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The sales revenue of battery recycling resources is mainly from the sales of lithium, cobalt,
nickel, and other metal materials. It is assumed that all recovered metal materials can be fully reused.
The calculation equation is as follows:

Cp2 =
∑

j

(
Pj ·Qj ·RRj

)
(12)

where the Pj is the price of the metal j, note that the price of various metals in 2018 is taken in this
paper, as shown in Table 5 [10]; Q j represents the recyclable amount of the metal j in retired batteries
per kWh; RRj represents the recovery rate of the metal j, which is determined by the current recovery
technology, as shown in Table 5 [10].

Table 5. Average market price and recovery rate of raw metal materials for power battery (2018).

Element Type Lithium Cobalt Nickel Manganese Aluminum

Average price (€/t) 117,828 77l,769 3600 1858 1845
Recovery rate 85% 98% 98% 98% 90%

Retired battery purchase cost: the initial purchase cost of the retired LIP battery is the same as
that of the echelon utilization analysis, referring to the average industry price. As for the battery after
echelon utilization (LIP battery), this paper assumes that the repurchase cost will be greatly reduced
when recycling due to the large performance degradation. This paper takes the average price of the
industry, about 3.87 €/kWh [10]. However, for the TL battery with high energy density and metal
resources, this paper assumes that the purchase cost of TL battery to LIP battery is proportional to the
price ratio of the new batteries.

Cost of battery dismantling and recycling: the wet recovery method is widely used in the industry
at present. This method extracts the required metal materials after soaking the cathode materials with
chemical reagents. According to the current technical level, the cost of dismantling and recovering
the LIP battery is about 7.55 €/kWh, and the cost of recovery of the TL battery (NCM523) is about
12.58 €/kWh [15].

Battery transportation cost: only intercity transportation is considered because dismantling and
recycling enterprises would be near the power battery recovery areas generally. At the same time,
its calculation method is the same as that in the echelon utilization model.

Based on the above model, the TL (NCM523) battery and the LIP battery are calculated.
Among them, the TL (NCM523) battery is analyzed in terms of the abovementioned mode I (recycling
directly after retirement), while the LIP battery is analyzed in terms of mode I and mode II (recycling
after echelon utilization). The evaluation results of battery recycling are shown in Figure 9.

Figure 9. Analysis of the economic benefits of recycling of the retired power battery.
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It can be seen from the figure that the TL battery (NCM523) has a high recycling income with a
profit of about 11.41 €/kWh, which is mainly due to the large number of metal materials contained
in the TL (NCM523) battery. However, due to the low value of reusable materials, if the LIP battery
is recycled directly, it will cause a loss of 8.77 €/kWh. If the government begins to implement the
mandatory recycling of retired power batteries, the loss will become an additional cost for enterprises.
However, if the LIP battery is first used in echelon utilization and then disassembled for recycling,
the profit of 0.79 €/kWh from battery recycling can be realized. It is equivalent to reduce the use cost of
LIP battery when recycling after echelon utilization.

6. Overall Analysis of Retired Power Battery Reusing

The following is an analysis of the overall economic benefits of the power battery reusing of NEVs.
Meanwhile, a comparative analysis of the use economy of TL (NCM523) battery and LIP battery from
the perspective of industrial concerns is conducted.

According to the industry average data, the selling prices of TL battery (NCM523) and LIP battery
are 155 €/kWh and 129 €/kWh at present, respectively [34]. Combined with the above economic benefit
evaluation results of echelon utilization and recycling, the use costs of two power batteries in NEVs
can be calculated. Note that the use cost represents that enterprises need to pay for the use of the
power battery. The specific calculation equation is as follows:

Pu = Pp − Pc − Pr (13)

where the Pu indicates the cost of using the battery; Pp represents the original battery price; Pc indicates
the profit of the echelon utilization of retired power battery. Note that the profit is zero if echelon
utilization is not carried out; Pr represents the profit of recycling of retired power batteries.

The specific calculation results are shown in Figure 10. For the LIP battery, if it is recycled directly,
its cost will increase. However, if the echelon utilization with the appropriate scenario is implemented
(Figure 10 shows the minimum benefit in the low-performance power battery scenario, which is
the electric special vehicle scenario), the use cost of the LIP battery will be significantly reduced to
105.3 €/kWh. Thus, the best reusing mode is to carry out primary echelon utilization and then recycle
for the LIP power battery.

