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ABSTRACT: Lithium-ion power batteries are used in groups of series—  gu o
parallel configurations. There are Ohmic resistance discrepancies, | |i ..
capacity disparities, and polarization differences between individual gmg

cells during discharge, preventing a single cell from reaching the lower
limit of the terminal voltage simultaneously, resulting in low capacity and
energy utilization. The effect of the parameter difference (difference in
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battery pack is simulated and analyzed by grouping cells with different g = S~ 2 @ e

parameters. The findings reveal that when cells are connected in series, ‘ ! '._. _____ N @> An effective method for identifying single
the capacity difference is a significant factor impacting the battery pack’s U I l N batiery moduls containing aging battery
energy index, and the capacity difference and Ohmic resistance difference cells:

v The change rate of terminal voltage at the
end of discharge

are significant variables affecting the battery pack’s power index. When
cells are connected in parallel, the difference in Ohmic internal resistance
between them causes branch current imbalance, low energy utilization in some individual cells, and a sharp expansion of unbalanced
current at the end of discharge, which is prone to overdischarge and shortens battery life. Interestingly, we found that when there is
an aging cell in a series—parallel battery pack, the terminal voltage of the single battery module containing the aging single cell will
decrease sharply at the end of discharge. Evaluating the change rate of battery module terminal voltage at the end of discharge can be
used as a method to evaluate the aging degree of the battery module. The research results provide a reference for connecting

batteries to battery packs, particularly the screening of retired power battery packs and the way to reconnect into battery packs.

Series-parallel Battery Pack

1. INTRODUCTION

With the aggravation of environmental pollution, people are
paying more and more attention to the application of clean
energy under the urgent need for energy conservation and
carbon reduction.' ™ Because of its advantages of high energy
density, high power, long cycle life, little self-discharge, and
green environmental protection, lithium-ion batteries are
extensively employed in civil industries such as electric cars
and energy storage.6 On the other hand, the voltage and
capacity of an individual cell cannot fulfill the criteria and
characteristics of the electric vehicle’s power system. To
achieve the vehicle’s real performance needs, multiple cells
must be connected in series/parallel.””

The parameter difference of cells mainly comes from the
manufacturing or storage process and the use process.”'’ The
battery parameter difference in the manufacturing process is
frequently decreased indirectly by controlling the precision of
the manufacturing process, but this can only lower the initial
parameter difference and cannot be removed. The battery’s
parameter difference is transferred cumulatively and is affected
by the interaction of many factors, and the subtle differences in
the initial parameters during use will be infinitely amplified.
There will be some differences between the cells in the power
battery pack, and as the number of individual cells increases,
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the problem of battery parameter difference is particularly
prominent. The problem of the difference in performance
parameters of the cells will cause a series of problems such as
shortened battery life, battery pack performance, and safety.
The battery parameter difference has become a key factor in
the development of power batteries."”'” Welding resistance
can aggravate cell-to-cell variations when cells are joined in a
pack busbar. During the working period of the battery pack,
these variables create nonuniform current, voltage, temper-
ature, and battery characteristics, which can lead to battery
pack aging."’ The parameter difference of the battery pack is
caused due to the complex charging and discharging
environment, temperature, and other external factors in the
process of use, combined with differences in the capacity,
internal resistance, and self-discharge rate of the individual cells
in the manufacturing process. As the battery pack deteriorates,
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the “barrel effect” of the battery pack steadily expands, limiting
the battery pack’s available capacity, shortening its service life,
and potentially triggering safety problems.'”'> As a result,
various researchers have developed screening techniques for
choosing and grouping homogeneous cells.'*"”

The screening method is mainly based on voltage, resistance,
capacity, and other parameters to identify inconsistency in the
battery pack, which is divided into signal processing, model,
and data fusion methods. The signal processing method is to
collect the time-domain voltage and current data in the
laboratory to identify the encapsulation parameter difference of
lithium batteries."®"” The model-based technique predicts the
resistance and capacity of a single cell in a charge—discharge
experiment using an adaptive filter to match the equivalent
circuit model with the observed data.””*' The data fusion
approach employs mathematical theories such as information
entropy,”” principal component analysis,23 and copula theory24
to directly measure the parameter difference of a single cell.
These approaches are used to choose the cell before it is used
in groups to minimize the initial variation between the
individual cells. However, there have been few types of
research on the impact of differences in the basic character-
istics of a single cell on capacity utilization and energy
utilization when the battery pack is in series—parallel groups.

