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Parallel battery pack charging strategy under
various ambient temperatures based on minimum
lithium plating overpotential control
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SUMMARY

With the aggravation of environmental pollution and energy crisis, lithium-ion
batteries are widely regarded as promising. However, the current distribution
in the parallel battery pack branches is highly heterogeneous. Charging strate-
gies based on the models can be adopted to prevent side reactions that may
lead to severe degradation or even thermal runaway under various ambient tem-
peratures. In this study, a battery model for a single cell is established by coupling
a single particle model with electrolyte, degradation model, and thermal model.
Besides, considering the contact resistance and wire resistance, the circuit model
of a battery pack is established. A charging strategy based on minimum Li plating
overpotential control is then adopted, and the effectiveness under high C-rate
and low temperature to reduce capacity loss is verified by simulation. This study
provides a low-loss charging strategy that can reduce the safety risk of battery
packs with better performance under various ambient temperatures.

INTRODUCTION

As the aggravation of environmental pollution and energy crisis, the use of new energy has become a hot-
spot, such as new energy vehicles and energy storage systems. Lithium-ion batteries (LIBs) have been
widely used because of stable discharge, low self-discharge rate, long cycle life, and other advantages
(Chenetal, 2019; Zhao et al., 2021). However, a single cell is far from meeting the requirements of a system,
so a large number of cells need to be connected in series or parallel with each other to form a battery pack.
Compared to series battery packs, the current distribution of each branch for parallel battery pack is very
inconsistent and complicated because of the resistances caused by the wire and welding (Hosseinzadeh
et al., 2021; Wu et al., 2021). In addition, the current is closely related to the side reactions; performance
of the battery packs will degenerate after some cycles (Tang et al., 2021). Meanwhile, with the continuous
improvement of energy consumption level, there is an increasing demand for large-capacity new energy
storage and power facilities, which requires corresponding digital life-cycle management solution (Yang
etal., 2020; Wu et al., 2020; Gao et al., 2021), and charging technology is an important part.

LIB is a complicated system for its internal interaction. Thus, the mathematical relationship between envi-
ronmental factors and battery characteristics should be determined by establishing the model, which is
very important to optimize battery design and manage batteries (Zhou et al., 2022; Hosen et al., 2021).
There are many battery models based on experience and data, such as the equivalent circuit model
(ECM) and the data-driven model (Nikdel, 2014; Dang et al., 2016). However, they often do not fully reflect
the overall state of the battery, so have certain limitations. There are many studies to establish models for
predicting voltage based on the electrochemical properties of LIB. The most recognized model is the
pseudo-two-dimensional (P2D) model proposed by Doyle et al. (1993). However, because the calculation
process of the P2D model is too complicated and will consume too many computing resources, many
studies have simplified it, among which the single particle model (SPM) is the most common one (Zhang
et al., 2000). SPM ignores the concentration and potential changes in the electrolyte, which results in
poor accuracy of the model, especially at large C-rates and low ambient temperatures. To solve this prob-
lem, a single particle model with electrolyte (SPMe) has been used (Li et al., 2021a). It improves the predic-
tion accuracy by considering the influence of electrolyte. Besides, the electrochemical process of LIB also
affects aging and heat generation. As for the aging process, side reactions on the anode have been the
focus of research (Lu et al., 2021), and the processes of solid electrolyte interface (SEI) film growth and Li
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plating are usually modeled (Reniers et al., 2019). For the heat generation process, Bernardi et al. (1985)
proposed a universal thermal model based on thermodynamic energy balance, which had been used in
almost all studies of battery heat generation. However, the original model is complicated. Considering
the characteristics of commercial batteries, some factors with relatively small effects can be ignored to
simplify the model (Gottapu et al., 2021).

For parallel battery packs, the inconsistency of current distribution has been studied in many previous
studies (Wu et al., 2013; Brand et al., 2016). In addition, ambient temperature is an important factor (Xie
et al., 2021). Compared with single cells, different degradation behaviors at the battery pack level have
also been reported (Shi et al., 2016; Wang et al., 2019). Dubarry et al. (2016) developed a useful equivalent
circuit model to simulate the spontaneous transient balancing currents among parallel strings. The study
could help understand transient behavior to help with battery management, maintenance, and repair.
Schindler et al. (2020) further studied the influence of connection characteristics inside the battery pack
on current distribution. It was found that cross-connectors could effectively balance the battery system.
In addition, the study showed that string-connect resistances contributed more toward current distribution
than welding seam and cross-connector resistances. In the previous study of Liu et al. (2019a), the circuit
model of six parallel cells was established, and each single cell was realized by a thermally coupled single
particle model. The effects of intercell variation and thermal gradient on the performance and degradation
were studied in detail.