The list in Figure 10 shows the change of the use cost of the TL (NCM523) battery and the LIP
battery in different reusing modes relative to the original price of the TL (NCM523) battery. It can be
found that the use cost of the LIP battery recycling directly is 5.5 €/kWh, or 3.9% lower than that of the
TL (NCM523) battery. Nevertheless, it weakens the cost advantage of the original LIP battery compared
with the TL (NCM523) battery. Instead, the use cost of the LIP battery after echelon utilization and
recycling could be 38.2 €/kWh lower than the TL (NCM523) battery, or about 27%. There is a 23.1% cost
reduction potential for the echelon utilization of the LIP battery if regulations mandate battery recycling.
This will improve the cost competitiveness of the LIP battery further. However, there is no feasible
technical scheme for the echelon utilization of the TL battery at present. If we can make a breakthrough
in this aspect in the future, it may improve the cost-effectiveness of the TL battery significantly.

According to the technological roadmap for energy-saving and new energy vehicles in China,
the industry-wide unit cost of a battery pack will be reduced to 104 €/kWh in 2025 and 73 €/kWh in
2030 [9]. In this paper, we assume that the price of the LIP battery is the same as the technological
roadmap. The price of the TL battery is assumed that the degree of reduction is the same as that of LIP
battery, as the technological roadmap suggested. Moreover, there is no available cost data for the battery
reusing technological progress. The dismantling and recycling techniques for recycling and detection
and regrouping techniques for echelon utilization are assumed to keep constant. The transportation
cost in reusing is assumed to be constant. The other costs are assumed to be proportional to the
battery prices.
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Figure 10. Comparison of use costs of NCM523 battery and LIP battery.

Therefore, according to the abovementioned assumptions, the use costs of the TL and LIP batteries
could be predicted, as shown in Figure 11. It could be seen that the use costs of power batteries are
decreased with the battery prices decreased regardless of the varieties of batteries. The TL battery
could reduce to 89.1 €/kWh in 2030 by recycling directly. The LIP battery could reduce to 72.5 €/kWh in
2030 by recycling after echelon utilization. It should be noted that the extent of reduction of the use
cost of TL batteries is more than that of the LIP battery due to the assumption that the reusing technical
progress cost is constant. In fact, the cost of recycling technology reduces with the development of
technology gradually, so the use cost of the LIP battery will be relatively lower than the TL battery.

Figure 11. The use costs of different power batteries with the battery prices decreased.

7. Policy Suggestion

Based on the research and evaluation of the critical issues in the reusing of retired power batteries,
this paper proposes some policy suggestions for the government and enterprises. First, China is about
to usher in the peak period of retired power batteries, and mandatory recycling is imminent by the
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government. The relevant enterprises should make arrangements and preparations in advance so as
to meet the regulations. Second, while multi-level echelon utilization is practical in theory, it is not
economically feasible at present. In the industrial practice, more attention should be paid to the first
level of echelon utilization in the future. At the same time, the two-level echelon utilization scheme
should be considered properly according to the urgency of the scene demand. Third, the feasibility and
profit of the echelon utilization are highly dependent on the requirements of battery performance at
each utilization stage, implying the importance of performance matching. Thus, special consideration
should be given to the huge market potential of energy storage in China. Besides, the future design
of NEV power batteries may need to give due consideration to the performance requirements of the
energy storage battery. Finally, the TL battery can only be recycled directly, while the LIP battery is
suitable for echelon utilization and recycling at present. This would further improve the cost advantage
of the lithium iron phosphate battery. Therefore, automotive enterprises should manage the power
battery from the perspective of the whole life cycle to achieve the lowest use cost.

Looking forward to the future, it is imperative to reuse the retired power battery of NEVs. With the
decrease of the battery price and the maturity of the reusing technology, the revenue from the reuse
of retired power battery will be further improved. The government and related enterprises should
increase the research of battery materials and recycling technology so as to reduce the price of batteries
and the cost of recycling. Besides, the use cost of the LIP after reusing is lower than TL batteries;
the enterprise should make it a key factor in determining the power battery technology route in
the future.

8. Conclusions and Limitation

This paper aims to reveal the critical issues for power battery reusing of NEVs in China by the
strategic value analysis and building the economic benefit model. Based on the results and discussion,
some conclusions could be drawn:

1. Power battery reusing has three aspects strategic values such as protecting the environment and
eliminating potential safety problems of retired power batteries, realizing resource recovery and
reducing the risk of battery material supply and reducing the use cost of power battery and then
improving the competitiveness of NEVs.

