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Two-Step HNN-Based Pattern Recognition

Combining DWT-Based Multi-Resolution
Analysis for Rechargeable Cells Distinction

Seongjun Lee, Member, IEEE, and Jonghoon Kim

Abstract—This article newly suggests two-step Hamming neural
network (HNN)-based pattern recognition which combines the
discrete wavelet transform (DWT)-based multi-resolution analysis
(MRA) for providing an innovative and unique cell distinction. In
contrast to the conventional methods, there are some remarkable
features. First, the discharging/charging current signals (DCCSs)
for reflecting load conditions with various dissimilar scenarios
are used as representative patterns in the first-step HNN. Specifi-
cally, the usage of decomposed low- or high-frequency components
(As/Ds) by the DWT-based MRA enables added characteristic
parameters for providing the closest matches. Second, according
to state-of-charge (SOC) range, especially in high SOC ranges, the
allowable maximum charging currents in constant current/voltage
(CC/CV) schemes are adjusted for avoiding over-charging. Third,
the second-step HNN finally completes the recognition after closely
matching several representative discharging/charging voltage sig-
nals applying the selected DCCS in the first step. Finally, si-
multaneous internal parameter extraction in the equivalent elec-
trical circuit model during the second-step HNN provides use-
ful information for verification of this article. Then, unneces-
sary experimental procedure and the time required for getting
parameters of an arbitrary lithium-ion cell are abbreviated or
reduced.

Index Terms—Battery pack, cell distinction, discrete wavelet
transform (DWT), Hamming neural network (HNN), multi-
resolution analysis (MRA), pattern recognition.

1. INTRODUCTION

ITH the abrupt growing interest in environmental risks
Wowing to fossil fuels, renewable/rechargeable energy
sources, especially lithium-ion cells, have been recognized as
better alternatives [1]-[3]. The lithium-ion cells can be generally
connected in series, parallel, and series/parallel for satisfying
high-power and high-energy requirements of electric-powered
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transportations [electric vehicles and hybrid electric vehicles
(HEVs)] and battery energy storage system [4], [5]. The most
important thing to obtain an optimal discharging/charging con-
dition in the above applications is to configure a battery pack that
has less inner voltage/state-of-charge (SOC) imbalances among
lithium-ion cells. However, some risks involved in cell manu-
facturing and architecture variability result in unavoidable cell-
to-cell voltage/SOC differences in the battery pack [6]—[8]. For
overcoming this problem, several studies of cell distinction and
voltage/SOC equalization circuits (active/passive) before and af-
ter the occurrence of cell-to-cell variation have been simultane-
ously conducted [6]-[12]. Conventional approaches of cell dis-
tinction have the limitation of only applying a constant discharg-
ing/charging current profile in order to collect representative dis-
charging/charging voltages of lithium-ion cells [9], [10]. Practi-
cally, it should be essential to improve the above-mentioned cell
distinction because most current profiles have dissimilar scenar-
ios including abrupt changes, different magnitudes, and the nec-
essary time for discharging/charging that is dependent on the op-
erating requirement of electric-powered transportation. Namely,
several discharging/charging voltages based on different dis-
charging/charging currents that reflect various load conditions
are needed. Therefore, it is clear that an innovative and unique
cell distinction that can overcome the above weaknesses in con-
ventional cell distinction further provides some advantages, in
terms of simplicity (uncomplicated), high efficiency, SOC/state-
of-health (SOH) monitoring correctness, and guideline for stable
battery pack configuration in the battery management system
(BMS) [12].

The approach proposed in this study provides insight into
the implementation of an innovative and unique cell distinction
for the selection of lithium-ion cells that have similar electro-
chemical characteristics to lead the stable series/parallel battery
pack and guarantee its safe discharging/charging. For this goal,
this approach chose the Hamming neural network (HNN) to
recognize discharging/charging current and its voltage patterns
of lithium-ion cells [13]-[15], [17]. Specifically, for improving
the performance on cell distinction compared to the above con-
ventional researches, two-step HNN-based pattern recognition
combining the discrete wavelet transform (DWT) is consid-
ered. Originally, experimental discharging/charging voltages of
lithium-ion cells and their applied currents could be all assumed
as original signals in the DWT [16], [18], [19]. These signals


https://orcid.org/0000-0001-8757-547X
mailto:lsj@chosun.ac.kr
mailto:whdgns0422@cnu.ac.kr
http://ieeexplore.ieee.org