With the rapid increase of the demand for fast charging, battery charging technology has gradually at-
tracted widespread interest. Tomaszewska et al. (2019) reviewed the literature on the physical phenomena
that limit battery charging speeds, the degradation mechanisms that commonly result from charging at
high currents, and the approaches that have been proposed to address these issues, which suggested
that the problem of fast charging could be solved by developing battery multi-scale design and charging
strategies. In terms of battery design, emerging materials that can improve battery performance are always
the focus, such as electrodes with low tortuosity and electrolytes with high Li transference number, which
can fundamentally improve the charging C-rate without serious degradation (Liu et al., 2019b; Peng et al.,
2021; Yan et al., 2027). Based on already established commercial LIBs, there are also many fast charging
strategies for health and efficiency, such as constant current-constant voltage (CC-CV), multistage con-
stant-current (MCC), and pulse charging (Tomaszewska et al., 2019). These charging strategies are conve-
nient but lack feedback from the battery itself. They may cause side reactions to affect battery performance
and safety, and bring some additional risks, such as thermal runaway. Ouyang’s group (Li et al., 2019) ex-
plained that the reaction between the plated lithium and electrolyte was revealed to be the mechanism of
thermal runaway triggering and warned us of the danger of the plated lithium in the utilization of lithium-ion
batteries. Thus, it is necessary to limit Li plating during fast charging. As a result, there are more and more
studies on exploring charging strategies based on the characteristics of models (Zhang et al., 2017; Yang
et al.,, 2021). In addition, it should be noted that because of the complex operating environment, the
charging strategies must meet the requirements of fast charging under various ambient temperatures.
There have also been some studies reported on fast charging at low ambient temperatures (Xie et al.,
2020; Nambisan et al., 2021). However, most of these studies are based on ECM, which cannot reflect
the physical information inside the battery. At the same time, most of them are based on existing charging
protocols and lack precise feedback control.

However, it is difficult and important to study the fast charging strategy of battery packs because of the
inconsistencies of cells. Ouyang et al. (2019) proposed a distributed charging strategy considering both
charging time and capacity loss, which had low computational cost and high robustness. Li et al. (2021b)
established a complete battery pack model by combining the cell model, battery pack cooling model,
and battery pack balance management model. In addition, a fast charging strategy based on the shortest
charging time was proposed. The results showed that the fast charging strategy could significantly shorten
the charging time but would lead to increased aging and energy loss. In addition, there is no feedback in
the established fast charge protocols, which cannot control the side reactions of batteries. However, the
current of fast charging is relatively large. Besides, owing to the current inconsistency of parallel battery
packs, the currents on some branches tend to reach a higher C-rate, which will lead to excessive degrada-
tion of the cell on the branch, resulting in accelerating degradation of the battery pack performance. These
causes can easily cause serious harm to the electrochemical and safety performance of batteries leading to
accelerated degradation (Tomaszewska et al., 2019; Wang et al., 2021a) or even catastrophic events like
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thermal runaway under extreme conditions (Feng et al., 2020). At the same time, the fast charging and dis-
charging is an important approach to improve the efficiency of vehicle-to-grid (V2G) storage configuration
(Dioha et al., 2022). In this case, both vehicles and power grid energy storage facilities are faced with the
problem of degradation in the process of fast charging. Therefore, it is necessary to design a model-based
fast charging strategy, which can well control the occurrence of side reactions, and can significantly reduce
the degradation of electrochemical and safety performance. Yang et al. (2019) reported a controllable cell
structure, which could quickly heat the battery to high temperatures to eliminate lithium plating during
charging. Chu et al. (2017) constructed a close-loop observer of lithium deposition status based on the
simplified P2D model. The charging current was modified online using the feedback of the lithium depo-
sition status. In addition, the postmortem observation and degradation tests were performed. The results
showed that no lithium deposition occurred during fast charging.

In this paper, in terms of the fast charging strategy of parallel battery packs, an appropriate model should
be established to control side reactions under various ambient temperatures, so as to prevent side reac-
tions. Firstly, the cell model was established by coupling the SPMe, degradation model and thermal model.
Then, considering the contact resistance and the wire resistance, the circuit model of the parallel battery
pack was established. After that, based on the model, a parallel battery pack charging strategy based on
minimum Li plating overpotential control (MLPOC) was adopted to realize the control of minimum Li
plating. The closed-loop optimization framework of input current under various ambient temperatures
was established. Finally, the simulation based on the model and charging control strategy was carried
out, and the results were compared to verify the effectiveness of the proposed model and strategy.

RESULTS

Parallel battery pack model

In this chapter, a SPMe is developed for the single cell considering thermal effects and typical side reac-
tions. In addition, six cells are parallel-connected to create a battery pack with current input and output
on the one side. There is a branch resistance in each branch in series with the cell and an interconnect resis-
tance at each end of each branch. There is also an electrochemical performance simulation of one partic-
ular cell in this chapter.

Single cell model

To better describe the behaviors of LIBs in fast charging and under various ambient temperatures, the sin-
gle cell model can be divided into three main parts: SPMe, degradation model because of side reactions,
and thermal model.

SPM is the most widely used simplified version of the P2D model, and is based on the following
assumptions:

[A1] The concentration distribution within the electrolyte is ignored, and the potential of the liquid
phase is assumed to be 0 V when calculating the terminal voltage.

[A2] The active material in each electrode region is abstracted as a single particle and the solid phase is
homogeneous. This means that the potential of the anode and cathode in their respective regions
is a fixed value and does not change with the change of position in the direction of the electrode
plate thickness.

The thermally coupled SPM has been discussed in depth in our previous studies (Liu et al., 201%a; Yang
et al., 2021). In this study, in order to improve the accuracy of the model and the applicability under various
ambient temperatures, the Assumption [A1] is canceled and the SPMe is established by considering the
concentration distribution and liquid phase potential within the electrolyte.

LIBs are mainly composed of anode, separator, and cathode and are filled with electrolyte inside. The basic
structure of LIBs is shown in Figure 1. In the x direction, the compositions are superposed. Since the
Assumption [A2], the active material in each electrode region can be approximately described as a spher-
ical active material particle, respectively. The radial direction inside the particle is defined as rdirection. For
the convenience of describing the behavior of lithium-ions in electrolyte, the distribution of ion current
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Figure 1. Schematic of the basic structure of LIBs

density i and molarion flux j, in the direction of the electrode plate thickness are shown in Figure 2. In addi-
tion, the block diagram of SPMe is shown in Figure 3.

