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Abstract: Lithium-ion batteries are usually connected in series and parallel to form a pack for
meeting the voltage and capacity requirements of energy storage systems. However, different
pack configurations and battery module collector positions result in different equivalent connected
resistances, leading to pack current inhomogeneity, which seriously reduces the lifetime and safety of
the pack. Therefore, in order to quantitatively analyze the influence of the connected resistance on the
current distribution, this study researched the initial cell current distribution of the parallel module by
developing mathematical models of different configurations. Then, this study explored the influence
of multiple module collector positions on the current inhomogeneity of the pack under the dynamic
current condition. The results show that the inhomogeneity of cell current and discharge capacity in
the pack with parallel modules connected in series can be improved by keeping each cell in a parallel
module with the same distance to its module collector. Furthermore, the current homogeneity of the
edge parallel modules in the pack is seriously affected by the position of the single module collector.
Therefore, this study innovatively proposes the symmetrical multiple module collectors of the pack,
which can greatly improve the current homogeneity of the edge parallel modules, thereby improving
the lifetime and safety of the pack.

Keywords: lithium-ion battery; connected resistance; current inhomogeneity; series-parallel battery
pack; pack configuration

1. Introduction

With energy utilization and environmental protection becoming the focus of world de-
velopment [1,2], lithium-ion batteries are being widely used in large-scale applications [3,4]
(e.g., hybrid/electric vehicles (EVs) [5] and energy storage systems (ESSs) [6]) due to their
advantages in energy density, weight, volume, and service life [7]. In order to meet power
and capacity requirements in these applications, hundreds of battery cells are usually
connected in series and parallel to form packs [8,9]. A systematic framework for pack and

Copyright: © 2023 by the authors.

i ) application is shown in Figure 1, where pack structure includes a single cell, electrode tabs,
Licensee MDPI, Basel, Switzerland.

battery frame, nickel plates, etc., and the equivalent circuit model of the pack shows the
distribution of the connected resistance when scaling from battery cell to pack. However,
there are multiple factors that affect the current homogeneity of the pack. These factors
can be considered as differences in capacity and resistance due to the manufacturing pro-
cess [10,11], the differences in module collector positions and pack configurations [12,13],
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or variations in cell parameters caused by temperature, such as internal resistance, con-
nected resistance, open-circuit voltage (OCV), etc. [14,15]. During the pack operation, the
variations in the parameters affect each other to a certain extent and even amplify the

inhomogeneity of the pack [16].
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Figure 1. A systematic framework for pack and application (Including pack applications, battery
integrated system, battery pack structure, and equivalent circuit model of the pack).

Focusing on connected resistance, this study investigates the influence of the differ-
ences in pack configurations and module collector positions on the current homogeneity in
the pack. Different pack configurations and module collector positions cause the different
equivalent connected resistance of each parallel branch, which leads to the current inhomo-
geneity in the pack [17-19]. The current inhomogeneity seriously reduces the lifetime and
safety of the pack [20]. Therefore, quantitatively analyzing the influence of the connected
resistance on the current distribution of the pack for different module collector positions is
important to optimize the pack performance.

Currently, many studies have investigated the influence of connected resistance on the
current distribution of the pack. Research on the parameters that affect the current distribu-
tion has been conducted, and the most sensitive parameter was found to be the relationship
between the current collected resistance and the cell internal resistance [21,22]. Meanwhile,
Hosseinzadeh et al. found that the ratio of connected resistance to internal resistance had
the most significant influence on the performance of parallel cell modules compared with
the difference in cell capacity and temperature [16]. In addition, they also found that at
higher load current and connected resistance, the difference in discharge depth between the
cells became more significant, and the temperature gradient increased in the parallel pack,
which may cause safety issues [23,24]. Therefore, Chang et al. indicated that the connected
resistance was as small as possible and that the module collector was not connected to the
edge cell, which could reduce the inhomogeneous current [25]. Li et al. investigated that
decreasing connected resistance between the cells mitigated inhomogeneous temperature
and reduced inhomogeneous current [26].

Furthermore, the module collector positions also affect the distribution of the con-
nected resistance. Therefore, the current distribution of the pack is inevitably affected by
the module collector positions [27]. Zhang et al. found that the state of charge (SOC) and
current distribution of the pack were inhomogeneous, and as the distance between the cells
and module collectors decreased, the discharge/charge current of the cells increased [28].
Moreover, the cell current closest to the module collectors is the largest, about 3—4 times
the average current, which leads to deep discharge and accelerated aging of the cell [18].
Meanwhile, Lv et al. also found that the closer the edge of the module collectors, the greater
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the difference between cell currents and the higher the self-balancing loss [22]. Currently,
there are two typical pack configurations with different module collector positions: Z and
ladder configurations. The Z configuration has a significant advantage over the ladder
configuration as it can reduce the influence of interconnect resistance in the parallel module
on the differential current [16]. However, the SOC and cell current distribution of the pack
are not completely affected by the Z and ladder configurations [29]. Moreover, there is a
common module collector position for parallel packs: the middle configuration, in which
the positive and negative module collectors are in the middle position of the parallel pack.
Rumpf et al. found that it performed better than the ladder configuration [30].