11892

were, respectively, called the discharging/charging current sig-
nal (DCCS) and discharging/charging voltage signal (DCVS) of
lithium-ion cells. Definitely, because of the non-stationary and
transient phenomena of the DCCS and DCVS, there is no doubt
that the DWT is the best solution to analyze the above-mentioned
signals [20]-[25]. In particular, multi-resolution analysis (MRA)
in the DWT has a vigorous function of both time and frequency
localization [25]. Therefore, the DWT-based MRA performs
filtering and down-sampling for decomposing original signals
(in case of this study, DCCS) into time and frequency domains,
respectively, focusing on short time intervals for high-frequency
components (detail; D,,) and on long time intervals for low-
frequency components (approximation; A,) [25]. For this de-
composition, a Daubechies wavelet with a basis of order three
(dB3) having an orthogonality, which contributes to the clas-
sification disturbances and localization, is applied. According
to the predetermined scale, the decomposition level is lastly
determined as 5 [26], [27]. Thus, five respective approximations
(A1-A5) and detail components (D1—Ds) are obtained through
the MRA. Among them, two components of approximation As
and detail D5 are finally selected for applying characteristic
parameters in the first-step HNN. As mentioned earlier, this
approach applied the DCCS as an original signal in the DWT-
based MRA. Given the decomposed components of A5 and D5,
further information on A5 p/As ¢ and D5 p/D5 ¢ (p: discharging,
¢ charging) can be also obtained. Finally, a total of 26 char-
acteristic parameters are applied in the first-step HNN. From
statistical analysis for transforming binary patterns into 1 and —1
arrays, the first-step HNN is applied to identify the representative
DCCS that most closely matches that of the arbitrary DCCS to
be measured (input in the first-step HNN) [16]. For reference,
a simple rule is performed a slight adjustment of the arbitrary
DCCS scale for precise matching with a current scale of charging
6 A between discharging 6 A (—6 to 6 A) of 10 representative
DCCSs. After the final selection of the representative DCCS and
its usage, different discharging/charging voltages of 15 lithium-
ion cells as representative DCVSs in the second-step HNN need
to be considered, together with cell parameter measurement in
the equivalent electrical circuit model (EECM) [28]. At this
step, all DCVS patterns are separated into two sub-patterns of
discharging voltage (DV) patterns and charging voltage (CVe)
patterns to acquire seven characteristic parameters applied to
the second-step HNN. The remaining procedure of this step
is the same as that of the first step. By competitive learning
of the so-called winner-take-all (WTA) network [15], [17], all
final identification results, which are respectively the closest
representative DCCS and DCVS patterns to each input pattern
having only nonzero outputs at the first and second-step HNNSs,
are determined. Experimental results of the direct current inter-
nal resistance (DCIR), discharge capacity, and their comparison
definitely validate the high-fidelity cell distinction based on
two-step HNN-based pattern recognition. For this approach,
some 18 650 cylindrical lithium-ion cells having a rated capacity
of 2.6 Ah and a nominal voltage of 3.7 V have been efficiently
conducted (ICR 18650-26F; Samsung SDI).
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The remainder of this article is organized as follows: It is
divided into six sections, including this introduction section. The
experimental apparatus for obtaining all DCCS/DCVS patterns
and verifying the proposed approach is presented in Section II.
A brief review of the theoretical backgrounds of the HNN and
DWT is provided in Section III. Next, the first- and second-step
HNNs separately considering representative DCCS and DCVS
patterns are explained in Section I'V. After discussing the fea-
sibility of cell distinction, the summary and closing comments
are given in Section V.

II. EXPERIMENTAL APPARATUS FOR THIS APPROACH

The experimental apparatus for implementation of this ap-
proach in Energy Storage System Laboratory is shown in Fig. 1.
As mentioned in Section I, experimental studies were conducted
on 18 650 cylindrical lithium-ion cells that had a rated capacity
of 2.6 Ah and a nominal voltage of 3.7 V (Samsung SDI).
First, various scaled-down HEV current profiles were used to
obtain the DCCSs for DWT-based MRA in the first-step HNN.
Based on each DCCS, 15 lithium-ion cells having different
electrochemical characteristics were experimented to obtain
DCVSs [total DCCSs (10) x cells (15) = DCVSs (150)]. This
experimental apparatus was also used to measure the DCIR at
SOC 50% and discharge capacity based on a fully charging—
discharging scheme [constant current (CC)-CV protocol for
charging, CC protocol for discharging] in order to verify this
approach. Detailed information of our experimental apparatus
shown in Fig. 1 is as follows. An electric load Hewlett Packard
6050A (60 V/50 A) for discharging and a power supply Agilent
E3633A (20 V/10 A) for charging lithium-ion cells were used.
The data acquisition board (general purpose interface bus com-
munication) accurately collected and recorded data composed of
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Fig. 2. Hamming neural network (HNN) having two layers, namely, feedfor-
ward layer and recurrent layer broadly used for pattern recognition.