Detailed descriptions for the three submodels of the single cell model are provided in Method details. They are
related to each other. The coupling relationship among them is shown in Figure 4. At the top of the figure, there
is the SPMe which works with lithium-ion transferred between the cathode and anode. It should be noted that
lithium-ion must be intercalated or delaminated through the film on the anode surface. On the left of the figure,
there is the degradation model which is used to calculate SEI film growth and Li plating. On the right of the
figure, there is the thermal model, which considers both the heat generation and external natural convection
heat dissipation. In the process of model calculation, the SPMe provided the current and reaction polarization
overpotential for the thermal model to calculate the heat generation rate, and provided the side reaction over-
potentials for the degradation model. The thermal model is used to determine the battery temperature and the
influence of the electrochemical parameters in the SPMe and degradation models. The degradation model
causes the increase of internal resistance and the capacity loss in SPMe, and the increase of internal resistance
can lead to the increase of heat generation, thus affecting the thermal model.

In this work, the simulated cell was the pouch cell with capacity of 5 Ah, which contains NCM-LCO compos-
ite cathodes and graphite anodes. Specific parameters for the cell are shown in Table S1. The cell model is
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Figure 2. Simplified form of ionic current density i, and molar ion fluxes j, in the SPMe model
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further used in exploration of the charge strategy proposed later. Since the cell does not change much with
the high ambient temperatures (Wang et al., 2021b), this study mainly investigates the performance of the
cell with the low ambient temperatures because of the great influence on the side reactions. Figure 5 shows
the simulation results of the single cell in the battery pack at different C-rates (0.5C, 1C, and 2C) and tem-
peratures (—10°C, 0°C, 10°C, and 20°C). Figure 5A shows the change of cell voltage, and Figure 5B shows
the change of cell temperature. For side reactions, the electrochemical overpotential of Li plating and the
capacity loss caused by SEI growth and Li plating are shown in Figures 5C and 5D, respectively.

It should be noted from Figure 5A that with the increase of C-rate or the decrease of ambient temperature,
the battery voltage curve with high C-rate, or low ambient temperature will be higher because of more
serious polarization, thus reaching cut-off voltage in advance. In the absence of a CV process, cells with
higher C-rate or lower ambient temperature have lower charging capacity. In addition, as can be seen
from the local magnified image of Figure 5A, the increase of C-rate tends to lead to upward movement
of the curve, making the reaction more intense; the decrease of ambient temperature tends to cause
the curve to shift to the left, bringing forward the reaction. They all result in the cell reaching the cut-off
voltage earlier. According to Equation 37, when the convective transfer coefficient his 5 (W/m?K) as natural
convection, the temperature rise also increases with the increase of C-rate or the decrease of ambient tem-
perature. For side reactions, as 7y, decreases during charging, a danger zone, which indicated in blue in
Figure 5C, is formed when 7y, is below 0 V, with a risk of Li plating. Obviously, the C-rate is higher or
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Figure 4. Coupling relationship of the three submodels of the single cell model
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Figure 5. Simulation results of a single cell at different C-rates and different ambient temperatures
(A-D) (A)Voltage curve with charging capacity (V-Ah), (B) Temperature change, (C) Li plating overpotential, and (D) Capacity loss due to side reactions.

the ambient temperature is lower, and the risk of Li plating is greater. As shown in Figure 5C, under the
charging condition of C-rate of 2C and ambient temperature of 20°C, the cell is at risk during most of
the charging time, resulting in more severe capacity loss, as shown in Figure 5D. In contrast, under the
ambient temperature of 20°C, ;| stays above 0V all the time at the C-rate of 0.5C and 1C, whose capacity
loss is mainly because of the growth of SEI film. At the same time, with the decrease of ambient tempera-
ture, Li plating overpotential will also be lower, increasing the risk of Li plating and the capacity loss. The
aforementioned conclusions are in accordance with the law, the increase of C-rate or the decrease of
ambient temperature will make the working conditions of the cell become bad, thus reducing the electro-
chemical performance (Wang et al., 2021b; Yu et al., 2022).

Parallel circuit model

The current distribution of parallel battery packs is complex and heterogeneous, mainly because of the dif-
ferences between the cells in the battery pack and the specific circuit configurations. In this study, to discuss
the battery pack control strategy, a circuit model of parallel battery pack is established, as shown in Fig-
ure 6. The battery pack model is composed of six cell models in parallel and each cell model is in a separate
branch. Each branch uses a branch resistance R, of 10 mQ to describe the contact resistance between the
connecting plate and the battery pole. The equations of the SPMe are integrated into the MATLAB envi-
ronment, and the battery pack model is established in the Simulink SimPowerSystems toolbox. There is an

6 iScience 25, 104243, May 20, 2022



iScience

Figure 6. Circuit model diagram of parallel battery pack

interconnection resistance R; of 0.5 mQ indicating the influence of wire resistance at both ends of each
branch. The current input and output are applied on the left side of the battery pack, with additional inter-
connection resistances at both ends. Voltage and current measuring tools are placed on each branch and
the bus. It should be noted that the values of resistances were determined after referring to some litera-
tures (Xie et al., 2021; Masomtob et al., 2017).