2. The echelon utilization of retired LIP batteries would be profitable if the relevant industry chain
could be coordinated. The primary echelon utilization of retired LIP could obtain the maximum
profit in the E-Bike application scenario of 30.21 €/kWh. While the profits of two-level echelon
utilization are relatively lower. Thus, more attention should be paid to the first level echelon
utilization in the future.

3. The TL battery (NCM523) has a high recycling income with a profit of about 11.41 €/kWh, while
the LIP battery is recycled directly, causing a loss of 8.77 €/kWh for LIP recycling directly. Instead,
if the LIP battery is first used in echelon utilization and then disassembled for recycling, the profit
of 0.79 €/kWh from battery recycling can be realized.

4. The use cost of the LIP battery after echelon utilization and recycling could be 38.2 €/kWh lower
than the TL (NCM523) battery recycling directly. This would further improve the cost advantage
of the lithium iron phosphate battery. Hence, the best reusing mode for the TL battery is recycling
directly, while the LIP battery is suitable for echelon utilization and recycling at present.

5. The use costs of power batteries are decreased, with the battery prices decreased regardless of the
varieties of batteries. The TL battery could reduce to 89.1 €/kWh in 2030 by recycling directly.
The LIP battery could reduce to 72.5 €/kWh in 2030 by recycling after echelon utilization.

However, it should be noted that this study is based on the ideal assumption that every link
of recycling has been fully coordinated. Meanwhile, the model assumes the cost of dismantling
and regrouping at the first-level and second-level echelon utilization is the same, while the cost of
dismantling and regrouping at the second-level echelon utilization is higher. Therefore, we will refine
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the model by taking these limitations into consideration and improve the accuracy of the model in
future work.
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Abbreviations

NEV New Energy Vehicle
ICEV Internal Combustion Engine Vehicles
MEV Micro Electric Vehicle
ESV Electric Special Vehicle
E-Bike Electric Bike
CBS Communication Base Station
REPS Renewable Energy Power Station
PMG Parallel Micro-grid
LIP Lithium Iron Phosphate batteries
TL Ternary Lithium battery
LA Lead-acid battery
DOD Depth of Discharge
NCM523 Ni0.5Co0.2Mn0.3 ternary lithium battery
NREL National Renewable Energy Laboratory
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Abstract: The power from lithium-ion batteries can be retired from electric vehicles (EVs) and can be
used for energy storage applications when the residual capacity is up to 70% of their initial capacity.
The retired batteries have characteristics of serious inconsistency. In order to solve this problem, a
layered bidirectional active equalization topology is proposed in this paper. Specifically, a bridge-type
equalization topology based on an inductor is adopted in the bottom layer, and the distributed
equalization topological structure based on the bidirectional BUCK-BOOST circuit is adopted in the
top layer. State of charge (SOC) is used as the equalization target variable, and the bottom layer
equalization algorithm based on a “partition” idea and route optimization is proposed. The static
equalization experiments and charge equalization experiments are performed by the 12 retired
batteries selected from an electric sanitation vehicle. The results show that the proposed equalization
method can reduce the SOC difference between retired batteries and can effectively improve the
inconsistency of the retired battery pack with a faster equalization speed.

Keywords: retired batteries; energy storage applications; layered bidirectional equalization;
equalization algorithm

1. Introduction

The number of electric vehicles (EVs) has grown rapidly due to increasing anxieties of environment
deterioration and shortages of fossil fuels in recent years. Lithium-ion (Li-ion) power batteries are
the main types of power batteries used in EVs because they offer a low self-discharge rate, high
energy density, long cycle life, reasonable usage cost, and non-pollution [1–4]. Nowadays, battery
manufacturers and governments are facing great pressure to recycle and dispose of batteries, because a
large number of lithium-ion batteries are retired from EVs for safe operation and longer driving range
after being employed in EVs for a few years [5]. However, the retired lithium-ion batteries’ capacity is
70% to 80% of their initial capacity, and the certain residual capacity can be used for energy storage
in an electricity grid after they are tested, selected, and classified [6,7]. The accumulatively installed
capacity of electrochemical energy storage projects reached 1072.7 MW in China by the end of 2018,
and out of all electrochemical energy storage projects in China, the quotient of lithium-ion batteries
was maximal and achieved 70.7% [8]. However, of all the global energy storage projects, the quotient
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of electrochemical energy storage projects is very small. One of the key factors is exceptionally costly.
Low-cost retired batteries bring opportunities and the potential for energy storage. Retired batteries,
after being classified and regrouped, have no sharp capacity attenuation and still have good discharge
ability. They can be employed for energy storage systems, which could help to reduce the initial cost
of EVs’ owners, reduce the cost of an energy storage system, and avoid energy waste and secondary
pollution to the environment [9]. Several studies have shown, by establishing reasonable retired battery
cycle life models, by using cost models, as well as by estimating retired battery cycle life accurately and
controlling the depth of discharge, that the cycle life of second-use retired batteries can be prolonged,
and the economic benefits of retired batteries used for energy storage are considerable [10–13]. Due
to the limited voltage and capacity of a single battery cell, retired Li-ion power batteries need to be
connected in series or in parallel to be used for an energy storage system [14]. However, because
of the factory differences of batteries, environmental factors, and long-term use, the inconsistency
between the retired batteries is more serious than that of the new batteries, which is the bottleneck of
second-use retired batteries, and may result in low available capacity of a battery pack, a short cycle life,
and security risks caused by over-charge and over-discharge [15,16]. Therefore, executing equalization
is necessary before a second-use of retired batteries, and appropriate and better equalizers are critical.