Although the influence of connected resistance on the pack performance has been
widely studied, some problems still lack comprehensive and quantitative analysis. Firstly,
there is a lack of quantitative analysis of the cell current distribution, and no comprehensive
analysis of the causes of the cell current inhomogeneity in the discharge/charge process.
Secondly, there is a lack of an approach to reduce the influence of connected resistance
on the current homogeneity of the pack using the positions and quantities of module
collectors. To quantify the influence of the connected resistance, this study first develops
mathematical models of the pack current within different pack configurations and module
collector positions to analyze the current distribution at the initial moment. Then, it verifies
the mathematical model and quantitatively analyzes the pack current inhomogeneity in
the discharge/charge process using COMSOL Multiphysics 6.1 software. Furthermore, this
study innovatively proposes the symmetrical multiple module collectors of the pack to
greatly improve the current homogeneity of the edge parallel modules.

The main contributions of this paper are as follows:

The mathematical models of the initial cell current distribution within different pack
configurations are developed based on the equivalent circuit model, which is not only
convenient and time-saving but also accurately quantifies the initial current distribution
and provides a guideline for manufacturers to choose the right pack configuration for
better performance. Furthermore, the main benefits of the symmetrical multiple module
collectors on the current homogeneity of the edge parallel modules are analyzed for the
first time, which has important practical significance and provides crucial assistance to
manufacturers in improving the lifetime and safety of the pack.

The paper is structured as follows: In Section 2, based on the equivalent circuit
model (ECM) of the single cell, a mathematical model of different pack configurations is
developed and used to analyze the initial current of cells. In Section 3, COMSOL simulation
is implemented to validate the initial cell current distribution and analyze the current
difference in the cells in the discharge/charge process. Section 4 quantitively analyzes
the reduction rate of cell current difference in the edge parallel module under multiple
module collectors relative to the single module collector using the Dynamic Stress Test
(DST) current condition. Finally, the conclusions are presented in Section 5.

2. Pack Configuration and Analytical Model
2.1. 3D Geometric Model

In practice, the cells are mainly connected to a series-parallel pack through the connec-
tion topology of the series cell module (SCM) and parallel cell module (PCM). Compared
with SCM, PCM has better homogeneity, usable capacity, energy utilization, safety, and
economy [31-33]. Therefore, this study develops a 3D geometric model of a series-parallel
pack based on the connection topology of PCM. Meanwhile, nickel plates are widely used
to connect the cells due to their good weldability, low internal resistance, antioxidant ability,
and corrosion resistance [34-36]. Figure 2a shows a common 4p parallel module, which
consists of positive and negative nickel plates and four cylindrical batteries, where the posi-
tive and negative tabs of the cells are, respectively, connected to the positive and negative
nickel plate. The connected nickel plates of the parallel modules are cuboids, as shown
in Figure 2b. The different sides of the parallel-module nickel plate can be selected to be
connected in series. Therefore, there are two pack configurations with parallel modules in
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series: Figure 2c shows the 4p2s pack that the parallel modules are connected to through
the long side of the nickel plate (pack configuration 1). Figure 2d shows the 4p2s pack
that the parallel modules are connected to through the short side of the nickel plate (pack
configuration 2). Based on the above two-pack configurations, this study analyzed the
influence of connected resistance on the current homogeneity of series-parallel packs.
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Figure 2. Two pack configurations with the 4p parallel module in series (4p2s pack) by different
sides of the nickel plates [29]. (a) 3D geometric model of 4p parallel module. (b) 3D geometric model
of nickel plate. (c) 3D geometric model of pack configuration 1. (d) 3D geometric model of pack
configuration 2.

2.2. Mathematical Analytical Model
2.2.1. Equivalent Circuit Model

The Thevenin model shown in Figure 3a is selected as the ECM of the cell, which
reduces the amount of calculation while satisfying the quantitative analysis of the current.
The ECM consists of a voltage source, an RC network, and a constant resistance in series.
Based on the above ECM, the expression of the charging and discharging processes of a cell
model can be expressed as follows:

U = OCV — IRy — U,
Uy = IR, (1-e/7), (1)
T=R,Cy

where U, OCV, I, Ry, Rp, Cy, Up, and T are the terminal voltage, open-circuit voltage, dis-
charge/charge current, Ohmic resistance, polarization resistance, polarization capacitance,
polarization voltage, and time constant of the cell.