Here, the simulations of battery pack current distribution are carried out under different C-rates. The results
under two C-rates (1C and 0.5C) are shown in Figure 7. The results for the other two C-rates (0.75C and
0.25C) are shown in Figure S1. The results show the serious heterogeneity of current distribution because
of the particularity of parallel configuration. Similar trend of current distribution can be observed from
curves of different C-rates. Cell By usually has the largest fluctuation of current among the six cells. The cur-
rent amplitudes of the six cells continued to show severe instability throughout the whole process. It should
be noted that the branch currents fluctuated in Figure 7. This was because different branch currents at the
beginning led to different charging or discharging capacities of each cell; that is, each cell had a different
SOC. Considering the nonlinear OCV-SOC curve, the OCV variation of each cell was nonlinear and very
complex. At the same time, there were also a series of inflection points and steps in the OCV curve (Li
et al., 2021c). A series of factors caused the currents to fluctuate.

Charging strategy based on minimum Li plating overpotential control

Although charging technology has been greatly developed, most of the current research is applied to sin-
gle cells, and there is little focus on the control strategy preventing side reactions during charging. When
the overpotential of Li plating is close to 0V or even lower, Li plating is easy to occur on the anode surface,
resulting in irreversible capacity loss, and even short circuit inside the cell, threatening cell safety. The ca-
pacity loss caused by the growth of SEI film is more moderate than that caused by Li plating and occurs
almost continuously throughout the cycle life. The growth of SEI film does not seriously affect battery
safety. Therefore, based on the proposed electrochemical-side reactions-thermal coupling cell model, a
parallel battery pack charging strategy based on minimum Li plating overpotential control (MLPOC) is
adopted in this study to achieve the minimum Li plating control during rapid charging under various
ambient temperatures, as shown in Figure 8, where I, is the initial input total current.

A B

—B, —B, —B, = -Ref a5l —B —B; —B; - -Ref

Current (A)

0 1000 2000 3000 0 2000 4000 6000
Time (s) Time (s)

Figure 7. Simulation results of current distribution of a battery pack with six identical cells in parallel at different
C-rates
(A and B) (A) 1 C and (B) 0.5 C.
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Figure 8. Charging strategy based on minimum Li plating overpotential control of a parallel battery pack

At the start of charging, a total current is input to the parallel battery pack model. Because the diffusion
process has not been established at the start of charging, temperature only affects the electrochemical re-
action. The temperature is lower, and the risk of Li plating is more. As the temperature rises, the overpo-
tentials of reaction polarization and Li plating increase, resulting in the ability to withstand larger applied
current without Li plating. However, the effect of electrochemical reaction on battery performance is
limited, and when the ambient temperature varies within the conventional range, the proportional change
intemperature in Kelvin is relatively small. Particle swarm optimization (PSO) algorithm was used to find the
maximum initial charging current of a single cell under various ambient temperatures. According to the
previous analysis, the maximum initial charging current changed monotonously with the increase of
ambient temperature, so it was only necessary to find the current at the maximum and minimum temper-
atures. The temperature and initial conditions were set first, and then Li plating overpotential 15 was calcu-
lated according to the model. Finally, the maximum initial charging current was obtained when 7, equaled
0V through iteration. When the ambient temperature range was —20°C-40°C, the maximum initial current
of a single cell varied between 5.96 A-6.01 A, which is about 1.2C. Therefore, under different ambient tem-
peratures, the initial charging current can be selected as the same value. For convenience, 2C was selected
as the initial charging current in consideration of all charging situations such as directly charging after dis-
charging without shelving. In other words, for a parallel battery pack, the initial input total current is the
current of a cell multiplied by the number of branches. At the same time, as the charging process goes
on, the overpotential will decrease, requiring subsequent control.

After the initial total current is input to the parallel battery pack, the Li plating overpotentials of all single
cells are continuously monitored. The minimum value of all overpotentials is obtained through the mini-
mum calculation module, which subtracts the reference value of Li plating 0 V. The result of subtraction
is then entered into a proportional integration (Pl) controller with a proportional parameter of 0.01 and
an integral parameter of 0.00005. It should be noted that the parameters of the Pl controller were obtained
by the tuning method (Kull et al., 2020). Therefore, a closed loop optimization of charging current is realized
by adjusting the charging current according to the output of the Pl controller. It should be noted that in the
charging process, the temperature will rise, which will affect the internal process of the cells. The PI
controller can comprehensively control these effects. In addition, the external performance parameters
of all cells are constantly logged into the workspace for further analysis.

DISCUSSION

Battery pack performance without MLPOC

To verify the control effect of MLPOC under various ambient temperatures, the simulations of battery pack
with and without MLPOC under 2C and 1.5C was carried out under the ambient temperature of 0°C. Fig-
ure 9 shows the simulation results in one cycle under 2C and 0°C without MLPOC. When the average current
is 1.5C, the simulation results without MLPOC in one cycle are shown in Figure S2. As shown in Figure 9A,
the battery pack voltage is always below or above those of all the cells during the whole process, mainly
because of the interconnection resistance between parallel branches. Figure 9B describes the change pro-
cess of Li plating overpotentials. Combined with the changes of all the cells, in the late discharging process,
the overpotentials presents a rising trend overall. This is because the cell temperatures increase with the
working process, which improves the working environment of the cells to some extent. In addition, it
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Figure 9. Simulation results without MLPOC under 2 C and 0°C
(A-D) (A) Voltage, (B) Li plating overpotential, (C) Current distribution, and (D) Temperature change.