Many scholars have contributed to the modeling of lithium
batteries by developing mathematical models, electrochemical
models, and equivalent circuit models based on different
research objects and mechanisms.”>™>" The mathematical
model is generally abstracted from the actual object, and the
internal relationship of the object is represented by a
mathematical equation. At present, ANNs (artificial neural
networks) are routinely utilized to model the battery’s exterior
features. Without studying the intricate electrochemical
changes inside the battery, an artificial neural network bionic
human thinking mode is established by gathering a large
amount of data for reasoning and then establishing the input
and output connection based on the nonlinear benefits of data.
The electrochemical model is mainly used to reflect the
battery’s internal reaction process. It is required to connect the
internal status of the battery with the basic process of energy
creation of the battery by analyzing macroscopic data outside
the battery (such as voltage and current) and internal
microscopic particle activities (ion concentration distribution,
transmission, etc.).28 However, because the electrochemical
model is too complicated to calculate, it is rarely used to design
an electric vehicle’s power battery pack.”” Unlike the
electrochemical and mathematical models, the equivalent
circuit model of the battery is generally made up of common
circuit components such as resistance, capacitance, inductance,
and voltage source, and it can accurately replicate the battery’s
dynamic properties. Rint, Thevenin, PNGV, and GNL are
some of the most common equivalent circuit models.””’
Idaho State Laboratory proposed the Rint model, but it is
incapable of simulating the battery’s dynamic characteristics,
such as polarization resistance variation. The Thevenin model
is a typical nonlinear model, which can properly describe the
dynamic process of battery operation. It has a simple structure,
easy parameter identification, and convenient expansion of
various parameters. However, most battery modeling research
in the world focuses on the basic equivalent model of
individual cells, and internal battery parameter difference has
rarely been explored in group and system models.***

In this paper, MATLAB-Simulink is used to build the
Thevenin model of a series—parallel battery module, and the
model’s correctness is subsequently verified by experiments.
The real capacity utilization and energy utilization of the series-
connected battery pack under the Ohmic resistance difference,
capacity difference, and polarization difference of the series-
connected battery pack are simulated and studied using the
battery pack simulation model. The effect of Ohmic resistance
differential on the current and SOC (state of charge) of the
parallel-connected battery pack, as well as the effect of an aging
cell on series—parallel battery pack performance, are
investigated. The group optimization idea of a series—parallel
single cell is suggested based on the aforementioned
simulation.

2. ESTABLISHMENT AND VERIFICATION OF BATTERY
PACK MODEL

2.1. Basic Principle of Battery Model. Many scholars
have studied the construction of the battery model. Among
them, the battery modeling method based on the equivalent
circuit model is widely used. The common equivalent circuit
models mainly include the Rint model, the Thevenin model,
and the PNGV model. The research content of this paper does
not involve the exploration of the electrochemical mechanism
of the battery and does not need to consider the complex
changes in the battery microstructure. The focus is on the
external characteristics of the physical quantities such as the
terminal voltage and current of the battery. Therefore,
compared with the second-order RC equivalent circuit
model, the first-order RC requires only a small amount of
calculation and the accuracy can solve most engineering
application problems. This paper adopts the first-order RC
equivalent circuit model.

The Thevenin equivalent circuit model of a single cell is
shown in Figure 1. Ugcy is the battery’s open-circuit voltage,

Cp
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LA
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—»
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Figure 1. Thevenin equivalent circuit model of a single cell.

Rg, is the battery’s Ohmic internal resistance, I is the battery’s
current, C, is the polarization capacitance, R, is the
polarization internal resistance, U, is the polarization voltage,
and Rg, C, R, and other parameters are related to the
battery’s SOC, temperature, and aging degree, among many
other things.

The battery’s terminal voltage by an electric circuit dynamic

: 34
analysis can be expressed as

V="Uocy — Ur — IRP(I — R (1)
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The parameters that the single-cell Thevenin model requires
to identify in advance are Ugcy, Rg, R, and C,,.

2.2, Parameter Identification of Battery Model.
2.2.1. Battery and Experimental Equipment. In this paper,
the ternary lithium-ion battery produced by China Tianjin
Qinxin New Energy Research Institute is used. The main
technical parameters of the single cell that was tested are
shown in Table 1.

Table 1. Main Technical Parameters of the Single Cell That
Was Tested

parameter value
material ternary lithium-ion battery
size diameter 18 mm, height 65 mm
quality 44 g
nominal capacity 2 Ah
nominal voltage 3.7V

cutoff voltage charge: 42V

discharge: 2.75 V
charge: 0—60 °C
discharge: —20 to 60 °C
highest continuous current SC

<20 mQ

operating temperature range

internal resistance

The experimental platform includes the power battery
performance test platform, high-precision data acquisition
equipment, programmable temperature cycle test box,
computer, etc. The main technical parameters of related test
equipment are shown in Table 2. During the charging and
discharging operation of the single cell, the high-precision data
acquisition equipment collects the information on the terminal
voltage, current, power, and other information on the cell in
real time and then sends and stores the data to the computer.

Table 2. Main Technical Parameters of Related Test
Equipment

equipment pattern value
programmable Y70-1-DZ operating temperature range:
temperature cycle —60 to 150 °C (0.1 °C)
test box

operating temperature
fluctuation: <+0.5 °C

operating temperature
resolution: 0.01 °C

power battery S08-5-100-DZ  operating voltage range:
performance test 0-5 V (0.1%FS)
platform A
operating current range:
500 mA to ~100 A (0.1% ES)
power battery BTS550C8 operating voltage range: 0—5 V

performance test (0.1%FS)

platform B
operating current range: 150 mA
to S0 A (0.1% FS)
high-precision data ART-USB8812  number of channels: 4
acquisition
equipment
resolution: 24 bit
input voltage range:
+11V, 55V

sampling method: synchronous
acquisition

sampling frequency:
8 Hz to 216 kHz

input impedance: 1 MQ

The programmable temperature cycle test box controls the
ambient temperature at which the cell operates.