2.2.2. ECM of Series-Parallel Pack

The distribution of connected resistance is also different due to the different contract
sides of connecting nickel plates. The connected resistance can be obtained by the following
equation:

L
Rijnk = pg )

where p, L, and S are the conductor material resistivity, conductor length, and conductor
cross-sectional area. Since the current in the nickel plate mainly flows along the path with
the least resistance, the equivalent connected resistance Ry, and Rj,,, in nickel plate 1
are shown in Figure 2c are almost the same as the corresponding Ry;,x and R, in nickel
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plates 2 and 3. In addition, as the distance between the cells in pack configuration 1 and
pack configuration 2 is equal, the Ryj;x and R;yse, are roughly the same.

Module collector Pack configuration 2

Figure 3. Equivalent circuit models of different pack configurations are developed based on equiva-
lent circuit model of the single cell [29]. (a) Single cell. (b) Pack configuration 1. (c) Pack configura-
tion 2.

Figure 2¢,d presents only part of the pack, on which parallel modules can continue
to be connected in series in the same way. Therefore, the module collectors are the joint
position connecting the parallel modules, as indicated by the red line in Figure 2¢,d.

The ECM of pack configuration 1 is shown in Figure 3b. According to Figure 3b, the
cell current in the parallel module can be expressed by the following equations:

upml =U — %IlRinter =U — %IZRinter =U; — %I3Rinter =Uy— %I4Rinter
U; = OCV; — LiR; N )
I=Yi,

where Uy,;1 and I are the parallel terminal voltage, the pack current, and Uj, I;, OCV; and
R; are the terminal voltage, open-circuit voltage, current, and internal resistance of the ith
cell. At the beginning of discharging and charging, the battery current is mainly affected
by the ohmic resistance. This is because the influence of the polarization resistance on the
current appears after the influence of the ohmic resistance on the current. Therefore, the
ohmic resistance is considered when calculating the initial current distribution, and the
polarization resistance can be regarded as zero. According to Equation (3), the initial cell
current distribution in the parallel module can be expressed by the following equations:

ocv -, 1R; 1R; 1R; 1R;
pml _ - Ninter | _ - Ninter | _ - Ninter | _ + Ninter
o = (1 g (14 R ) (1 R ) gy (14 )

According to Equation (4), the ratio of the initial discharge current of cells 1 to 4 in the
parallel module for pack configuration 1 is

L:Lh:3:hb=1:1:1:1. 5)



Batteries 2023, 9, 501 60f 17

The ECM of pack configuration 2 is shown in Figure 3c. The cell current in the parallel
module can be expressed by the following equations:

Upmp = Uy — (311 + 21> + I3) Rjnk
Upmp = Up — (211 + 31 + 213 + 1) Ryjng
Upmp = Uz — (Iy + 212 + 313 + 214) Ryjnk

Upmz = Uy — (I + 213 + 3L) Ryje

U, = OCV; — I;R;
I=yh, 1

(6)

According to Equation (6), the ratio of the initial discharge current of cells 1 to 4 in the
parallel module for pack configuration 2 is

2041 1 1 2041
66% +80+1 " 662 +80+1 " 602 +89+1 602 +86+1’

11212213214: (7)

where U2 is the parallel terminal voltage, and 6 = R%g" According to Equation (7), due
to the connected resistance Ry, 8 > 0. Therefore, the relationship between the initial
discharge current of Cell 1 and 4 in the parallel module for pack configuration 2 is

L=L>DhL=1I, (8)

Comparing Equations (5) and (8), it can be concluded that the cell current homogeneity
of pack configuration 1 is better than that of pack configuration 2. Homogeneous equivalent
connected resistance can be found in each cell parallel branch for pack configuration 1,
and the current flowing through each resistance is almost homogeneous. Therefore, a
homogeneous voltage drop in the equivalent connected resistance in each parallel branch
can be seen, resulting in s homogeneous cell current in each parallel module. In pack
configuration 2, although there is homogeneous equivalent connected resistance found for
each cell parallel branch, the current flowing through each resistance is inhomogeneous.
This makes the voltage drop in the equivalent connected resistances inhomogeneous,
resulting in a greater difference in the current between the cells.

Although the current difference between the cells in the parallel module, to a certain ex-
tent, can be reflected by the initial current distribution, the difference is not fixed during the
discharge process. The polarization resistance and ohmic resistance vary with the constant
variations in the cell electrolyte concentration and conductivity in the discharge/charge
process, resulting in the varying current distribution of the cells in the parallel module.
Varying cell current distributions are difficult to deduce using the mathematical model.
Therefore, on the one hand, the COMSOL software is used to verify the mathematical
model of the initial current distribution of the cells and analyze the current and voltage dis-
tribution in the discharge/charge process, while on the other hand, the COMSOL software
is used to research the varying cell current distribution under the DST current condition.