can be seen that the Li plating overpotential of cell By is below 0V during the whole charging process, that
is, it has the risk of Li plating during the whole charging process. As shown in Figure 9C, the current fluc-
tuation of cell By is the largest in the charging and discharging process. This is because the cell is located
closest to the external structure in the parallel circuit and is most affected by the inconsistency of the bat-
tery pack. It should be noted that cell By has the largest charging current of all cells at the start of charging,
reaching 20 A (i.e., 4C). Figure 9D describes the temperature changes of the cells. Because the heat gen-
eration rate is closely related to the current, the temperature change is related to the current. For example,
during the charging process, the current of cells By and B, decreases and increases respectively, resulting in
their heat generation rate decreases and increases respectively; and during discharging, the temperatures
of the cells increase gradually. As shown in Figure S2D, the temperature of cell B, even decreases slightly at
the end of discharging.

Obviously, with the higher current, the risk of Li plating is higher. In this case, Li plating overpotential of cell
B was negative during the charging process, and all cells would undergo Li plating to varying degrees,
resulting in huge capacity loss. Without any control, side reactions can result in huge capacity loss and
high safety risks under constant charging of high C-rate and low temperature. Specific quantitative analysis
will be discussed in the next section. Therefore, for parallel battery packs, a reasonable active charging con-
trol strategy under various ambient temperatures is very necessary.
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Figure 10. Simulation results with MLPOC and some without MLPOC under 2 C and 0°C
(A-F) (A) Voltage, (B) Li plating overpotential, (C) Current distribution, (D) Total current, (E) Temperature change, and (F)
Capacity loss with and without MLPOC.

Battery pack performance with MLPOC

Figure 10 shows the simulation results of the battery pack model with MLPOC and some without MLPOC
under 2C and 0°C in one cycle. At the beginning, the discharging process with MLPOC is identical with that
of 2C without MLPOC. Once the charging process starts, the control strategy takes effect. As shown in Fig-
ure 10A, because of the use of MLPOC, the voltage does not rise rapidly at the start of charging as that
without MLPOC. Figure 10B shows the change of Li plating overpotential during one cycle, especially
comparing the Li plating overpotential of cell By at the start of charging with and without MLPOC. In the
local magnified image of Figure 10B, the solid line represents the Li plating overpotential with MLPOC,
and the dotted line represents that without MLPOC. The sudden reversal of current may lead to a huge
drop of Li plating overpotentials, in which the lowest overpotential immediately causes the response of
the PI controller. This results in a corresponding interference signal, so that the input total current is
reduced, which makes the minimum Li plating overpotential maintain at the reference value of 0 V. In
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Table 1. Comparison of the charging process with or without MLPOC under 2C and 0°C

Charge scheme for parallel Charge Charge Charge Capacity
battery pack time (s) capacity (Ah) capacity rate (—) loss (mAh)
2C and 0°C w/o MLPOC 525 9.41 31.37% 13.44

2C and 0°C w MLPOC 1964 20.50 68.33% 8.43

addition, the input total currents of the battery pack with and without MLPOC during the whole process are
compared in Figure 10D. It should be noted that at the beginning of charging, the electrochemical reaction
inside the cells was violent because there was no rest after discharging. It caused the Li plating overpoten-
tial curve in Figure 10B to drop sharply and then rise. Therefore, there would be a little Li plating at that
time. However, it would not have a serious effect on the cells, because Li plating cannot be completely
avoided (Chen et al., 2021) and can be restored (Hein et al., 2020). The variation of current distribution is
shown in Figure 10C. Obviously, during charging, the current of cell B is always the largest among all
the branch currents, so cell By becomes the cell with the lowest Li plating overpotential. Figure 10E shows
the temperature change. As the charging current decreases, the heat generation rate decreases, and the
cells are gradually difficult to maintain a high temperature. Thus, the temperatures of all the cells show a
trend of decline in the late charging phase. If thermal management is added to the model to make the
ambient temperature of the cells rise, the model can be further improved to increase the superiority of
the control strategy. This is also the direction of further research. The capacity losses caused by side reac-
tions with and without MLPOC are shown in Figure 10F. Without MLPOC, the branch currents of cells B; and
B, are higher, resulting in a more severe capacity loss. At the same time, the inconsistency of current dis-
tribution leads to highly inconsistent degradation among the six cells. With MLPOC, the capacity loss and
the inconsistency are significantly smaller. In addition, due to the maximum current, cell By always has the
greatest capacity loss.

As a comparison, the simulation results under 1.5C and 0°C are shown in Figure S3. It should be noted that
1.5C is close to the maximum initial charging current of a cell without Li plating, which is obtained in Chap-
ter 3. Therefore, the capacity loss in the charging process under 1.5C is relatively mild compared with that
under 2C. Nevertheless, MLPOC can eliminate the risk of Li plating successfully, which keeps the minimum
Li plating overpotential at 0 V.