Battery equalization is generally classified into two categories, passive equalization and active
equalization. Passive equalization is an energy dissipative equalization method, which is achieved by
using the resistors added at both ends of the battery to consume the excessive energy of the battery [17].
This is a simple and low-cost method, but it has some disadvantages, such as energy waste, serious
resistance temperature rise, and slow equalization speed [18].

Active equalization transfers energy between batteries, and has advantages with high energy
transfer efficiency and a shorter equalization time in comparison to passive equalization [19]. The studies
focus on equalization topologies and equalization algorithms. Equalization topologies mainly include
switched capacitor type, inductor type, and transformer type. The topology using a capacitor to transfer
energy from a higher voltage battery to a lower voltage battery has the advantage of higher equalization
efficiency, but the equalization time is long and the cost is high [20]. A bidirectional cell-to-cell active
equalization method using a multiwinding transformer is proposed in [21]. It gives a short balancing
path and guarantees a fast equalization speed. Improved transformer type topologies have a fast
equalization speed and high equalization efficiency, such as a bidirectional transformer topology based
on a DC/DC converter, which is proposed for active equalization in [22], and a bidirectional flyback
DC/DC converter, which is introduced for charge equalization in [23]. However, they suffer from
magnetic saturation, complicated switch sequence control, and high-voltage stress of rectifier diodes.
Many equalizers based on an inductor are designed in the literature. Dual-inductor based charge
equalizer energy is proposed for transfer energy from high-voltage cells to the battery module directly
in [24]. The advantages are that it is easy to implement, has a simple structure, and a simple control,
but it is not suitable when the batteries that need to be balanced are numerous. A multi-switched
inductor equalization circuit is designed in [25], and an inductor based equalization circuit is proposed
in [26] for constant-voltage/current charging and discharging, their topologies are simple and easy
to control, but could only transfer energy between adjacent batteries. An interleaved equalization
architecture based on a resonant LC converter and buck converter is proposed in [15], which can
exchange energy from a battery module to the next adjacent battery module and from a battery module
to a cell, and achieve high equalization efficiency and a large equalization current. However, when
the consistency of the batteries in the same module is poor, a more effective equalizer is needed.
Energy-bus battery equalization topology based on the Cuk circuit is proposed in [27], which allows
the cell-pack equalization. Numerous equalization algorithms have been researched, which mainly
include strategy based on open-circuit voltage (OCV) [24], a method based on voltage difference [16],
a method based on the state of charge (SOC) [23,26,28–30], and a method based on residual available
energy [31].
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Due to the large number and serious inconsistency of retired batteries, in this paper, a novel
layered bidirectional active equalization topology based on inductor for retired batteries for energy
storage is proposed. SOC is used as the equalization target variable. A bottom layer equalization
algorithm based on the “partition” idea and route optimization is employed. This paper is organized
as follows: In Section 2, the detailed retired battery sorting process is introduced and a retired
battery pack connected with 12 retired batteries in series is selected. In Section 3, a layered
bidirectional equalization topology based on an inductor is first introduced. We subsequently
propose a SOC-based bottom layer equalization algorithm based on the “partition” idea and route
optimization. In Section 4, static equalization and charge equalization experiments with 12 selected
retired batteries are implemented in order to verify the proposed equalization method and show the
equalization performance. The numerical results have shown that the proposed method is suitable for
the equalization of retired lithium-ion batteries for energy storage applications.