2.2.2. Battery SOC Calculation and Capacity Correction.
The ampere-hour integration technique is used to calculate the
battery’s state of charge (SOC), and the formula is as follows:

T
SOC(1) = SOC( + %Ik o

In the formula, SOC indicates the state of charge of the
single battery at time k, I, represents the working current of the
single battery at time k, and when I is positive, it signifies
charging, and when it is negative, it signifies discharging. C is
the rated capacity of the battery, # is the battery’s charge and
discharge efficiency, and T is the discrete time.

The available capacity of a battery is affected by the
temperature, discharge rate, and cycle times. The available
capacity of battery is more sensitive to the temperature and
discharge rate. Two 18650 cells C and D were selected, and
the constant current discharge technique was used to assess the
batteries’ available capacity at different batteries’ discharge
rates. The batteries” discharge rates are set to 0.1, 0.5, 1, 3, and
SC. C,—I, relationship curve test steps are shown in Figure 2a.
Two 18650 cells C and D were selected and discharged to the
batteries” cutoff voltage at 0.5 C. The batteries’ temperature is
adjusted to —20, —Z, 10, 40, and 55 °C, and the test steps ares
shown in Figure 2b. C, is the battery’s available capacity, I, is
the battery’s discharge rate, and T is the battery’s temperature.

Figure 3a shows that as the battery’s discharge rate increases,
the battery’s available capacity decreases. However, for the cell
we selected and tested, the discharge rate of the battery has
little effect on the available capacity of the battery. Even if the
battery capacity is not corrected during experiments with
different battery discharge rates, the calculation error is within
an acceptable range.

Figure 3b shows that the ambient temperature has a
significant impact on the battery’s available capacity, with the
impact of low temperature on the battery capacity being
particularly pronounced. When the ambient temperature falls
below 10 °C, the slope of the battery capacity reduction
accelerates. The electrical conductivity of the electrodes,
separators, electrolytes, and other components inside the
battery is severely influenced in a low-temperature environ-
ment, causing the battery’s performance to rapidly degrade.
Furthermore, at low temperatures, the battery’s interior
materials may accelerate aging and may potentially produce
battery safety issues. As a result, utilizing the battery at low
temperatures necessitates preheating. The usable capacity of
the battery at high temperatures is increased to some extent in
comparison to that at low temperatures, primarily because the
higher temperature increases chemical activity inside the
battery. However, the battery has a safety hazard in a high-
temperature environment, because the high-temperature
environment will destroy the chemical balance in the battery
and cause side reactions.”” The battery’s health will be
jeopardized if adverse responses occur. A thermal runaway will
occur inside the battery if the temperature rises too high,
causing the risk of a battery explosion.

2.2.3. Battery Open-Circuit Voltage Identification. The
OCV (open circuit voltage) and SOC (state of charge) curves
were estimated by an HPPC (hybrid pulse power character-
ization) experiment. The HPPC experiment adopts the
method of repeatedly discharging the cell at a 0.5C rate until
the cell’s cutoff voltage is reached, and there is a polarization
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Figure 2. (a) C,—I, and (b) C,—T relationship curve test steps.

effect in the single cell. At the end of the discharge, the cell’s
terminal voltage is not equal to the cell's OCV, and the
polarization effect can be eliminated by keeping the stationary
state. The HPPC experimental procedure is shown in Figure 4
using a flowchart.

A polynomial fitting was performed on the OCV and SOC
curves obtained by the HPPC experiment. The OCV fitting
diagram of the single cell is shown in Figure S. The R* value
was 0.9973, and the RMSE was 0.00188, both of which satisfy
the 95% confidence interval requirements. The fitting curve is
estimated as
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Figure 3. (a) C,—I, and (b) C,—T relationship curves.
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Figure 4. HPPC experimental flowchart.
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4.5 the Ry, R, and C, values under various single cell SOC points
3rd order polynomial fit are calculated using the interpolation method.
- - - - 5rd order polynomial fit /’ 2.3.1. Parallel-Connected Battery Pack Model. The
42t — — 8rd order polynomial fit ;. Thevenin model of two parallel-connected individual cells is
v  OCV's measured value 7.y shown in Figure 7. Each branch of the parallel-connected
z,
S
o
=}
3'0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
SOC
Figure 5. OCV fitting diagram of the single-cell battery.
f(x) = 13.958x° — 41.693x* + 47.098x> — 24.259x>
+ 5.874x + 3.208 ©)

where x is the SOC value of the single cell and f(x) is the OCV
value of the single cell.

2.2.4. Battery Ohmic Internal Resistance and RC
Parameter Identification. In this study, the HPPC experiment
is carried out utilizing a 2 Ah ternary lithium battery as the test
item. The parameter identification is performed every 10% of
the battery’s SOC points, yielding a total of 11 Ry, R, and C,
values of the battery’s SOC points, as shown in Figure 6. The
battery parameter values at any point in the battery’s SOC
range of 0—100% are determined via linear interpolation of
two consecutive battery SOC points.

25 25
20 420
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15} {15
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——Cp
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s e ® . — e, u/
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Figure 6. Parameters of every single cell's SOC points.