After the simulation, some indicators during the charging process are counted. The statistical results of 2C
and 1.5C are shown in Tables 1 and S2, respectively. Table 1 shows the quantitative results of charging pro-
cess indicators with and without MLPOC under 2C and 0°C. It should be noted that the CC-CV protocol was
not used in this study, mainly because the CC-CV protocol would cause the current to drop when the
voltage of cell By reached the cut-off voltage of 4.2 V, which would lead to confusion and make it difficult
to distinguish the contributions of MLPOC and the CV phase. Therefore, the results of MLPOC are only
compared with those of the CC phase. Under 0°C and without MLPOC, the simulation results of charging
capacity at CC stage show a downward trend with the increase of C-rate. However, lowering the charging
current inevitably increases the cost of charging time, and there is no guarantee that Li plating will not
occur. In contrast, MLPOC can increase charging capacity while ensuring minimal Li plating. For charging
time, the charging capacity of the parallel battery pack is 20.50 Ah in 1964 s, which is equivalent to charging
the battery pack at a constant current of 37.58 A (i.e., 1.25C). In addition, the effect is significantly better
than the fast charging of CC-CV of 1C. In fact, compared with Tables 1 and S2, the final charging indicators
of 2C and 1.5C are similar under 0°C with MLPOC, except that the capacity loss under 1.5C is a little better
than that under 2C. This is because MLPOC controls the total current of charging. Comparing Figures 10D
and S3D, the shape of the total current is very similar at the late charging phase. Therefore, the selected
initial total current has little influence on MLPOC, whose influence is mainly reflected in the control results
at the start of charging. If the initial total current of charging is selected too large, the minimum Li plating
overpotential will be too small, resulting in very drastic current changes, which may cause damage to the
hardware circuit. Therefore, it is important to choose the initial total current of charging reasonably.

Conclusions

This study established a battery model for a single cell by coupling a single particle model with electrolyte,
degradation model, and thermal model, which could accurately describe battery performance under
various ambient temperatures. On this basis, six cell models were connected in parallel, considering the
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contact resistance and wire resistance, and the parallel battery model was established. A parallel battery
pack charging strategy based on minimum potential was then adopted based on the provided model. It
could achieve minimum Li plating overpotential control under various ambient temperatures to keep
the minimum Li plating overpotential at 0 V. The ambient temperature and total current were input, and
MLPOC took the minimum Li plating overpotential of all the cells as feedback for the controller, thus adjust-
ing the input total current of the battery pack to avoid Li plating. Here, the PSO algorithm was used to find
the maximum initial charging current of a cell under various ambient temperatures. Combined with the
actual situation, an appropriate total current value for input was selected. Finally, the charging perfor-
mances of battery packs with and without MLPOC were simulated at 1.5C and 2C under 0°C ambient tem-
perature, and their results were compared. Comparative results showed that MLPOC could effectively keep
the minimum Li plating overpotential at 0 V under various conditions, and reduced the capacity loss caused
by Li plating. Although the charging time of MLPOC was relatively long, the total charging capacity of the
parallel battery pack was improved. In addition, the charging time of MLPOC was still less than that of the
CC-CV fast charging of 1C.

The charging strategy based on MLPOC fits with the battery digital twin framework. Sensors can be added
to the batteries, which will realize the impact of physical entity to digital model to achieve digital twin.
Meanwhile, it can also provide a new perspective for the application and promotion of V2G, which leaves
room for further study.

Limitations of the study

This charging strategy was simulated only by a parallel circuit structure. Different circuit models may pre-
sent different current distributions, which are worth studying in the future. At the same time, considering
the interaction of the cells in the battery pack, the model of thermal management can be further added
to the battery pack model to study the relationship between thermal management system and charging
strategy in the future.

NOMENCLATURE

List of symbols
a, specific interfacial area (m~")
A, convective surface area of the cell (m?)
¢ Li-ion concentration (mol m~3)
C, specific heat capacity (J kg’1 K="
D diffusion coefficient (m? s™")
EY

. thermal activation energy corresponding to ¥ (J)

F Faraday constant (C mol~")

h convective heat transfer coefficient (J m2s~' K™

I whole cell current externally provided (A)

i whole cell current density externally provided (A m—2)
iapp applied current density (A m~2)

ilpi  reaction current density of Li plating (A m—2)

iy reaction current density of SEI growth (A m~2)
iojpl exchange current density of Li plating (A m~?)
s exchange current density of SEl growth (A m~2)
jn molarion flux (m2mols™)

k reaction rate constant (m?> mol™%>s7")

L thickness of electrode (m)

Ms molecular weight of SEI (kg mol™")

Mg molecular weight of Li metal (kg mol™")

r radius (m)

R ideal gas constant (J mol~" K~

Riim  SEI film resistance (Q)

Réiim,0 initial SEI film resistance (Q)

Rs radius of electrode particle (m)

t time (s)

0 Lj transference number (-)
T cell temperature (K)

~+
a

Tamb  ambient temperature (K)
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Tief reference temperature (K)

U equilibrium potential of electrode (V)

Ul equilibrium potential of Li plating (V)

Us equilibrium potential of SEI growth (V)

V  terminal voltage for single cell (V)

x stoichiometric number of electrode ()
Greek letters

Ofilm  thickness of the film (m)

e volume fraction (—)

n electrochemical overpotential (V)

Mpl  overpotential of Li plating (V)

ns overpotential of SEI growth (V)

x conductivity (S m~")

ks conductivity of the film (S m~")

p density of the cell (kg m )

pip density of Li metal (kg m™

ps  density of SEI (kg m~3)

¢ potential (V)

¥ property of interest (unit that varies with the physical quantity)

W, property value defined at the reference temperature T, (unit that varies with the physical quantity)
Superscripts

- anode, negative electrode

+ cathode, positive electrode

)

sep separator
Subscripts

s solid phase

e liquid phase

eff effective

sur surface

max maximum

n negative electrode

p positive electrode
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METHOD DETAILS

The single cell model consists of SPMe, degradation model and thermal model, explained in detail in this
section. It should be noted that the processes in the following equations are related to time, and the time
variable tis not written in the processes for convenience.