2. Selection of Retired Battery Pack for Equalization

2.1. Retiring Standards for Lithium-Ion Batteries

In practical applications, there are several situations in which electric vehicle power batteries
are retired: (1) the residual capacity of the power battery is reduced to less than 80% of the rated
value, and the running mileage is reduced seriously; (2) the power battery has been used for more
than five years, the performance of the battery has fallen seriously, especially in safety performance;
(3) the driving mileage of the EV is over 80 thousand kilometers; (4) the performance degradation of
one or a few cells in a battery pack, the difference with other batteries in the battery pack is obvious,
result in serious inconsistency of the battery pack, and the capacity of the battery pack declines rapidly
during use. In most cases, an individual battery cannot be replaced in the electric vehicle power battery
pack, so the whole battery pack must be retired.

2.2. Selecting Process of the Retired Battery Pack

After the power from lithium-ion battery packs is retired from EVs, the dump energies can be
used for the energy storage field. The retired battery pack studied in this paper retired from an electric
sanitation vehicle made by Dongfeng Automobile Co., Ltd in Wuhan, China. The factory parameters
of the power from lithium-ion battery are as follows: the rated capacity is 40 Ah, the nominal voltage
is 3.2 V, the internal resistance is 1 mΩ, the charging cut-off voltage is 3.6 V, the discharging cut-off
voltage is 2.5 V, and the standard charge and discharge current is 0.3 C. The whole retired battery pack
has 106 battery cells and consists of two layers. The echelon use of retired batteries for the energy
storage system is considered in this paper. Safety testing and consistency sorting are required before
the retired batteries are balanced. Firstly, through appearance screening, short circuit test, acupuncture
test, high-temperature test, and over-charge and over-discharge test, a total of 50 retired batteries with
good appearance and safety were selected. Secondly, OCV of 50 retired batteries was measured and
the voltage distribution of 50 retired batteries is shown in Figure 1. After removing 14 retired batteries
with a voltage less than 2.4 V, a total of 36 retired batteries with a voltage of between 2.4 V and 3.2 V
were obtained. Then, in order to prevent over-charge, the 36 retired batteries were charged with 10
A constant current for 2 h, and then we measured the voltage of each battery. As shown in Figure 2,
there were 30 retired batteries with a voltage greater than 3 V after charging, which has an echelon
use value. Thirdly, we determined the capacity sorting for the remaining 30 retired batteries. Because
the capacity of the retired battery is much lower than that of the factory battery, it was necessary to
recalibrate the rated capacity of retired batteries before balancing them. The capacity test was based on
national standards GB/T 34015-2017 “Recycling of traction battery used in electric vehicle—Test of
residual capacity“, and the capacity test steps of the retired battery are as follows: (1) under normal
temperature, discharge the residual energy of the retired batteries and let it stand for 15 min. (2) Charge
the retired batteries at a constant current of 1 C to the cut-off voltage of 3.6 V, and then switch to
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constant-voltage charging until the current drops to 0.05 C. (3) Let them stand for 0.5 h. (4) Discharge
the battery at a constant current of 1 C to the discharge cut-off voltage of 2.5 V, record the discharge
capacity. (5) Repeat Steps (1) to (4) five times in total, use the average value of the discharge capacity
of five times as the new rated capacities of the retired batteries. When the range of three continuous
test results is less than 3% of the factory rated capacity, the test can be terminated in advance, and the
average value of the last three test results is used as the new rated capacities of the retired batteries.
The new rated capacity distribution of 30 retired batteries is shown in Figure 3. It can be seen from
Figure 3 that the capacities of most retired batteries are between 24 Ah and 32 Ah. As shown in Table 1,
a total of 12 retired batteries with a larger rated capacity were selected from 30 retired batteries and
were connected in series, numbered as B1, B2, . . . , B12, as the object of simulation and experiment in
this paper.

 
Figure 1. Voltage distribution of 50 retired batteries.

 
Figure 2. Post-charge voltage of 36 retired batteries.
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Figure 3. New rated capacity distribution of 30 retired batteries.

Table 1. New rated capacities of the selected 12 retired cells.