discharging—charging current/voltage, Ah-counting based SOC,
and temperature. These data were applied as input for our
designed BMS controller established in MATLAB/Simulink
S-function and C++-. A self-made digital signal processor using
STM32F105VC was utilized as a real-time BMS controller. All
experiments were performed at a nominal temperature of 25 °C
electronically controlled through an environmental/humidity
chamber Hitachi U-6652P-CH3 for minimizing the cell tem-
perature dependency.

III. REVIEW OF HAMMING NEURAL NETWORK (HNN) AND
DISCRETE WAVELET TRANSFORM (DWT)

A. Review of Hamming Neural Network (HNN)

The HNN shown in Fig. 2 is one of the simplest competi-
tive networks for examining binary pattern recognition issues
[13]-[15], [17]. By comparison of the inner products, this de-
termines which representative pattern is nearest to the current
pattern (prototype vector and input vector). There are two layers
(feedforward layer and the recurrent layer) in the HNN. The role
of the feedforward layer is to calculate an inner product and a
correlation between each prototype vector and an input vector
for finding the minimum Hamming distance (HD) from the
difference calculation between the dimension m and HD. A set of
prototype vectors of weight matrix W' in (1) and bias vectors b!
in (2) is transformed into the binary form [13], [14]. Each proto-
type vector in matrix W' is needed to be recognized with m/2 as
each component. b! is the threshold value given in the number
R of each input vector and the neuron’s number S. Between
vectors ;w and a given input vector p, HD(;w, p) has influence
on the W'p as inW'p = [m — HD(;w, p)] — HD(;w,p) at
an arbitrary node i (1 <7 < R). As expressed in (3), the outputs
a! of the feedforward layer are identical to the inner products
pLp by implementing a linear transfer function (purelin) plus
R [13]. The prototype vector that is closest in HD to the input
vector has the largest output a' in this layer. After initializa-
tion [a%(0) = a'] of the outputs of the feedforward layer, a
competitive layer or MAXNET, namely, the recurrent layer that
performs the WTA operation, is used for the purpose of the ith
node’s initial dominant response enhancement and suppression
of other nodes. Equation (4) expresses the n x n weight matrix
of the recurrent layer W? that has two kinds of weights including
the diagonal elements 1 and the off-diagonal elements having
a small negative value — with a range of 0 < e < 1/(S — 1)
where | <7< Sand 1 <j<S[13]. Contrary to the feedforward
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layer, this layer implements a positive transfer function (poslin)
for recurrent processing and frequent updating (namely WTA)
of output a® until a final winner decision is made. Then, this
final winner only has a positive output at the ith node, whereas
all remaining nodes decay to zero. Consequently, this indicator
of the recurrent layer vector having only a positive output is the
representative vector that is the best match with the input [13].
Main equations of HNN
<Feedforward layer>
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Fig. 3. Discrete wavelet transform (DWT)-based three-level multi-resolution

analysis (MRA) for analysis decomposition.
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B. Review of Discrete Wavelet Transform (DWT)

The DWT has been broadly researched and implemented for
a new mathematical theory that decomposes a nonstationary
time-domain signal into different frequency groups in contrast
to the Fourier transform [16], [18]—[27]. Some merits of the
DWT are that it operates only in discrete steps, has a high re-
duction in the computational time, and provides sufficient useful
information for signal analysis. A basic equation for defining
the DWT is expressed in (6) with the mother wavelet 1(7),
dilation scaling parameter j, and translation scaling parameter k.
Then, each role of the above parameters determines the wavelet’s
length/oscillatory frequency and its shifted position. Based on
the above terms, a dyadic-orthonormal wavelet transform is used
as the basis of the MRA. In this MRA process shown in Fig. 3, an
original signal x(7) can be fully decomposed with respect to ap-
proximations/details respectively provided by the scaling func-
tion ¢, x(¢) and the wavelet function 1) 1(¢) shownin (7) (integer
and k). Low- and/or high-pass filter coefficients of 4(n) and g(n),
respectively, correlate the scaling/wavelet functions that satisfy
g(L -1 — n) = (—1)"h(n). From these filter coefficients, two
functions of ¢; () and 1, 1(¢) in (7) can be additionally ex-
pressed in (8) for the construction of each filters [16]. The MRA
shown as a set of successive filter banks in Fig. 4 decomposes
an original signal x(7) into low (approximation A,) and high
(detail D,,) frequency components via the approximate/detailed
coefficients of a; ;, and d; i, [(8) and (9); level j]. Given decom-
position level J and x(#)’s length N (J < N), (10) expresses the
J-level DWT representation with wavelet transform coefficients
(1 <j < J)[18]. Specifically, the sampling frequency f; of an
original signal x(#) plays a significant role in finding a suitable
decomposition level by the Nyquist criterion. A comprehensive
detail component D,, has information in terms of the signal
components with frequency interval [2=+Df 27 1HZ [18].
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Fig. 4. Preparation for first-step HNN-based pattern recognition. (a) Ten
different discharging/charging current signals (DCCSs) within range (—6 to
6 A). (b) DWT-based MRA considering five decomposition levels.