3. Model and Verification
3.1. Construction of 3D Geometric Model

Based on the LG M50T 21,700 lithium-ion battery [29], the 3D geometric models of the
packs are shown in Figure 2¢,d. The geometric parameters of the pack are shown in Table 1.
The nickel plate covers the tabs of the cells at two ends of the parallel module. According to
Table 1, the three-dimensional geometric models of the packs are established by COMSOL.
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Table 1. Geometric parameters of the 3D model.

Structure Parameter Dimension/mm
Length 70
Single cell Diameter 21
Cell distance 2.1
. Length 75.3
Nickel plate 1 Width 291
. Length 75.3
Nickel plate of parallel module Nickel plate 2 Width 6
. Length 167.7
Nickel plate 3 Width 6
Thickness 0.1
Thickness 1
Cell tabs Diameter 6

3.2. Construction of ECM

To study the influence of the connected resistance on the current distribution in the
pack, the parameters of each cell in the pack must be kept the same. Therefore, this
paper uses experiments to measure a cylindrical lithium-ion battery of LG M50T 21,700
under 25 °C. Subsequently, the multiple cells with the same parameters are generated
by simulation to form many 4p parallel modules, which are packed in series into a pack.
Among them, the positive and negative electrode materials of the cells are high-density
NCA ternary material and Si/C composite material, respectively. The nominal capacity is
4850mAh, and the charge/discharge cut-off voltage is 4.2 V/2.5 V, respectively. The cell
nominal capacity is measured by current discharge at C/3 until the cut-off voltage. The
cell ECM parameters OCV, Ry, Ry, C; are all related to SOC. Therefore, the pulse power
tests are carried out with 21,700 lithium-ion battery on the test bench to obtain the model
parameters. The cell is charged and discharged for 60 s at different current rates (0.2C, 0.5C,
1C) during the pulse power test. The internal resistance of the cell is calculated according to
the charge/discharge data, and the cell rests for 30 min at the ambient temperature of 25 °C
after each charge/discharge. Then, according to Equation (1), the parameters of the cell
ECM are identified by Matlab 2021a using the recursive least squares method. Figure 4a
shows the model parameters identified under different SOCs. It is obvious that the Ry, R,
change little with SOC, so they can be regarded as constant values. The parameters of the
cell ECM are shown in Table 2. Moreover, the OCV-SOC curve of the cell ECM is fitted by
the data set obtained from the discharging and charging at C/25, as shown in Figure 4b.

20 30 40 50 60 70 80 90 1ool 0 25 50 75 100
@ soc/w i ______ socrw J

Figure 4. (a) Identified model parameters at different SOCs. (b) OCV-SOC curve measured by
experiments [29].
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Table 2. Parameters of the cell ECM.

Parameter Nominal/Ah Ohmic Polarization Time
Resistance/mQ) Resistance/mQ) Constant/s
Value 4.82 25.2 17.3 34

3.3. Construction of COMSOL Model

Firstly, the 3D geometric models of the pack are established in COMSOL by the
geometric dimensions in Table 1. Secondly, the lumped battery module and the current
module are used to simulate the battery characteristics, the current distribution, and flow
in the nickel plates, respectively. Meanwhile, they are connected to the corresponding 3D
geometric models. Finally, multiple lumped battery modules and current modules are
connected by specifying the node positions of the circuit module, and the current source
and grounding conditions are set up. The modeling process is shown in Figure 5.

Construction of ECM of
battery pack

4 T3 celll (k)

Dmm 0N . .
" - ww Cell Equilibrium Potential
Construction of 3D geometric

i Voltage Losses
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parameters | parameter 4 % Current 1 (eq)
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Set t
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+ w celll
Set the start- - cell2
DST / Constant ') - cell3
- celld
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Figure 5. Modeling process of the pack in COMSOL.

3.4. Constant Current Discharge (CCD) Simulation and Analysis of Series-Parallel Pack

In the simulation process, all packs are simulated by CCD, and the initial SOC of
each cell is 100%. The discharge stops when the terminal voltage of any cell of the pack
reaches the discharge cut-off voltage of 2.5 V. Moreover, the temperature has little effect on
the cell resistance and parameters, and other studies do not consider temperature [37,38].
Therefore, the influence of temperature on cell parameters and connected resistance is
ignored in the simulation.