Number 16 9 30 19 17 29 4 22 20 25 18 3

Cell B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12

Capacity (Ah) 33.4 32.4 32.3 31.6 31.2 31.1 30.9 30.7 30.7 30.6 30.5 29.8

3. Proposed Active Equalization Strategy

3.1. Equalization Topology

3.1.1. Proposed Equalization Topology

In order to improve the equalization efficiency, simplify the structure of the equalization system,
and improve the expansibility of the equalization structure, as shown in Figure 4a, a novel layered
bidirectional active equalization topology is proposed. n retired battery cells are grouped into m
groups with p cells in each group. In this paper, 12 retired battery cells are grouped into three groups
with four cells in each group. The three groups are denoted P1, P2, and P3.

As shown in Figure 4b, a bridge-type equalization topology based on an inductor is adopted
in the bottom layer. Each battery group is equipped with a bottom circuit m, consisting of p retired
battery cells, 2(p + 1) MOSFET switch tubes, 2 p diodes, and inductor L, can implement energy transfer
between any single cell in the battery group and has the advantages of high energy transmission
efficiency, a simple circuit structure, and is easy to control.

As shown in Figure 4c, the distributed equalization topological structure based on the bidirectional
BUCK-BOOST circuit is adopted in the top layer. Each two adjacent battery groups equipped with one
distributed bidirectional balancing circuit, battery group m-1 and battery group m, are equipped with
a top circuit named top circuit m − 1. They can implement an energy flow between adjacent battery
groups, which makes the equalization system have strong expansibility features and makes them easy
to modularize.

The balancing master controller collects retired battery data in real-time and executes the
corresponding equalization algorithm, decides in turn whether bottom layer equalization or top layer
equalization is needed, and opens or closes the corresponding switches to realize the equalization
control of the entire retired battery pack.
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m
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(a) 

 

(b)                                  (c) 

Figure 4. (a) Structure of the proposed bidirectional equalizer, (b) structure of bottom layer balancing
circuit, (c) structure of top layer balancing circuit.

3.1.2. Equalization Principle of the Bottom Layer Circuits

Four retired battery cells connected in series were taken as an example to elaborate the equalization
principle. It consisted of 4 retired battery cells, 10 MOSFET switch tubes, 8 diodes, and inductor L,
and was able to implement energy transfer between any single cell in the group. Inductor L was used
as an energy transmission medium between retired batteries in the group. The intragroup energy
transfer process can be divided into two stages. Suppose that cell B2 has the highest SOC value and
cell B4 has the lowest SOC value, the equalization process with two stages is shown in Figure 5.

Stage 1: charge L. As shown in Figure 5a, the switches S4 and S5 are turned ON, other switches
are turned off. Cell B2 charges the inductor L. The inductor L stores energy with the current iL.

Stage 2: discharge L. As shown in Figure 5b, the switches S7 and S10 are turned ON, other switches
are turned off. The inductor L charges cell B4, the energy transmission is from inductor L to cell B4.
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iL iL

(a)                            (b) 

Figure 5. The equalization process of a bottom layer equalization circuit. (a) Charge L, (b) discharge L.

3.1.3. Equalization Principle of the Top Layer Circuits

Figure 6 shows the equalization process of the top layer circuits, P1, P2, and P3, represent three
battery groups. L1 and L2 are energy storage inductors, which can achieve bidirectional energy flow
between adjacent retired battery groups. Suppose that the SOC mean value of battery group P1 is
higher than battery group P2, the equalization process with two stages is shown in Figure 6.

i

i

Figure 6. The equalization process of top layer equalization circuit.

Stage 1: The switch Sa1 is turned ON, the battery group P1 charges the inductor L1, the energy is
stored in inductor L1, the inductor current iL1 is gradually increased from 0 to the maximum.

Stage 2: The switch Sa1 is turned OFF and Sb1 is turned ON, the inductor L1 charges the battery
group P2, the energy transmission is from inductor L1 to battery group P2, the inductor current iL1 is
gradually reduced from maximum to 0.

3.2. Equalization Algorithm

The performances of the retired batteries have degraded. In order to make a reasonable equalization
control strategy, first of all, selecting a parameter that can accurately characterize the charged and
discharged conditions of the cells and determine the consistency of the battery pack is needed. In this
paper, the SOC is used as the equalization target variable, the battery pack consistency can be judged
well, and the differences of the rated capacities of the battery cells are not needed to be considered.
The capacity of the battery pack can be fully utilized. A fuzzy unscented Kalman filtering algorithm
proposed by our research group was used to estimate the SOCs of retired batteries [32].