2.3. Series—Parallel Battery Pack Model. The cell’s
maximum possible capacity C,, the single cell's operating
current I, and the single cell’s initial SOC are utilized as model
input parameters in the single cell simulation model, which is
built in Simulink. The SOC of the single cell’s present state is
calculated using the ampere-hour integration technique, and

o U o
- +

Figure 7. Thevenin model of two parallel-connected individual cells.

battery pack has the same voltage, and the sum of branch
current equals the total current. The trunk current is I, and the
branch currents are I, and I,. According to Kirchhoff’s current
law, the formula is

V= Uscvi = Uyt — Rq 4)
V="Uscvz = U — LRy, (5)
IR, = LRg, = Uscyy = U,p = Uoev + Uy (6)
I=5L+1, (7)

In the same way, the k X k matrix expression is obtained
after sorting out the branch current calculation equation:

R~ Ry o 0 o || %
0 Ry — Ros 0 I
o o - 0
0 o - Raw-n—Rell1_,
T ) .

Uocvi = Upt = Uoeva + Uy

Uocva = U = Uoevs + U

Uocvik-1) =~ Yok-1) = Uocvk + Upk
I ] (8)

where I, is the current of the kth branch, Uycyy is the open-
circuit voltage of the kth single cell, Rg is the Ohmic
resistance of the kth single cell, U, is the polarization voltage
of the kth single cell.
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—t/R,.C
Up = IR (1 — ¢ /R uCye )

2.3.2. Series-Connected Battery Pack Model. The “barrel
effect” shows that the series-connected battery pack’s available
capacity depends on the series-connected battery pack with the
smallest available charging capacity and available discharge
capacity in the series—parallel battery pack. If the number of
the series-connected batteries is n, the group capacity and SOC
are denoted as C,g and SOC,5. C,5 and SOC,g can be expressed
as

CnS = min[Cl X SOCI, C2 X SOCZCn X Socn]
+ min[C, X (1 — SOC)), C, X (1 — SOC,)---C,
x (l - SOCn)] (10)

min[C; X SOC,, C, X SOC,--C, X SOC,]
CnS

SOC,¢ =

(11)

The total voltage of the series—parallel battery pack equals

the sum of each parallel battery pack voltage. Ugcyys can be
expressed as

Uocvks = Z Uocvk
k=1 (12)
2.3.3. 2P3S Battery Pack Model. The topological map of
the 2P3S (the 2P3S battery pack consists of three parallel-
connected battery packs in series, and the parallel-connected
battery pack consists of two individual cells) battery pack
model is shown in Figure 8. The 2P3S battery pack’s capacity

Parallel-connected Parallel-connected
Battery Pack 2 Battery Pack 3

Parallel-connected
Battery Pack 1

|

' Celll | Cell3 |ilf] Cell5 [

1 f I |

I | |

] cen2 Hilg cend HiL] cene H!

| A ———— I I________!L_______.l
H U

Figure 8. Topological map of the 2P3S battery pack model.

is Cyp3s, and the 2P3S battery pack’s SOC is SOCypss. Copss
and SOC,p;5 can be expressed as

Cypzs = min[Cpyy X SOCpyy, Cpyp X SOCh,, Cpys
X SOCParS] + min[CParl X (1 - SOCParl)’ CParZ
X (1 - SOCParZ)’ CPar3 X (1 - SOCPar3)] (13)

SOCyp3s =
min[CParl X SOCParI) CParZ X SOCParZI CPar3 X SOCPar3]

Cypss
(14)
To decouple the calculation of a single cell, the current of a
single cell in the battery pack is the same, and the sum of all
single-cell parameters is the parameter of the battery pack, such
as the battery pack’s total voltage U, polarization voltage U,,
output power P, etc.

2.3.4. Battery Model Validation. A constant-temperature
and -humidity room, as well as a battery test platform, may be
used to test the 2P3S battery pack at 11.1 V, 4 Ah once the
model has been constructed. The comparison curve between
the measured and simulated terminal voltages of the battery
pack under the condition of constant current charge and
discharge is shown in Figure 9. The highest discrepancy
between the simulated value and the measured value is less
than 5%, showing that the developed series—parallel battery
pack simulation model may be utilized to investigate different
combinations of battery module types.

3. INFLUENCE OF INDIVIDUAL CELL PARAMETER
DIFFERENCE ON BATTERY PACK PERFORMANCE

To avoid the impact of different battery parameters on the
capacity utilization, energy utilization, and terminal voltage of
the battery pack, the individual cells are typically classified
consistently in engineering, and then the individual cells with
similar performance parameters are picked to produce a battery
pack in series—parallel to fulfill the criteria and characteristics
of the electric vehicle’s power system. However, Baumhofer et
al. evaluated 48 individual cells in the same batch under the
same conditions. After individual cells are charged and
discharged for 1000 cycles, the difference in capacity
characteristics between individual cells will still increase to
10%.” It is difficult to avoid the phenomenon of individual cell
parameter difference. The influence of Ohmic resistance
difference, polarization difference, and capacity difference of
individual cells on capacity utilization, energy utilization, and
terminal voltage after battery grouping is explored by the
measurement of individual cell parameter difference.

3.1. Influence of Cell Parameter Difference on the
Performance of the Series-Connected Battery Pack.
3.1.1. Theoretical Analysis of Individual Cell Parameter
Difference of Series-Connected Battery Pack. The common
parameter differences among individual cells in series-
connected battery packs include Ohmic resistance difference,
polarization difference, and capacity difference. The impact of
these three characteristics on the performance of the series-
connected battery pack is investigated using the established
battery module model. The polarization difference was
simplified as the polarization internal resistance difference.