To verify the mathematical model of the initial cell current distribution in the parallel
module, the calculation values of Equation (7) are compared with the simulation values.
As the resistivity of nickel is 6.84 x 10780)-m, and the length, width and thickness are
23.1 mm, 6 mm and 0.1 mm, respectively, the connected resistance Rj;;x can be calculated as
2.63 m() according to Equation (3), and 6 = Ry;;x/Ro = 0.10. Table 3 shows the calculation
and simulation value of the initial cell current rate in pack configuration 2. Obviously, the
relative error between the calculation and the simulation value is small, which proves the
accuracy of Equations (7) and (8).
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Table 3. Calculation and simulation value of the initial cell current rate in pack configuration 2.

Single Cell Cell 1 Cell 2 Cell 3 Cell 4
Calculation value/C 1.09 0.91 0.91 1.09
Simulation value/C 1.07 0.93 0.93 1.07

Relative error 1.87% 2.15% 2.15% 1.87%

The cell current distribution of two pack configurations during the discharge process
is shown in Figure 6a. Obviously, the cell current distribution of two pack configurations is
different. The cell current of pack configuration 1 is almost homogeneous. However, for
pack configuration 2, the currents of cells 1, 4, 5, 8 and cells 2, 3, 6, 7 show different trends,
and the difference in current between the cells is constantly varying (the cell number is
shown in Figure 3b,c). This is because in the first half of the discharge process, the cell near
two ends of the parallel module in pack configuration 2 has the larger discharge and the
faster SOC reduction than other cells due to a larger initial discharge current rate. The OCV
decreases with the decrease in SOC, resulting in a continuous decrease in the discharge
current rate. In the second half of the discharge process, due to the combined influence of
OCV and internal resistance, the cell current rate near the two ends of the parallel module
firstly increases and then decreases with time, while the cell current rate in the middle of
the parallel module firstly decreases and then increases with time.

Pack configuration 1, Cell 1-8
= Pack configuration 2, Cell 1,458
1.05 e Pack configuration 2, Cell 2,3,6,7

~ 7 Curentrate/C_

0 500 1000 1500 2000 2500 3000

o= Pack configuration 1, Cell 1-8 |

o= Pack configuration 2, Cell 14,58
Pack configuration 2, Cell 2,3,6,7

N eecsee Pack configuration 1
~. Pack configuration 2

5
o
I

=
3
G

6.3

~ Packvolage/V.
=
o

0 500 1000 1500 2000 2500 3000
|_(c) Time/ s |

Figure 6. Simulation results of current, voltage and pack voltage distribution of two pack config-
urations by CCD [29]. (a) Cell current distribution of two pack configurations. (b) Cell voltage
distribution of two pack configurations. (c) Pack voltage distribution of two pack configurations.

The cell terminal voltage distribution of two pack configurations is shown in Figure 6b.
The cell terminal voltage of pack configuration 1 is nearly a curve, while the cell termi-
nal voltage of pack configuration 2 is two curves with a small gap. This is because the
current flowing through the equivalent connected resistance in the parallel module for
pack configuration 2 is inhomogeneous, resulting in an inhomogeneous voltage drop in
the equivalent connected resistance of each parallel branch. Therefore, there are slight
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differences in the cell terminal voltage distribution for pack configuration 2. All in all, the
voltage difference between the two pack configurations is very small, which means that the
cell current inhomogeneity does not affect the cell terminal voltage distribution.

The pack terminal voltage distribution of two pack configurations is shown in Figure 6c.
Compared with pack configuration 1, the pack terminal voltage of pack configuration 1 is
significantly lower. This is because the current flow path of pack configuration 2 is longer,
which means the voltage loss caused by the connected resistance in the pack for pack
configuration 2 is larger, thereby increasing voltage loss, resulting in a low terminal voltage.

Based on the data obtained from the above simulation experiments, the integral
operators in COMSOL are used to process the current data results for pack configurations 1
and 2, respectively. The discharge capacity (Cy) of each cell is shown in Table 4. Compared
with pack configuration 1, the cell C of pack configuration 2 is more inhomogeneous. The
inhomogeneous Cy is due to the difference in the current between the cells caused by the
connected resistance. Moreover, the pack performance is affected by the C inhomogeneity.
The worse the C; inhomogeneity, the greater the influence on the lifetime of the pack.

Therefore, the homogeneity of current, voltage, pack terminal voltage, and Cy, for pack
configuration 1 is better than those for pack configuration 2. The equivalent connected
resistance of each parallel branch is equal by keeping each cell in a parallel module with
the same distance to its module collector. In this case, the current homogeneity is improved,
which is conducive to improving the overall performance of the pack.

Table 4. Discharge capacity (Cx) of two pack configurations.