Assume that p denotes the battery number of the mth retired battery group, SOCi is the SOC of
the ith retired battery, SOCm is the average SOC of the mth retired battery group, rm is the maximum
deviation from the average of the mth retired battery group, SOCavg is the average SOC of the whole
retired battery pack, and r denotes the maximum difference between SOCavg and SOCm:

rm = max(SOCi − SOCm), i = 1, 2, . . . , p (1)
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r = max(SOCm − SOCavg) (2)

Because the consistency between the battery cells in the retired battery pack is poor, if the top layer
equalization is carried out firstly, the degree of inconsistency between batteries will be aggravated,
and the switching loss during the equalization process will be increased. Therefore, in order to reduce
the difficulty of battery equalization and improve the energy utilization efficiency, the strategy of
carrying out bottom layer equalization first and top layer equalization second is adopted, which can
first ensure the retired batteries in a group are consistent. Figure 7 shows the flowchart of the proposed
equalization algorithm. The following steps are used for the proposed equalization algorithm.

r
SOC r

rm

r

Figure 7. Flowchart of the proposed equalization algorithm.

(1) Estimate the SOC of each single retired battery;

(2) Calculate the SOCm, rm, SOCavg and r;
(3) Assume that the set bottom layer equalization threshold value Δm is 0.5%, check the rm, if rm > Δm,

go to Step 4, and execute bottom layer equalization algorithm. If rm ≤ Δm, then go to Step 6;
(4) Carry out bottom layer equalization algorithm. In order to improve the equalization efficiency,

the “partition” idea is introduced and equalization paths are optimized. As shown in Figure 8a,
according to SOC from low to high, batteries in the same retired battery group are sorted. The SOC
values of retired batteries in area a are lower and need to be charged. Area b is divided into
area b1 and area b2, the difference between the SOC values of batteries in area b and SOCm is
within the threshold range. The SOC values of retired batteries in area c are higher and need to
be discharged.
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(a)                               (b) 

 

(c)                               (d) 

 

(e)                                (f) 

Figure 8. Partition and equalization path sketch maps. (a) Batteries partition sketch map, (b)
equalization path of Case 1, (c) equalization path of Case 2, (d) equalization path of Case 3, (e)
equalization path of Case 4, (f) equalization path of Case 5.

Which areas the batteries in the mth retired battery group belong to can be expressed by a
piecewise function, where i represents the ith retired battery in the mth retired battery group.

i ∈

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
a, SOCi < SOCm − Δm

b1, SOCm ≥ SOCi ≥ SOCm − Δm

b2, SOCm < SOCi ≤ SOCm + Δm

c, SOCi > SOCm + Δm

, i = 1, 2, . . . , p (3)

The numbers of retired batteries in areas a, b, and c are denoted Na, Nb, and Nc, respectively,
because there are four retired batteries in one battery group. Therefore, according to the different Na,
Nb, and Nc, there are the following five cases:

1� Case 1: Na = Nc, and Na � 0, Nc � 0. Energy complementary pairs are formed by the
retired batteries in area a and area c, batteries in area c discharged, and batteries in area a charged.
For example, as shown in Figure 8b, battery B4 and battery B1 exchange energy, battery B3 and battery
B2 exchange energy;

2� Case 2: Na >Nc, and Na � 0, Nc � 0. Energy complementary pairs are formed by the retired
batteries in area a and area c, batteries in area c discharged, and batteries in area a charged. For example,
as shown in Figure 8c, the battery with the highest SOC is complementary to two or more than two
batteries with lower SOC. The SOC of B4 is highest, B4 transfers energy to B1 and B2;

3� Case 3: Na <Nc, and Na � 0, Nc � 0. Energy complementary pairs are formed by the retired
batteries in area a and area c, batteries in area c discharged, and batteries in area a charged. For example,
as shown in Figure 8d, the SOC of B1 is lowest, B4, B3, and B2 transfer energy to B1;
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4� Case 4: Na = 0, Nc > 0. Energy complementary pairs are formed by the retired batteries in area
b1 and area c, batteries in area c discharged, and batteries in area b1 charged. For example, as shown in
Figure 8e, retired battery B4 in area c is discharged, retired batteries B1 and B2 in area b1 are charged;

5� Case 5: Na > 0, Nc = 0. Energy complementary pairs are formed by the retired batteries in area
a and area b2, batteries in area b2 discharged, and batteries in area a charged. For example, as shown
in Figure 8f, retired battery B1 in area a is charged, retired batteries B3 and B4 in area b2 are discharged.