By contrast, within the interval [0, 2~ + 1f,], a generic approxi-
mation component A,, containing the low-frequency component
is finally determined [18].

IV. PROPOSED APPROACH
A. First-Step HNN-Based Pattern Recognition (DCCS Info.)

Most discharging/charging currents applied to lithium-ion
rechargeable cells have different schemes of abrupt change,
time required for discharging/charging, and current’s magni-
tude. For that reason, it should be surely required to assume
these currents as signals, in other words the DCCS, and to
distinguish each DCCS’ principal features. For reference, this
research used cylindrical 18 650 cylindrical lithium-ion cells
having a rated capacity of 2.6 Ah; thus, it is required to adjust
the scale of all DCCSs to prevent the cell’s internal damage
owing to over-discharging/over-charging. This is why our study
prepared 10 scaled-down DCCSs of the HEV's within the range
of —6 to 6 A applied during 1000 s, as shown in Fig. 4(a).
These DCCSs were decomposed into two components such as
approximation A,, (for a long time interval) and detail D,, (for a
short time interval) by the DWT. For the MRA implementation,
it was previously required to select an optimum wavelet function
(mother wavelet) for better decomposition of an original signal.
Among various mother wavelets of Haar, Coiflet, Biorthogonal,
Daubechies, Symlet, Morlet, etc., this approach finally selected
the Daubechies wavelet with orthogonality and potentiality for
achieving localization and disturbance classification [19]. Next,
two additional items (basis order of the mother wavelet and
decomposition level) should be clearly set. Because of slight
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TABLE I
FREQUENCY BANDS OBTAINED BY DECOMPOSITION AT MULTIPLE LEVELS
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TABLE II
TWENTY-SIX CHARACTERISTIC PARAMETERS USED IN FIRST-STEP HNN
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Fig. 5. Ten different approximation components A5 decomposed by DWT-
based MRA considering five decomposition levels from ten DCCSs.

differences in decomposition performance related to localization
and disturbance classification in the DWT, the dB3 is randomly
chosen based on [19]-[21]. In contrast to the wavelet’s basis
order, the level n for decomposition is primarily dependent
on the sampling frequency f; for capturing the DCCSs and
the supply frequency f for collecting precise experimental re-
sults. Considering three values of f;, f, and n, the equation of
20 +Df < fwas defined in [22] and [23]. If the supply fre-
quency fis included in detail component D,,, the approximation
component of this level A,, only contains signal components
with frequencies below f. This frequency can be defined as 20 Hz
because of a 50-ms time interval previously set for the precise
collection of experimental results in this article. According to
two values f; = 1000 sample/s and f = 20 Hz (50 ms), the
decomposition level n can be calculated as 5 in (12) and the data
window size as 32( = 29)

n = Integer [log (fs/f) /log (2)] = 5.

Through the decomposition level n = 5, the DWT-based
MRA carries out filtering and down-sampling | 2 for decom-
posing all DCCSs in order to create five approximation (A1-As)
and five detail components (D;—Ds) using approximate a;, j
and detail coefficients d; j, respectively. Then, as shown in
Fig. 4(b), the lowest frequency band A and high-frequency
bands D;—Dj are finally chosen from the above components.
Table I lists each frequency bands obtained by decomposition in
five levels by applying a data window of 32 samples with fs =
1000 sample/s. Specifically, because of the predetermined value
n = 5 in (12), in this approach, two components (A5 and Ds5)
are selected from all approximation and detail components as
characteristic parameters in the HNN. As shown in Figs. 5 and
6, by the DWT-based MRA, 10 DCCSs can be decomposed into
each approximation A5 and detail D5 components. Further infor-
mation on As p/As ¢ and D5 p/Ds ¢ based on the initial starting
voltage points (ISVP) fixations (p: discharging; ¢: charging) are

(12)

Approximation component As

Detail component Ds

Crl  Average As Crl4  Average Ds

C2  Standard deviation 45 C¢l5  Standard deviation Ds

Ci3  Maximum 45 Csl6 Maximum Ds

Cid Minimum 4s C¢l7 Minimum Ds

Ci5  As<1A (Absolute value) average ~ Crl8 Ds<0.001A (Abs. X 10000) avg.