Single Cell 1 2 3 4 5 6 7 8

C of pack 4.015 4.019 4.019 4,015 4.015 4.019 4.019 4,015
configuration 1/Ah

C of pack 4.069 3.960 3.962 4.075 4.070 3.964 3.963 4072
configuration 2/Ah

4. Result and Discussion
4.1. Analysis of Series-Parallel Pack

To further analyze the cell current and voltage distribution under complex current
conditions, based on the above analysis results, the 4p8s series-parallel battery was con-
structed by pack configuration 1, as shown in Figure 7a. Based on the DST condition shown
in Figure 7b, the current and voltage of the pack are simulated and analyzed by COMSOL
software, where the negative/positive module collector positions are located on the short
side of the negative nickel plate of Cell 1 and the short side of the positive nickel plate
of Cell 32, respectively. The intermediate module collectors are the positions where the
non-edge parallel module is connected, as shown by the blue line in Figure 7a.

Intermediate

module collectors | __s5n

Current/ A

[ 0 50 100 150 200 250 300 350 400

Figure 7. (a) 3D geometric model of 4p8s pack. (b) Dynamic Stress Test current condition diagram.

The cell current and voltage distribution are obtained by simulation, as shown in
Figure 8a,b. Compared with the non-edge parallel modules, the cell current homogeneity
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of the edge parallel module in the pack is significantly worse. For the edge parallel module,
the cell farther from the positive/negative module collectors has the larger equivalent
connected resistance, which leads to a smaller cell current rate. For the non-edge parallel
module, the distance between the cells in the parallel module and the intermediate module
collectors is equal, which makes the equivalent connected resistances of each parallel
branch equal. Therefore, the cell current homogeneity is better.

As shown in Figure 8a and Table 5, according to the DST current condition, the higher
the charge/discharge current rate, the greater the current difference between the cells (i.e.,
the worse the current homogeneity). During the period of the maximum charge-discharge
current rate (i.e., 237-244 s), the charge/discharge current rate of cell 1 and 32 closest to the
module collectors is largest, followed by cell 2 and 31, cell 3 and 30, cell 4 and 29. Among
them, the current difference between cell 29 and 32 is the largest, and the current of cell
32 is 43.97% higher than cell 29, while the current homogeneity of the cells (cell 5-28) in
the non-edge parallel module is better. Moreover, the current of cell 32 in the edge parallel
module is 21.80% higher than the average current of the cell 5-28. Figure 9 shows the cell
current distribution of the pack at 238 s, which can clearly reflect the current difference
between the cells.

Table 5. The cell current during the period of the maximum charge-discharge current rate.

Moment/s ( Avere?gegl(islzfrint) /A Cell 29 Current/A Cell 32 Current/A
237 4.83 4.07 5.90
238 5.00 4.23 6.09
239 5.00 4.24 6.08
240 5.00 4.25 6.06
241 5.00 4.26 6.04
242 5.00 4.27 6.02
243 493 4.23 5.93
244 4.67 4.02 5.58

The cell voltage distribution in the parallel module of the pack is shown in Figure 8b.
Comparing Figure 8a,b, the cell voltage and current distribution in the parallel module
are similar. The cell voltage homogeneity of the edge parallel modules is worse than that
of the non-edge parallel modules. The parallel voltage of the edge parallel modules is
homogeneous. The cell farther from the positive/negative module collector has a larger
voltage drop on the equivalent connected resistances, which leads to a smaller cell voltage.
For the non-edge parallel modules, the equivalent connected resistances in each parallel
branch are equal. Therefore, cell voltage homogeneity is better.

“““““““““““““““ I, T T T
: L5 12 ll |
| e Cell 1,32 I |
I Cell231 I |
| e Cell 5-28 105, I |
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= (.5 | — Ce >
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lE o 1S — Cell 132 |
| 2 1= 4 Cell231 |
|8 1S e Cell 5-28 I
|05 | 395 Cell330 I
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- 3.9
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Figure 8. Simulation results of current and voltage distribution of 4p8s pack by Dynamic Stress Test
current condition discharge/charge. (a) Current distribution of 4p8s pack. (b) Voltage distribution of
4p8s pack.

Based on the above analysis, the module collector positions have a greater influence
on the current and voltage distribution of the edge parallel modules than on the non-edge
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parallel modules in the pack. The main reason is that the module collector positions lead
to unequal equivalent connected resistances of each branch in the edge parallel modules,
which in turn affects the cell current and voltage. For the non-edge parallel module, the
current and voltage homogeneity is better due to the equal equivalent connected resistances
of each parallel branch.

Cell 29 Cell30 Cell31 Cell32,  Current/A
Positive

5.8
Cell 25 | Cell 26 | Cell 27 | Cell 28
5.6
Cell21 | Cell22 | Cell 23 ' Cell 24
154
Cell17 | Cell18 | Cell19 | Cell 20 |
152
Cell13 | Cell14 | Cell15 | Cell 16 5
Cell9 | Cell10 | Cell11 = Cell 12 4.8
4.6
Cell 5 Cell 6 Cell 7 Cell 8
Negative 4.4
Module

llect
collector 42

Cell 1 Cell 2 Cell 3 Cell 4

Figure 9. Cell current distribution of the pack for DST condition at 238 s (as indicated in the red dots
in Figure 8).