The topological map of Cell 1, Cell 2, Cell 3, and Cell 4 is
shown in Figure 10. Rg; is Cell i’s Ohmic resistance. Ci is Cell
i’s capacity. U, is single Cell i’s polarization voltage. V; is single
Cell i’s terminal voltage.

3.1.1.1. Different Ohmic Resistance between Individual
Cells. Suppose R, < Rgy, C, = C, = C, and other state
parameters of Cell 1 and Cell 2 are the same. Cell 1 and Cell 2
initial SOCs are 100%. Combining eqs 2 and 3 can give the
battery’s capacity utilization.

The battery’s capacity utilization can be expressed as

(l B SOClcutoff) X C
e = C

=1 — SOCl (1s)

According to the principle that cells are connected in series,
the capacity remains constant, combining eqs 2, 3, and 1S can
give the series-connected battery pack’s capacity utilization.

e =1 _f_l(Uocv + IRg, — IRg;) (16)

t; the is single Cell 1’s usage time from discharge to cutoff
voltage, and t, is single Cell 2’s using time from discharge to
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Figure 9. Comparison curve between the measured and simulated
terminal voltages of the battery pack under the condition of constant
current charge and discharge: (a) battery terminal voltage under
constant current discharge condition; (b) discrepancy between the
experiment and simulation; (c) battery terminal voltage under
constant current charge condition; (d) discrepancy between the
experiment and simulation.

cutoff voltage. The energy utilization of a battery is the ratio of
discharge energy to charging energy. The energy utilization of
the series-connected battery pack by Cell 1 and Cell 2 can be

expressed as

Cell1 ] Cell2
Rai Rax=1.1Ra1
Ci C=Ci
Upt Up2=Up1
U
+ —

Cell1 (] Cell3
Rai Raz=Rai
Ci C3=0.9C1
Up! U Up3=Up1

Celll1 —{] Cell4
Rai Ras=Rai
Ci Cs=Cy
Upi U Ups=1.1Up1
+ -

Figure 10. Topological map of Cell 1/Cell 2/Cell 3/Cell 4.

SR + Vo de
g = ;
2/0 Vi(t) dt (17)

3.1.1.2. Different Capacity between Individual Cells.
Suppose C; < C; and other state parameters of single Cell 1
and single Cell 3 are the same. Single Cell 1 and single Cell 3
initial SOCs are 100%. Combining eqs 2 and 3 can give the
battery’s OCV.

Uocv =f(1 - %]

(18)

Since C; < Cj, it can be seen from eqs 1 and 18 that V; < V3.
t; is single Cell 3’s usage time from discharge to cutoff voltage.
The capacity utilization of the series-connected battery pack by
Cell 1 and Cell 3 can be expressed as eq 19. The energy
utilization of the series-connected battery pack by Cell 1 and
Cell 3 can be expressed as eq 20.

n,
C G (19)

I AORAOIE:
Z/Otlvl(f) dt (20)

Mg

3.1.1.3. Different Degrees of Polarization between
Individual Cells. Suppose Uy, < Uy, and other state parameters
of Cell 1 and Cell 4 are the same. Cell 1 and Cell 4 initial
SOCs are 100%. Combining eqs 2 and 3 can give V| > V. t, is
single Cell 4’s usage time from discharge to cutoff voltage. The
capacity utilization of the series-connected battery pack by Cell
1 and Cell 4 can be expressed as eq 21. The energy utilization
of the series-connected battery pack by Cell 1 and Cell 4 can
be expressed as eq 22.

=1 — " (Uoey + IR, — IR,) (21)
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O + R0 b
Z/OHVI(L‘) dt (22)

The capacity utilization and energy utilization are used to
evaluate the battery pack’s performance based on the above
derivation results. When there is an Ohmic resistance
difference between the individual cells, the individual cells
with the highest Ohmic resistance limit the series-connected
battery pack’s performance. When there is a capacity difference
between individual cells, the battery pack’s performance is
determined by the individual cells with the smallest capacity.
When there is a polarization difference between individual
cells, the battery pack’s performance is determined by the
single cell with the largest polarization degree.

3.1.2. Simulation Analysis of Parameter Difference of
Individual Cells in Series-Connected Battery Pack. Based on
the designed series—parallel battery module model, the impact
of Ohmic resistance difference, capacity difference, and
polarization difference between individual cells on the
performance of the series-connected battery pack is simulated
and analyzed. The single Cell 1 was compared with Cell 2/Cell
3/Cell 4 in series. With single Cell 1 as the reference and all
other parameters of single Cell 1 held constant, the Ohmic
resistance of single Cell 2 was 10% higher than that of single
Cell 1, the capacity of single Cell 3 was 10% lower than that of
single Cell 1, and the polarization resistance of single Cell 4
was 10% higher than that of single Cell 1. The four individual
cells’ initial SOC was set to 100%. The four individual cells’
discharge conditions were set to a constant current of 0.5C rate
and 2C rate. The capacity utilization and energy utilization of
the battery pack at a constant current discharge of 0.5C/2C
rate when Cell 1 and Cell 2/Cell 3/Cell 4 are in series as
shown in Tables 3 and 4.