Single particle model with electrolyte

The terminal voltage of the battery is calculated by the solid phase potentials ¢, as shown in (Equation 1).
According to the electrochemical overpotentials n and equilibrium potentials U, the solid phase potentials
of cathode and anode are defined as Equations (2) and (3), which are related to the state of lithiation. Note
that due to considering side reactions, the total current density i is the sum of the applied current density
iapps SEI growth current density is, and Li plating current density i), as shown in (Equation 4). At the same
time, it should be noted that the resistance of the film on the cathode is ignored due to the little effect.

V=9 — o5 (Equation 1)

¢o =1 g+ U (Equation 2)

P =N +o.+U + :_ﬁlfi (Equation 3)
i= iapp +is + ilpl (Equation 4)

The electrochemical overpotentials for anode and cathode follow the Butler-Volmer (BV) equation, which
can be approximated as Equations (5) and (6). The equilibrium potentials are related to the state of lithia-
tion of the electrodes. The equilibrium potential of the anode adopts a fitting function, as shown in (Equa-
tion 7). The stoichiometry of the anode x,, is defined by the surface and maximum lithium concentration of
the solid phase, as shown in (Equation 8). The equilibrium potential and x, of the cathode were tested by
the half-cell experiment, which can be found in our previous study (Liu et al., 2019a).

n- = 2RTsinh’1 Jn.

F
2k5ff Cecs:sur(cs:max - C.{sur)

(Equation 5)
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i+
7t = 2RTsinh’1 Jn (Equation 6)
F
Zkgff\/cecgsur(c;max_ c;,sur>
U~ = 0.7222+0.1387x, + 0.029x%5 — O'(i172+0'2?519+O.2808e(°'9‘15x") — 0.7984¢(0:4465% ~0.4108)
(Equation 7)
X, = 555—””7 (Equation 8)

As mentioned above, the active material for each electrode is assumed to be a particle. The diffusion in the
solid phase follows the Fick’s law as (Equation 9), and the boundary conditions for both anode and cathode
can be expressed as Equations (10) and (11). At the particle surface, the flux of lithium-ion concentration is
related to the applied current; while at the particle center, the flux of lithium-ion concentration is not
allowed.

+ +
ag; _ %%[Dsirza;i} (Equation 9)
+
aac; - 0,(r=0) (Equation 10)
dct fa .
8; - iﬁgqu (r = RY) (Equation 11)

The diffusion of lithium-ion in the liquid phase follows (Equation 12). The boundary conditions of the entire
battery domain can be expressed as Equations 13, 14, 15, 16, and 17. It should be noted that ¢, represents
the lithium-ion concentration in the liquid phase, and the superscript of ¢, represents different regions of
the battery. The boundary conditions are as follows: (1) at the boundary positions where the two electrode
regions contact with the current collectors, there are no liquid lithium-ion concentration gradients in the x
direction; (2) at the junctions of the anode and the separator as well as the cathode and the separator, the
liquid lithium-ion concentrations on both sides of the interfaces are equal, and the concentration gradients
are also equal considering the property of the pore.

j0ce 0 [y Oce 11t .

e = ax|Peetgy t T o] € {—,sep, +} (Equation 12)
9ca(0)  dca(L +LP+L*) 4

Fa i =0 (Equation 13)

e (L7) = cP(L7) (Equation 14)

SP(L™ + L°%P) = ¢ (L™ + L°°P) (Equation 15)
,acei(Li) se aC:ep(Lf) H

D, — = = p— 7 E 1
e eff ox ™ (Equation 16)

AT (L~ + LseP) L Oct (L= +Leer)
= e,eff
0x 0x

Where, t0 is the Li transference number, Dje‘eﬁr = De~(s';)1’5 is the effective liquid phase diffusion coefficient

D% (Equation 17)

of lithium-ion, which is given by Bruggeman relation. The ionic current densities i, in the regions for anode
and cathode are shown in (Equation 18), and its boundary conditions are shown in (Equation 19), where j, is

sef
[

molar ion flux. There is no molar ion flux in the diaphragm region, i.e., af)x = 0.
oit I .
Fvle a; Fjr (Equation 18)
e (0) =if(L-+L*+L")=0 (Equation 19)

Based on the above Assumption [A2], it can be further concluded that j* is a fixed value in the correspond-
ing electrode region and does not change with the position in the direction of the electrode plate thick-
ness. By combining Equations (18) and (19), it can be expressed that the molar ion flux is proportional to
the current, as shown in (Equation 20). Therefore, the distribution of ion current density i, and molar ion
flux j,, in the direction of the electrode plate thickness are shown in Figure 2.

- bpp . _ lapp 4
e Tl (Equation 20)
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By combining Equations (12), (18) and (20), the liquid phase diffusion equation of lithium-ion can be
deduced as shown in Equations 21, 22, and 23, and the boundary conditions are the same as Equations
13, 14,15, 16, and 17. Here, the SPMe model contains partial differential equations (PDEs) to represent
the concentration, which can be solved by finite difference method or finite volume method.