4.2. Pack of Multiple Module Collectors

To further improve cell current homogeneity of the edge parallel module in the pack,
the influence of the symmetrical multiple module collectors on the current homogeneity
is explored. The negative module collectors are located on the short side of the negative
nickel plates of cells 1 and 4, and the positive module collectors are located on the short
side of the positive nickel plates of cells 29 and 32, as shown in Figure 10a. According to
the mathematical model of the initial current distribution, the ratio of the initial discharge
currents of cells 1 to 4 in the edge parallel module is.

0% +502+60+2  02+40+2 02 +40+2 6%+ 507+ 60+2

L:L:13:1; = : : : .
Lri2 B84 03502 1 60+1 03 + 562+ 60+1 03+ 502+ 60+1 03 + 502 + 60+1

©)

So, the relationship between the initial discharge current of cells 1 and 4 in the parallel
module is.
L=1>DL=1I. (10)

Meanwhile, the initial cell current distribution of the edge parallel module under the
single/double module collectors is shown in Table 6, where the single module collector
refers to only a pair of positive/negative module collectors, and double module collectors
refer to two pairs of positive/negative module collectors. Compared with the single module
collector, cell current homogeneity in the edge parallel modules of double module collectors
is significantly better. This is because symmetrical module collectors of the pack make
the distribution of the equivalent connected resistance in the edge parallel module more
homogeneous, thereby reducing the current inhomogeneity of the edge parallel module.
The cell current distribution of the double module collectors is shown in Figure 11a.
Comparing Figures 8a and 11a, the current of cells 1 to 4 and cells 29 to 32 is almost
homogeneous during the period of the small discharge/charge current rate. However,
compared with the single module collector, the current difference between the cells in
the edge parallel module of the double module collectors is significantly smaller during
the period of large discharge/charge current rates. The maximum cell current difference
K¢ = (Lnax — Lpin) / Lin, in the edge parallel module of the single /double module collectors
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during the maximum charge/discharge current rate period (i.e., 237244 s) is shown in
Table 7. It can be found that the cell current inhomogeneity in the edge parallel module of
the double module collectors is significantly improved during this period, and the current
homogeneity is increased by 84.90% relative to the single module collector.

OHONONe

-

(a) \A‘; Positive/negative module collector ;‘

> \ 4

(b) “ Positive/negative module collector
1=x
x>~ z
S | e
A v V'

—_~
(]
~—

Positive/negative module collector

Figure 10. Distribution of n pairs of module collectors (1 = 2, 3) of positive and negative nickel plates.
(a) Distribution of double module collector. (b) 2D geometric model of arrangement mode 1. (c) 2D
geometric model of arrangement mode 2. (d) Equivalent circuit model of edge parallel module.

Table 6. Initial cell current distribution of the edge parallel module under single/double module
collectors.

Quantity of Module Collector Cell1 Cell 2 Cell 3 Cell 4

Single module collector 0.025 0.019 0.016 0.015
Current/A D
ouble module collectors 0.028 0.026 0.026 0.028
1.2 - - - - - - - 100 : :
(b) 95 7% 98.8%
09+ SE 84.9%
< 06 g
£ s g %7
= B
g S40¢
G ~
|
—0.3" 20
0.6 N —. = 0 ‘ ‘
0 50 100 150 200 250 300 350 400 1 2 3 4
Time/ s Number of module collector / pair
e (Cell 1,4,29,32 e Cell 6,7,10,11,14,15,18,19,22,23,26 27
el 2,3,30,31 ====(Cell 5,89,12,13,16,17,20,21,24,25,28

Figure 11. (a) Cell current distribution of double module collectors. (b) K. reduction rate in the edge
parallel module of n pairs of module collectors relative to the single module collector (1 =2, 3, 4).

In addition, the influence of the symmetrical distribution of the n pairs of module
collectors on the current homogeneity is further explored. The module collectors located on
two short-sides of the nickel plates remain unchanged, and the remaining module collectors
are evenly distributed in the middle of the nickel plate. The distribution of the three pairs
of module collectors is shown in Figure 8b. The distribution mode of the module collectors
is called arrangement mode 1. Since the module collector is a rectangle with a very small
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width, it can be regarded as a line. The distribution of other # pairs of module collectors is
similar to that of three pairs of module collectors.

