that of the proposed method, as seen in Figure 9b.
When the temperature was 35 °C, the gap between the two methods increased further, as
shown in Figure 9c. The MAPE of the impedance spectrum in the mid-frequency interval
measured by the MAF (0.0704) was five times higher than that of the proposed method
(0.0141). Figure 9d shows the case where the Li-ion battery had SOC =80% and T =25 °C. It
is clear that the proposed method still had significantly high accuracy, while the impedance
spectrum measured by the MAF showed a large deviation in the high-frequency range.
Thus, the proposed multi-density clustering method has good computational accuracy in
different cases.

In contrast, traditional MAF filtering could not carefully screen the measured data
points. That is because the MAF filtering process treats the useful impedance and noise
data homogeneously for suppressing the noise. In the high-frequency interval, the number
of noise points was much larger than the number of valid test points, so the error of MAF
filtering was larger in the high-frequency interval. Due to the small number of data points
in the low-frequency range, the noise had a large impact on the results from the MAF.
The key for the MAF is to choose an appropriate window size and window function;
however, the lithium-ion battery’s impedance spectrum processed in this study had the
characteristics of a non-uniform distribution of density. Thus, the MAF for processing the
sparse data in the low-frequency interval was not as good as expected.

The RMSE and MAPE of the two methods in different cases were compared, as shown
in Figure 10. When the lithium-ion battery was at an ambient temperature of 15 °C and 50%
SOC, the difference in RMSE and MAPE between the two methods was the largest. The
RMSE and MAPE of the proposed method were reduced by 85.6% and 82.3% compared
with those of the MAF.

Proposed MAF RMSE(%)
0.870
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Figure 10. A comparison of the RMSE and MAPE of the two methods in nine test cases.

5. Conclusions

In this article, a denoising method for processing multi-density impedance data is
proposed. The algorithm analyzes the density characteristics of the measurement data of
impedance and determines two core parameters to discriminate the noisy points and valid
data points by DBSCAN, realizing the cleaning of the dataset and the effective extraction of
the impedance spectrum. The effectiveness and superiority of the method were verified
experimentally, and the results showed that the RMSE and MAPE calculated by the method
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proposed were smaller than those of the MAF filtering method at different SOCs and
temperatures of the lithium-ion battery. The average RMSE of the proposed method was
0.082, which was smaller than that of the MAF (0.15). The average MAPE of the method in
this study was 0.06, which was smaller than that of the MAF (0.12). In addition, the curves
obtained by the proposed impedance extraction algorithm were closer to the reference
curve for all the validation cases. Thus, the data processing method based on multi-density
clustering DBSCAN solves the problem of the low signal-to-noise ratio of PRBS in rapid
measurements of EIS and improves the accuracy of the impedance measurements. The
proposed method is effective and can provide accurate impedance information for the
estimating the battery’s status in BMS.
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