9. 0 [Doe~0c.”] 1-1°
?;f - G_X[ :efi gi( } *e fFLCJapp (Equation 21)
acP 9 |DXT, .
ot ox gSéPﬁ x (Equation 22)
e
dc; _ 0 [Deegdcy] 1 -1 .
at  ox [ et ax} T erFL PP (Equation 23)

The PDE of the electrolyte potential is shown in (Equation 24), whose boundary conditions are shown in
Equations 25, 26, and 27. The PDE describes the process of the liquid phase lithium-ion conduction in
the regions of the anode, separator, and cathode.

i 0p, i 2RT dlnc, . .
KLge ax ’je+KJeff?(1 - tf) X IS {—,sep7 +} (Equation 24)
¢. (0) =0 (Equation 25)
9. (L7) = ¢2P(L7) (Equation 26)
P(L™ + L) = o (L™ + L) (Equation 27)
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Where, kL = k- (eb) ~ is the effective liquid phase conductivity of lithium-ion, which is given by Bruggeman
relation. The electrolyte potential difference is obtained by integrating (Equation 24) with respect to x
across the entire cell width:

- sep + - sep +
eff Keff Keff CS(O)
The liquid phase potential difference can be calculated by substituting the calculated liquid phase lithium-
ion concentration. At this point, the required calculated physical quantities are substituted into (Equation 1)
to find the corresponding terminal voltage value. It should be noted that the output of terminal voltage is
only a nonlinear function of current, and other variables are parameters or current dependent.

(Equation 28)

A block diagram of SPMe is shown in Figure 3. The model includes: (1) two spherical diffusion PDEs which
simulate the electrode dynamics of solid phase concentration distribution; (2) PDEs across three regions
which simulate the electrolyte dynamics of liquid phase concentration distribution; (3) a nonlinear output
function which maps conditions, such as solid phase concentration, liquid phase concentration, and current
boundary value, to voltage. It should be noted that the ¢, ¢s ~, ¢ subsystems in Figure 3 are independent
of each other.

Degradation model

In this model, we assume that the main degradation modes can be attributed to the growth of SEl film and
Li plating on the anode surface, which consume recyclable lithium by thickening the passivation layer and
forming Li dendrites, respectively. These two side reactions can cause permanent capacity loss externally,
or even lead to catastrophic accidents like thermal runaway under some extreme conditions such as fast
charging and low temperature charging (Li et al., 2019).

In general, the growth of SEI film and the reaction of Li plating can be described by BV equation with Tafel
approximation, as shown in Equations (29) and (31) respectively, where their overpotential can be defined
as Equations (30) and (32) respectively. To be clear, iy s and ip represent the current density of the reac-
tions. Note that the equilibrium potentials of SEI film and Li metal are assumed to be 0.4V and 0V, respec-
tively (Yang et al., 2021). When the driving overpotential of Li plating becomes negative, the Li plating
reaction will be triggered (Ge et al., 2017).

J = — io_sas’exp( - %ﬂs) (Equation 29)

Ny = @, — @ — Us — a%Rfi|m (Equation 30)
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Jpl = — lojpla@s exp(f ﬁn\pl) (Equation 31)
J .

Mol = @5 — P — Uil — ;Rfilm (Equation 32)

The film thickness growth rate and the resistance can be described as a combination of the two side reac-
tions, as shown in Equations (33) and (34). To be clear, Ms and M), are the molecular weights of SEI film and
Li metal respectively; p, and py,| are the densities of the two substances respectively; «; is the conductivity of
the film.

00fiim _ JsMq _ lel Mlpl

ot aspF aspuF

(Equation 33)

5ﬁ|m
Riim = Rfiimo + P

(Equation 34)

s

Thermal model

The heat generated by LIBs in the working process can be divided into two categories: reversible heat and
irreversible heat (Reniers et al., 2019). Reversible heat is due to the entropy change of open circuit voltage
with temperature change. Irreversible heat is generated by the overpotentials, which includes ohmic heat,
enthalpy heat, reaction heat and mixing heat. For convenience, the thermal model is simplified in this pa-
per. Considering the stable electrochemical performance, good transmission characteristics and limited
concentration gradient of commercial batteries, the heat generated by entropy change, enthalpy heat
and mixing heat can be ignored. The ohmic heat and reaction heat considered are defined as Equations
(35) and (36), and the energy balance law is described as (Equation 37), where C, is specific heat capacity,
his convective heat transfer coefficient, A is convective surface area, T is battery Temperature, and Tymp is
ambient temperature. It should be noticed that the interaction of temperature among cells is not consid-
ered in this battery pack model. That is because the temperature change of the simulated cell is small, and
the battery pack has fewer cells and simple structure which is the cells in a row.

ge = PRim (Equation 35)
g =1In"—n") (Equation 36)

0 T
% = qe+qj - hAs(T - Tamb) (Equation 37)

The effect of temperature on the electrochemical process can be described by Arrhenius equation, as
shown in (Equation 38), where the W, represents the property of a parameter at the reference
temperature.

E¥ 1 1
Y = 'Prefexp[ "a?ct (T - ?)} (Equation 38)

¢? CellPress

OPEN ACCESS

iScience 25, 104243, May 20, 2022 19




	Parallel battery pack charging strategy under various ambient temperatures based on minimum lithium plating overpotential c ...
	Introduction
	Results
	Parallel battery pack model
	Single cell model
	Parallel circuit model

	Charging strategy based on minimum Li plating overpotential control

	Discussion
	Battery pack performance without MLPOC
	Battery pack performance with MLPOC
	Conclusions
	Limitations of the study

	Nomenclature
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Method details
	Single particle model with electrolyte
	Degradation model
	Thermal model