g

Table 3. Simulation Results at a Constant Current
Discharge Rate of 0.5C in Series

discharge capacity energy

cells time/s utilization/% utilization/%
Cell 1-Cell 1 7188 100.00 100.00
Cell 1-Cell 2 6872 96.58 95.07
Cell 1-Cell 3 6491 90.00 90.30
Cell 1-Cell 4 7161 99.68 99.62

Table 4. Simulation Results at a Constant Current
Discharge Rate of 2C in Series

discharge capacity energy

cells time/s utilization/% utilization/%
Cell 1-Cell 1 1721 100.00 92.12
Cell 1-Cell 2 1533 89.77 82.03
Cell 1-Cell 3 1421 84.21 76.81
Cell 1-Cell 4 1683 95.85 90.22

Tables 3 and 4 show that, when the individual cells are
connected in series, the individual cells’” capacity difference has
the greatest impact on the individual cells’ capacity utilization
and individual cells’ energy utilization, while the Ohmic
internal resistance and polarization difference of the individual
cells have a limited impact on the individual cells’ capacity
utilization and individual cells’ energy utilization. From a
comparison of Tables 3 and 4, it can be seen that, under
different discharge rates, the influence of monomer battery

capacity difference on Cell 1 > Cell 4 > Cell 2 > Cell 3 is the
same trend. However, the influence of internal resistance and
polarization effect of monomer battery on capacity utilization
and energy utilization of a monomer battery gradually
increases with the increase of current.

In addition to individual cells’ capacity utilization and
individual cells’ energy utilization, individual cells’ terminal
voltage is also an important indicator of the battery pack’s
performance. The operating condition is set to discharge the
single cell at a 1C rate and reaches the single cell’s discharge
cutoff voltage. The four individual cells’ initial SOC is 100%.
The simulation results of four individual cells during constant
current discharge are shown in Figure 11.

(a) 9 —a— cell 1(Standard battery)
&~ 3.8 —e— cell 2(with large ohmic resistance)
iy —A— cell 3(with large polarization internal resistance)
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Figure 11. Simulation results of every single cell during constant
current discharge: (a) OCV curve of 4 individual cells during constant
current discharge; (b) discrepancy between VCell 1-VCell 2/VCell
3/VCell 4.

From Figure 11, compared with Cell 1, Cell 2 reaches the
discharge cutoff voltage first under the constant current
discharge condition. Moreover, the terminal voltage of Cell 2
with larger Ohmic internal resistance is lower than that of Cell
1 under the whole constant current discharge condition. The
difference between the terminal voltage of Cell 2 and Cell 1 is
proportional to the Ohmic internal resistance. Therefore, the
discharge amount of the series battery pack depends on Cell 2,
and the Ohmic internal resistance can affect the discharge
energy and discharge power of the battery pack at the same
time.

The individual cells’ polarization resistance difference has
little impact on the individual cells” terminal voltage. There are
two main causes behind this. First, the polarization effect of the
battery has a weak effect on the battery under constant current
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conditions, and second, the polarization resistance is smaller
than the Ohmic resistance.

The influence of the battery capacity difference on the
battery terminal voltage is gradually increasing, because the
battery capacity, the SOC, and the OCV of the battery are also
different in the actual situation, which leads to the difference in
the battery terminal voltage. However, the SOC starting value
of the simulation model is the same, so the terminal voltage
difference increases with the increase of the SOC difference.

When the energy utilization rate and capacity utilization rate
are used as evaluation indexes to evaluate the performance of
series battery pack, the capacity difference between individual
cells has the greatest influence on the available energy value of
the series battery pack. When the terminal voltage is used as an
evaluation index to evaluate the power performance of the
series battery pack, the difference of Ohmic internal resistance
has little effect on the performance, but the effect will increase
with the increase of current. The polarization difference has
little effect under stable discharge conditions, and the effect of
capacity difference on the performance of the battery pack will
increase with the increase of the discharge depth of the battery.

3.2. Influence of Internal Resistance Difference of
Single Cell on Parallel-Connected Battery Pack Per-
formance. The individual cells’ SOC difference of each
branch of the parallel-connected battery pack is not stable, and
variations in standing and drastic working conditions will result
in the disappearance of individual cells’ SOC difference, which
has little significance. The capacity difference of the individual
cells is frequently not a single variable. The reason for the
individual cells’ capacity change may be the individual cells’
temperature change, the individual cells’ aging with the
increase of cycle times, or the damage caused by overcharging
and overdischarging to the individual cells. Because the
aforementioned changes are frequently accompanied by the
changes in polarization capacitance, polarization resistance,
and Ohmic resistance of individual cells, studying the capacity
difference alone is of limited value. Because the battery module
is made up of a single battery connected in series, and the
single battery is made up of a single cell connected in parallel,
the impact of the capacity difference of every single cell in a
single battery is investigated. Because of the parameter
difference of individual cells, single batteries’ capacity might
fluctuate substantially in the early stages. As a result, the impact
of the individual cells’ internal resistance differential on the
performance of the parallel-connected battery pack is
investigated using the designed parallel-connected battery
model.