Ci6  As<1A (Absolute value) std. Csl9 Ds<0.001A (Abs.*1000) std.

C¢7  As<1A (Absolute value) duration C20 Ds<0.001A (Abs.) duration

C8  Average Asp (discharge) C21 Average Dsp (discharge)

C{9 Standard deviation 4sp (disch.) CR22 Standard deviation Dsp (disch.)
C¢10 Duration time 4sp (discharge) Ci23 Duration time Dsp (discharge)
Crll Average Asc (charge) C24 Average Dsc (charge)

Crl2 Standard deviation 4sc (charge) ~ CR25 Standard deviation Dsc (charge)
Cl13 Duration time Asc (charge) Ci26 Duration time Dsc (charge)
1.1.1) » (11.-1) 0 (A1) (1.-1.-1)
[} | |
1 + L2 + L3 '+ L4
— ===
N (avg +(axstd)) avg (avg —(axstd)) 4
Fig. 7. Four levels for three standards for transforming into 1 and —1 arrays.

obtained [9]. Various information such as the average, standard
deviation, maximum/minimum, and duration time can be ap-
plied as characteristic parameters in the HNN, namely, C¢1-C¢13
and C¢14-Cy26, respectively, which are A5 and Ds (¢: first). A
total of 26 characteristic parameters (C¢1-C¢26) are introduced
in Table II. Through four levels and three standards displayed
in Fig. 7, each value of the 26 characteristic parameters that
correspond to 10 representative DCCSs is transformed into 1
and —1 arrays (avg: average; std: standard deviation; a = 0.5).
Four levels (L1-L4) from the above values transformed into
binary form are well listed in Table III. Three standards, which
are [avg — (a x std), avg, and avg + (o X std)], determine
each level. After determining avg and std of each characteristic
parameter of the 10 representative DCCSs, the value of any
DCCS is compared with the above three standards for a level
decision. For example, in the case of C¢3 of Pro.6 (maximum
As of current profile 6), the level is L2. This means the value of
C¢3 of Pro.6 is smaller than avg and larger than avg + (a0 x std).
For reference, in order to consider the marked differences of the
10 DCCSs, the tuning value « is chosen as 0.5. Fig. 8 shows the
HNN structure for DCCS pattern recognition in the first-step.
This figure represents the feedforward’s role as calculating the
inner product between each representative and the current DCCS
patterns. Considered in b! = [78, 78, ..., 78]7in Fig. 8, the
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TABLE III
TWENTY-SIX CHARACTERISTIC PARAMETERS OF TEN REPRESENTATIVE
DCCS PATTERNS

Pro.l1 Pro.2 Pro.3 Pro4 Pro.5 Pro.6 Pro.7 Pro.8 Pro.9 Pro.10
Cil L4 L1 L1 L2 L4 L1 L3 L4 L4 L4
Ci2 L1 L1 L3 L4 L4 L2 L2 L2 L4 L1
C3 L1 L3 L3 L4 L4 L2 L2 L2 L3 L1
Cet L3 L4 L3 L1 L1 L4 L1 L4 L1 L2
Ci5 L1 L1 L1 L4 L4 L2 L2 L4 L4 L4
Ci6 L2 L4 L4 L4 L2 L2 L1 L1 LI L2
Cr7 L4 L1 L1 L1 L3 L2 L4 L4 L1 L4
C8 L4 L4 L1 L1 L3 L2 L3 L1 L2 L1
Co L4 L4 L2 L2 L4 L1 L2 L2 L2 L1
Cel0 L2 L1 L4 L4 L4 L2 L2 L4 L4 L4
Cell L3 L4 L1 L1 L1 L1 L3 L2 L1 L1
Cel2 L2 L1 L4 L4 L4 L2 L2 L3 L4 L4
Cel3 L3 L4 L1 L1 L1 L3 L3 L1 L1 L1
Cil4 LI L4 L1 L1 L4 L4 L4 L1 LI L1
Cil5 L1 L2 L3 L3 L4 L3 L4 L1 L2 L1
Cel6 L1 L4 L1 L1 L4 L3 L1 L3 L4 L3
Cil7 L1 L1 L3 L3 L3 L1 L4 L4 L4 L1
Cel8 L1 L3 L2 L2 L3 L4 L1 L4 L2 L1
Cil9 L4 L3 L1 L1 L2 L2 L4 L1 L2 L4
CR0 L3 L1 L3 L3 L4 L1 L1 L4 L3 L3
C21 L1 L3 L4 L4 L4 L2 L4 L1 L2 L1
C22 LI L3 L3 L3 L4 L4 L4 L1 L3 L1
CR3 L1 L3 L1 L1 L4 L4 L1 L4 L4 L3
C24 L4 L2 L1 L1 L1 L2 L1 L4 L2 L4
C5 L2 L2 L3 L3 L4 L3 L4 L1 L1 L1
CfR6 L4 L2 L4 L4 L1 L1 L4 Ll L1 L2