Table 7. Maximum cell current difference K. in the edge parallel module of single/double module

collectors.
Quantity of Module Collector Single Cell Current/A K.
. Cell 29 4.23 o
Single module collector Cell 32 6.0 43.97%
Cell 29 5.14 o
Double module collectors Cell 30 4.82 6.64%

The K. reduction rate in the edge parallel module of n pairs of module collectors
relative to the single module collector is shown in Figure 11b. According to Figure 11b, the
K reduction rate of the edge parallel module continues to increase with the increase in the
quantities of module collectors, but the rising magnitude of the K. reduction rate continues
to decrease. For example, compared with the single module collector, the K. in the edge
parallel module of the two pairs of module collectors is reduced by 84.90%. However, the
K. reduction rate of the three pairs of module collectors relative to the two pairs of module
collectors is only 10.80% higher.

In addition to the above arrangement mode 1, another distribution of the three pairs
of module collectors (i.e., arrangement mode 2) is shown in Figure 10c. All the module
collectors are distributed in the middle of the nickel plate. The purpose of this distribution
is to make the equivalent connected resistance of each cell’s parallel branch equal. The ECM
of the edge parallel module for arrangement mode 2 is shown in Figure 10d. The equivalent
connected resistances of each parallel branch can be expressed by the following equations.

R1 =Ry = xRjjnt, 0 < x <1
Ry =Rs3 = T ! ! (11)

T
7+ e
(A=2)Rpjyk " Riink /2

where R; is the equivalent connected resistance of the branch where ith cell is located, and
x is the equivalent connected resistance division ratio caused by the module collectors, as
shown in Figure 10d. According to Equation (11), as x = 0.29, the equivalent connected
resistance of each parallel branch is equal, which can significantly reduce the current
difference between the cells in the edge parallel module. After simulation verification, the
K. in the edge parallel module of the three pairs of module collectors relative to the single
module collector is reduced by 99.66% for arrangement mode 2.

Therefore, the cell current homogeneity of the edge parallel module is not only related
to the quantities of module collectors but also to the positions of the module collector.
However, it is impossible to find the best position to make the equivalent connected
resistance of each branch equal for some quantities of the module collectors. For example,
Figure 12 shows the distribution of three pairs of module collectors based on the 5p parallel
module. This distribution can only make the equivalent connected resistance of the parallel
branches where cells 1, 2, 4, and 5 are located equal. Therefore, it is recommended to
select the appropriate quantities of module collectors according to the quantities of parallel
cells. Furthermore, although the more module collectors, the smaller the K, of the edge
parallel module, the increase in magnitude of the K. reduction rate continues to decrease,
increasing pack complexity and the cost of the pack. Therefore, the optimal positions of
module collectors should be sought under smaller quantities of module collectors.

4.3. Limitations and Future Work

Quantitative analysis of the influence of the connected resistance on the current
distribution and the improvement in the current inhomogeneity of the pack are the main
topics of this study. The coupling of multiple influencing factors increases the complexity
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of the research. Therefore, this study does not consider these influencing factors, such as
temperature, cell-to-cell variations, dynamic internal resistance, etc.
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Figure 12. Distribution of three pairs module collectors.

Based on the model and methodology of this study, we consider adding temperature
conditions and heating under the low-temperature conditions to the pack in future work.
Meanwhile, we aim to further explore the influence of temperature on current distribution
and seek better methods to reduce temperature effects.

5. Conclusions

To analyze the influence of connected resistance on the current distribution within
the different pack configurations and module collector positions, this study chooses two
different pack configurations with parallel modules in series: the long-side pack and
the short-side pack. According to the equivalent circuit model (ECM), the initial cell
current distribution in the parallel module was theoretically deduced and quantitatively
analyzed. Then, COMSOL software was used to verify the mathematical model of initial
cell current distribution and analyze the voltage and current distribution in the constant
current discharge (CCD) process. Moreover, the current distribution of the pack constructed
by the long-side pack with better performance under complex current conditions was
further studied. Meanwhile, the influence of multiple module collectors on the current
homogeneity of the edge parallel module was explored.

The results show that the cell current homogeneity in the parallel module of the
long-side pack is better than that of the short-side pack at the initial discharge moment.
In the CCD process, the cell current of the long-side pack is homogeneous, while there is
a significant current difference between the cells near the module collector and the cells
further away from the module collector for the short-side pack. According to the simulation
results of complex current conditions, the module collector positions mainly affect the
current homogeneity of the edge parallel module in the pack, while the non-edge parallel
module is almost unaffected. Moreover, the multiple module collectors can effectively
reduce the maximum current difference between the cells of the edge parallel module, and
its reduction rate is not only related to the quantities of module collectors but also to the
module collector positions. Therefore, considering the pack complexity, the cost of the pack,
and the rising magnitude of the reduction rate of the maximum cell current difference in
the edge parallel module caused by multiple module collectors, it is recommended to seek
the optimal positions of module collectors under smaller quantities of module collectors
for manufacturers.
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