The Ohmic resistance of single Cell § is 10% larger than that
of single Cell 6, and the capacity and initial SOC of are single
Cell S and single Cell 6 are the same. The topological map of
single Cell 5 and single Cell 6 is shown in Figure 12. The
capacity utilization and energy utilization of single Cell 5 and
single Cell 6 at a constant current discharge of 1C rate in
parallel are shown in Table S.

The individual cells’ operating conditions are set to a
constant current discharge of 1C rate. The simulation results of
the current of Cell 5 and Cell 6 and the terminal voltage of the
parallel-connected battery pack are shown in Figure 13a. The
SOC variation curves of Cell 5 and Cell 6 are shown in Figure
13b.

According to the parameter identification results obtained by
the HPPC experiment, the Ohmic internal resistance and
polarization internal resistance of individual cells fluctuate

Cell 5

Cell 6

Ras=1.1Rae
Cs=Cs
Ups=Ups

U
3 -

Figure 12. Topological map of Cell 5 and Cell 6.

Table S. Simulation Results at a Constant Current
Discharge Rate of 1C in Parallel

single cell discharge time/s capacity utilization/%  energy utilization/%

Cell 5 3413 98.25 100.00
Cell 6 3413 93.40 94.97
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Figure 13. Simulation results for lithium-ion battery parameters in

parallel: (a) the single cell current and the parallel-connected battery
pack’s terminal voltage; (b) SOC curves of Cell S and Cell 6.

greatly at the end of charge and discharge; that is, when the
single cell's SOC is greater than 90% or less than 10%, the
Ohmic internal resistance and polarization internal resistance
of individual cells increase significantly at the end of charge

https://doi.org/10.1021/acsomega.3c00266
ACS Omega 2023, 8, 10512—-10524


https://pubs.acs.org/doi/10.1021/acsomega.3c00266?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00266?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00266?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00266?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00266?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00266?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00266?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00266?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

and discharge. When the single cell's SOC is in the range of
10—90%, the Ohmic internal resistance and polarization
internal resistance of individual cells change little. As shown
in Figure 13a, the initial discharge current of single Cell 6 is
larger than that of single Cell 5 because the initial Ohmic
resistance of single Cell 6 is small. When the SOCs of Cell 5
and Cell 6 are the same, the battery terminal voltages of Cell 5
and Cell 6 are the same, and the Ohmic resistance voltage drop
of the single Cell 6 will increase. To keep consistent with the
battery terminal voltage of single Cell S, the current of single
Cell 6 will increase. However, the SOC decreases rapidly after
the current rise, resulting in a rapid decline in open-circuit
voltage, which leads to the decrease of the branch current, and
the decrease of the current leads to the decrease of the pressure
drop caused by the Ohmic resistance, which forms negative
feedback during the discharge process and maintains the
relative stability of the current distribution. At the end of
discharge, the Ohmic internal resistance and polarization effect
increased significantly, and the decrease of battery terminal
voltage accelerated. The power of single Cell 6 was nearly
depleted, and the current output ability was weakened,
resulting in a sharp decrease in the current. The current of
single Cell 5 increased sharply, and the discharge stopped. As
shown in Figure 13b, SOC of single Cell 6 is always lower than
that of single Cell 5, and the gap is gradually increasing because
the current of single Cell 6 is always higher than that of single
Cell 5 before the end of discharge.

The simulation results show that when the internal
resistance of the single cell in the parallel battery group is
different, the current of the single cell with smaller internal
resistance is larger before the end of the discharge, and the
current will fluctuate slightly, but it will be balanced by the
negative feedback between the individual cells. At the end of
the discharge, the Ohmic resistance of the battery increases,
and the polarization resistance increases sharply due to the low
SOC of the single cell with small internal resistance, resulting
in the sudden increase in the current of another single cell.

3.3. Effect of Aging Lithium-lon Battery on the
Performance of Series—Parallel Battery Pack. The
number of retired lithium-ion batteries is growing rapidly in
tandem with the continued increase in new vehicle sales and
ownership of new energy vehicles. However, because the
retired battery capacity is 70—80% of the rated capacity, it can
still be employed in energy storage systems. Wang et al. has
studied the change of the identification parameters when the
capacity of the equivalent circuit model decayed to 80% of the
initial capacity; that is, the capacity of the aged single cell
decreased to 80% of the original, and the internal resistance
increased to 166.4% of the initial value.*®

A SP2S battery pack model A with an aging single cell is
built using the created series—parallel model, and a regular
SP2S battery pack model B is used as a comparison. The
topology is shown in Figure 14. Cell 1 is a simulated aging
single cell, its capacity is 80% of other cells in the SP2S battery
pack, and the other parameters are the same as those of the
other cells in the SP2S battery pack. The initial full power is
utilized, and the operating state is set to a constant current
discharge of 1C rate. The discharge ceases when the SOC of
any single battery in the battery pack reaches zero. The
simulation results are shown in Figure 15.

Figure 15a compares the terminal voltage between the
battery pack model A and the battery pack model B in the
discharge process. It can be observed from the battery’s
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Figure 14. Topological structure of SP2S battery pack models A and
B.

terminal voltage difference curve that the terminal voltage
difference between the two battery pack models before the
discharge is minor. The SOC of battery pack model A first
reaches zero to trigger the simulation stop condition. At this
time, the battery pack model A’s polarization resistance and
Ohmic resistance increase, and the terminal voltage of the
battery pack model A decreases, where the aging single cell is
placed.