—>
10X1

v 78 10X1

Fig. 8. HNN structure for DCCS pattern recognition in the first-step HNN.

weight matrix W' stores the binary form previously transformed
from the value of each of the 26 characteristic parameters
corresponding to 10 representative DCCSs [see (13)]. For a
given input vector p in the feedforward layer, the 10 neurons
storing the results of the inner product compete with each other to
determine a winner. This WTA needs self-feedback connection
and negative lateral inhibition connection. There are two kinds
of weights in the recurrent layer W?: Diagonal element 1 and
off-diagonal elements having a small negative value, where 0
< e < 1/(10 — 1) is called the lateral interaction coefficient
(e = 0.05) as expressed in (14). By this competition, it can be
shown that only one neuron with a nonzero output indicates the
representative DCCS, which is closest to an arbitrary DCCS
pattern [Fig. 9; selected DCCS (Pro.3)]
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For reference, the first-step HNN considered all DCCSs with
identical discharging/charging current range of —6 to 6 A for
learning. Thus, it is required to adjust the scale of the above
current range because an arbitrary DCCS used as an input of
the first-step HNN may have a different range than that of all
representative DCCSs. In the case of discharging, there is little
possibility of reaching the discharge cutoff voltage (2.8 V).
Thus, regardless of current magnitude, it is possible to obtain
the adjusted current scaled up or down from an arbitrary DCCS
by the ratio between 10 representative DCCSs in Fig. 4(a) and
an arbitrary DCCS at SOC 30%—-80%, as shown in Fig. 10(a). In
contrast to the discharging condition, it is not easy to adopt the
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TABLE IV
CC-CV CHARGING METHOD INFLUENCED BY CURRENT MAGNITUDES/SOC
RANGES AND ALLOWABLE MAXIMUM CHARGING CURRENT

30% 40% 50% 60% 70% 80%

1A cc cc cc cc cc cc
2A cc cc cc cc cc cc
cv

3A cc cc cc cc b
cv cv

4A cc cc cco CC 34885A 3.4804A
cv cv

SA cc cc cc CC 38015A 2.9831A
cve cv cv

6A cc cc CC 4002IA 3.902A 2.6577A
cv cv cv v

7A cc CC 40084A 4.0050A 3.9123A 2.6601A
oo cc  ,CL. o CV.o oy oovo cy

40138A 4.0000A 4.0078A 3.9561A 2.6607A

0.8

soc

0.75 SOC(-4A~4A)

——— SOC(-6A~6A)

——— SOC(-8A~8A)

0.7 I I I I I I I

0 100 200 300 400 500 600 700 800 900 1000
Time[s]

Fig. 11.  SOC variances with different current magnitudes.