Figure 15b shows the SOC variations of Cell 1, Cell 2, and
Cell 6 during constant current discharge. The current flowing
through the single battery with the aging single cell in series is
identical with that of the conventional single battery. The total
capacity of a single battery is equivalent to the sum of every
single cell’s capacities. As a result of the aging single cell’s low
capacity, the capacity of the parallel-connected battery pack
with the aging single cell is lower than the capacity of the
parallel-connected battery pack without the aging single cell.
The SOC of the parallel-connected battery pack with the aging
single cell declines more quickly than the SOC of the parallel-
connected battery pack without the aging single cell. The SOC
of an aging single cell declines more quickly those of than
other individual cells of the same parallel-connected battery
pack.

3.4. Optimization Analysis of Battery Series—Parallel
Grouping. Through the above analysis, the capacity of every
single cell in the series—parallel battery pack is different, which
causes the single cell to overcharge and overdischarge during
the charge and discharge cycle, accelerating the aging of the
single cell and causing the battery pack’s parameter difference
to deteriorate. The battery pack’s “barrel effect” is likewise
steadily exacerbated, reducing the battery pack’s usable
capacity significantly. The aging single cell will affect the
parallel-connected individual cells in the same battery pack,
eventually resulting in the battery pack’s cycle life being
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Figure 15. Simulation results of individual cells during constant
current discharge: (a) battery terminal voltage curve of Cell 1 and
Cell S during constant current discharge; (b) SOC curves of 3
individual cells during constant current discharge.

terminated. Based on the study of simulation results, the
following optimization suggestions are made to reduce the
influence of single-cell parameters difference on battery
performance.

3.4.1. Individual Cell Battery Series into the Battery Pack.
For series-connected battery packs, the capacity difference of a
single battery has the biggest influence on series-connected
battery pack performance. The series—parallel battery pack
consists of parallel-connected battery packs in series, and a
parallel-connected battery pack consists of individual cells in
parallel. Thus, the weight of capacity difference should be
enhanced in parallel-connected battery pack parameter
selection. At the same time, the balancing function of the
battery management system may adjust the capacity of parallel-
connected battery packs, allowing the single cell with the
smallest capacity to be fully charged and discharged while
avoiding inconsistencies in battery pack characteristics.

3.4.2. Individual Cell Battery Parallel into the Battery
Pack. For a parallel-connected battery pack, the negative
feedback formed by the coupling of parameters between
individual cells can keep the current stable before the end of
charge and discharge. However, the current instability caused
by the sudden increase of Ohmic resistance and polarization
resistance before the end of charge and discharge must be
suppressed. It is possible to test the Ohmic resistance and
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polarization resistance of a single cell in a group. When the
Ohmic resistance of some individual cells is too high, the single
cell with the strongest polarization effect and the highest
polarization resistance at the end of charge and discharge can
be chosen to suppress the current change caused by the
polarization voltage mutation of the single cell with the lowest
internal resistance at the end of charge and discharge.

3.4.3. Problem of Accelerated Aging of Aging Individual
Cells in Battery Packs. To address the issue of accelerated
aging of aging individual cells caused by a parameter difference
in series—parallel battery packs, the voltage change curve at the
end of charge and discharge of a parallel-connected battery
pack in various aging stages must be examined. The charging
and discharging cutoff voltage of the single battery where the
aging single cell is located is adjusted to avoid further
deterioration of overcharge and overdischarge of the aging
single cell, and the voltage characteristic curve recognition
algorithm of an aging single cell is established to provide early
warning in time.

4. CONCLUSIONS

The Thevenin equivalent circuit model of a single cell is built
based on Simulink. On this foundation, a model of a series—
parallel battery pack in MATLAB/Simulink is developed, and
the impact of various individual cell characteristics on the
performance of the battery pack in series and parallel is
investigated, providing a reference for the weight of single-cell
screening parameters when the battery is assembled. The
impact of an aging single cell on a battery pack’s performance
was investigated, and the notion of evaluating battery
individual cell aging by monitoring the terminal voltage
change rate of individual cells at the end of charge and
discharge was offered. The following conclusions were reached
based on the preceding simulation study of the group
optimization idea of a single cell when battery packs connected
in series and parallel are analyzed.

(1) When cells are connected in series, the capacity
difference of a single cell affects the battery pack’s
energy index, and the capacity and Ohmic resistance
differences of cells affect the battery pack’s power index.

(2) When cells are connected in parallel, the difference in
Ohmic resistance between the individual cells causes a
branch current imbalance, the energy utilization of some
individual cells is low, and the individual cells’
unbalanced current expands sharply at the end of
discharge, causing individual cells’ overdischarge and
battery life to be shortened.

(3) Interestingly, we found that when there is an aging single
cell in a series—parallel battery pack, the terminal voltage
of the single battery module containing the aging single
cell will decrease sharply at the end of discharge. By
evaluating the change rate of battery terminal voltage at
the end of discharge, it can be used as a method to
evaluate the aging degree of single battery module. The
research results provide a reference for connecting
batteries into battery packs, in particular, the screening
of retired power battery packs and the way to reconnect
them into battery packs.
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