above rule in the charging condition because the charge cutoff
voltage (4.2 V) is reached with increased current magnitudes in
high SOC range. As shown in Fig. 10(b), there is no difficulty in
scaling up and down with decreased current magnitudes in low
SOC ranges. However, the CV scheme in the charging condition,
especially in high SOC ranges, surely needs decreased currents
in order to avoid an overvoltage that causes internal damage
inside a lithium-ion cell. For this reason, as listed in Table III, the
allowable maximum charging currents in the CC/CV schemes
were partly changed (in case of the CV scheme) and used in
the first-step HNN. For example, if an arbitrary current profile
within 4 A is applied at SOC 50%, its adjustment properly
scaled up/down for precise matching with a current scale (—6
to 6 A) is used as a new input in the first-step HNN (1.5 times;
(1) in Table IIT). However, for SOC 60%, especially above a
current magnitude of 5 A, the CV scheme should be applied in
order to avoid cell over-charging. Thus, the allowable maximum
charging current is limited to 4.0021 A ((2) in Table III) based
on preliminary experimental results. Each allowable maximum
charging current based on the variable current magnitudes/SOC
ranges is listed in Table III. Irrespective of current magnitudes
and SOC ranges, it is unnecessary to scale up and down the
magnitude of the discharging current (all CC regimes). Through
ascaled up/down current, it is shown that there is clear SOC vari-
ance, as shown in Fig. 11. Assumed in few parameter changes
in EECM [28], it is not difficult to obtain the adjusted terminal
voltage by only considering the SOC information dependent
on the magnitude of the scaled up/down current. Finally, this
adjusted voltage is subsequently used as a new input (DCVS)
in the second-step HNN-based pattern recognition introduced in
Section IV-B.
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Fig. 12.  Current profile of selected DCCS in the first-step HNN (Pro.3).
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Fig. 13. Fifteen representative DCVSs with current profile (Pro.3) finally
selected in the first-step HNN.

TABLE V
SEVEN CHARACTERISTIC PARAMETERS USED IN THE SECOND-STEP HNN

Gl DCVS Standard deviation DCVS

Cs2 DV Standard deviation DV

Cs3 cv Standard deviation CV

Cé4 Average DV (ISVP consideration)

Cs5 bV Standard deviation DV (ISVP consideration)
Cs6 Average CV (ISVP consideration)

Cs7 cv Standard deviation CV (ISVP consideration)

B. Second-Step HNN-Based Pattern Recognition (DCVS Info.)

After final selection of the current profile (Pro.3) as a repre-
sentative DCCS pattern closest to an arbitrary DCCS pattern in
the first-step HNN and its scaled up/down value (see Fig. 12),
it is required to get 15 different representative DCVSs, together
with cell parameter measurements in EECM based on the above
profile as shown in Fig. 13. At this step, in order to perform the
second-step HNN (current information 7), all DCVS patterns
are divided into two sub-patterns including DV (I > 0) and CVe
(I < 0). Next, based on the ISVP fixation that minimizes initial
starting voltage differences among DVs and CVes in Fig. 14
[16], seven characteristic parameters applied in the second-step
HNN can be finally set, together with the DCVS (Cq1-C7).
Simple information such as the average and standard deviation
of DVs/CVes are considered as seven characteristic parameters
(Table IV). Fortunately, the remaining procedure of this second-
step HNN is identical to that of the first-step HNN. Fig. 15
shows a graphic of 1 and —1 arrays previously transformed
from each value of the seven characteristic parameters (Cs1-C47
listed in Table V) corresponding to 15 representative DCVS
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Fig. 16.  Final outputs of feedforward layer and recurrent layers in the second-
step HNN (selected DCVS having a nonzero output: Battery 8).

According to the WTA network [15], it is capable of selecting
the DCVS pattern that has a nonzero output in the recurrent layer.
This output means there is little electrochemical differences
between the selected and arbitrary DCVS patterns (closest). In
Fig. 16, after the competition in the recurrent layer, we can con-
clude that the representative DCVS pattern is Battery 8, which
is closest to an arbitrary DCVS input pattern in the second-step
HNN. The procedure that involves the two-step HNN-based
pattern recognition proposed in this approach (Fig. 17)

Fig. 15.  Characteristic level of 15 representative DCVS patterns in the second-
step HNN.

patterns based on the rule of Fig. 7. Due to the number of
changes in the representative DCVS pattern (10(f) =-15(s)) and
characteristic parameters [26(f) = 7(s)], it is shown that (13)
and (14) are, respectively, changed to (15) and (16) (f: first; s:
second). Modified equations and b! = [21, 21, ..., 21]T are
newly applied in the HNN structure displayed in Fig. 8.
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Verification of this approach is provided according to a com-
parison of cell parameter information such as the discharge
capacity and DCIR between an arbitrary input and 15 representa-
tive lithium-ion cells. Fig. 18 shows the cell distinction among 15
representative lithium-ion cells with similar values of discharge
capacity and DCIR when compared to those of an arbitrary
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Fig. 18.  Cell distinction among 15 representative lithium-ion cells with similar discharge capacities and DCIRs compared to those of arbitrary lithium-ion cell

(input in the second-step HNN). (a) Discharge capacity. (b) DCIR.

lithium-ion cell. From Fig. 18, among marked differences for
15 lithium-ion cells, the final cell determined by this approach
is Battery 8 (No. 8), which has 2.5274 Ah and 0.1138 €. It is
actually checked that an arbitrary lithium-ion cell has two values
of 2.5268 Ah and 0.1152 €2.

C. Additional Discussion

This article started using only 10 current profiles (DCCS)
and 15 lithium-ion cells (DCVS) in the first- and second-step
HNN. Of course, the increased numbers of current profiles and
lithium-ion cells in the HNN are welcome to improve the correct-
ness of cell distinction. However, the most important task is to
succeed our objective, high-fidelity cell distinction under limited
current profiles and number of lithium-ion cells. Regardless of
the discharging/charging condition with various sequences, this
research is expected to provide more impressive distinction for
selecting cells with similar electrochemical characteristics.

Contrary to the conventional methods for cell distinction, this
research has some advantages.

1) Unnecessary experimental procedure and time for ob-
taining internal parameters (namely parameters identification)
applied in the EECM of an arbitrary lithium-ion cell is possible.
From this, it can be expected to have high-accuracy SOC estima-
tion and SOH prediction in the BMS (EECM-based SOC/SOH
monitoring via adaptive methods).

2) It is capable of configuring the stable/safe battery pack
through more sophisticated cell distinction. The minimization
of cell-to-cell voltage/SOC imbalances and less consideration
in balancing circuit for electric-powered application for high-
accuracy BMS are possible.

3) The usage of various DCCSs with different discharg-
ing/charging sequences in the first-step HNN is to provide the
convenience of usage of nonstandard and reduction of the time
required for obtaining DCCSs.

4) According to the similarity check between the DCCS
patterns and an arbitrary input current, there is little difficulty in
reducing the time required for performing the first-step HNN-
based pattern recognition.

5) If lithium-ion cell’s experimental voltages at various tem-
peratures are applied in the second-step HNN-based pattern
recognition, sensorless temperature monitoring or estimation of
cell’s operating temperature is practicable and definitely leads
to the cost-effective BMS.

6) The size reduction (uncomplicated) of the BMS for SOH
prediction is possible. Through considering aged lithium-ion
cell’s experimental voltage in the second-step HNN, from
matching results of the resistance and discharge capacity, it is
possible to predict the lithium-ion cell’s degradation without
complicated EECM-based methods [e.g., dual extended Kalman
filter based SOC/SOH monitoring = extended Kalman filter
based SOC/SOH monitoring (simple)].
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Among the above-mentioned benefits, additional explana-
tions of 2) are as follows. The main issue to ensure improved
SOC/SOH monitoring is to complete correct parameter iden-
tification in the EECM. Based on minimized cell-to-cell volt-
age/SOC variances, it is expected to simplify EECM relations
between a unit cell and battery pack, for example, the definition
of the magnitude in model parameters dependent on the number
of cells when considered in identical structure of the EECM.
Under the final model structure and its parameter identification
through simplified EECM relations, there will be absolutely
no problem in accomplishing high-accuracy SOC/SOH of the
battery pack.

V. CONCLUSION

This article provides insight into the design and implemen-
tation of the two-step HNN-based pattern recognition in order
to provide the clear distinction for lithium-ion cells having sim-
ilar electrochemical characteristics. For this goal, this research
basically combined the DWT-based MRA into the HNN. Then,
two patterns such as the DCCS and DCVS are properly used as
representative patterns in the first- and second-step HNN. The
role of the DWT-based MRA is to decompose the DCCS into
two frequency components (approximation As/detail D5) used
as information on 26 characteristic parameters in the first-step
HNN. After this step implementation, the identification of the
representative DCCS that most closely matches that of the
arbitrary DCCS is necessary. In contrast to the first-step HNN,
there is no position for the DWT-based MRA in the second-step
HNN. But, the final selected DCCS pattern in the previous step
and its current scale adjustment should be checked since this is
an important information for obtaining various DCVS patterns.
The remaining procedure of the second-step HNN is the same
as that of the first-step HNN. Of course, this step also considers
seven characteristic parameters based on the DV/CVe patterns
(current information) which were applied. The final selection of
the representative DCVS pattern that is closest to an arbitrary
DCVS pattern is accomplished. The similarity comparisons in
parameters’ magnitude in EECM such as the discharge capacity
and the DCIR between 15 representative DCVSs and an arbitrary
DCVS patterns definitely provide the verification of high-fidelity
lithium-ion cell distinction. Compared to conventional studies,
in terms of simplicity (uncomplicated), correct SOC/SOH mon-
itoring, high-efficiency, and solution for stable battery config-
uration in the BMS, this research sufficiently provides useful
advantages for battery users.
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