(5) According to the energy complementary pairs established in Step 4, set switching frequency and
duty cycle, control the switching of the corresponding MOSFET switch tubes. If rm ≤ Δm, bottom
layer equalization has completed and go to Step 6; if rm > Δm, go to Step 4 to continue the bottom
layer equalization;

(6) Assume that the set top layer equalization threshold value Δ is 0.5%, check the r, if r > Δ, go to
Step 7 and execute the top layer equalization algorithm; if r ≤ Δ, then go to Step 9;

(7) Carry out top layer equalization algorithm. The three retired battery groups are sorted according
to SOCm (m = 1, 2, 3) from low to high, and then top layer equalization paths are determined.
There are the following six sorting cases: 1� SOC1 > SOC2 > SOC3, 2� SOC1 > SOC3 > SOC2,
3� SOC2 > SOC1 > SOC3, 4� SOC2 > SOC3 > SOC1, 5� SOC3 > SOC1 > SOC2, 6� SOC3 > SOC2 >

SOC1. It can be divided into two categories: (1) cases 2�, 3�, 4�, and 5� belong to direct equalization
and transfer energy between adjacent battery groups; case 1� and case 6� belong to indirect
equalization, the battery group P1 and the battery group P3 are not adjacent, the battery group P2

is taken as the energy transmission medium to achieve the equalization between them;
(8) Check the r. If r > Δ, the retired battery pack is unbalanced, go to Step 7 to continue top layer

equalization; if r ≤ Δ, then go to Step 9;
(9) End of the whole retired battery pack equalization.

4. Simulation and Experimental Verification

In order to verify the proposed equalization method and show the equalization performance,
an equalization experiment with selected 12 retired batteries was implemented. The balancing
experiment test bench and battery test system are illustrated in Figure 9a,b, respectively. The balancing
experiment test bench included battery management system (BMS), master control board, voltage and
current detection board, MOSFET switch array, bidirectional BUCK-BOOST circuit, voltage inspection
board, retired battery pack, and power. The ITS5300 battery charge and discharge test system was
used for battery performance testing. The inductors worked in discontinuous current mode (DCM).

4.1. Static Equalization Experiment

In order to verify the effectiveness of the bottom layer equalization algorithm based on the idea of
“partitioning” and the optimization of equalization path, the selected initial states of charge (SOCs) are
needed to involve different cases of the bottom layer partitioning equalization algorithm. Table 2 shows
the initial SOCs of 12 retired cells for static equalization, three retired battery groups belonging to three
different cases of bottom equalization algorithm, and SOC1 > SOC2 > SOC3. At the beginning of the
equalization, the initial SOC range of 12 retired cells was 10.6%, the average of SOCs was 75.458%,
r1 was 1.225%, r2 was 2%, r3 was 2.1%, r was 4.058%, maximum deviation from average was 5.442%,
and standard deviation was 3.596%. Bottom layer equalization threshold value Δm and top layer
equalization threshold value Δ both were set to 0.5%.

The static equalization process lasted for two hours. Figure 10a illustrates the SOC response.
It was observed that the differences between the retired cells’ SOCs gradually converged, bottom
layer equalization time was about 1100 s, equalization times of battery group P1, battery group P2

and battery group P3 were 960 s, 1080 s, and 1100 s, respectively, top layer equalization phase was
1100 s–6060 s, equalization time of the whole retired battery pack was about 6060 s; as shown in Table 4,
at the end of the equalization, the SOC range was decreased to 1.6%, the average of SOCs was 74.841%,
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maximum deviation from average was decreased to 0.92%, and standard deviation was decreased to
0.531%, r was decreased to 0.464%. The charge transfer efficiency of static equalization was 63.83%.
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Figure 9. (a) Balancing experiment test bench, (b) battery test system.
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Table 2. The initial SOCs of 12 retired cells for static equalization.

Groups P1 P2 P3

Cells B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12

SOC (%) 80.9 80.6 78.5 78.7 77.3 74.9 73.6 75.4 73.5 71.2 70.3 70.6

 

(a)                                  (b) 

Figure 10. (a) SOC response with 12 retired cells of static equalization, (b) SOC response with 12 retired
cells of charging equalization.

4.2. Charging Equalization Experiment

Table 3 shows the initial SOCs of 12 retired cells for charging equalization, three retired battery
groups belonging to three different cases of bottom equalization algorithm, and SOC1 > SOC2 > SOC3.
At the beginning of equalization, the initial SOC range of 12 retired cells was 13.9%, the average of
SOCs was 43.77%, r1 was 0.775%, r2 was 3.6%, r3 was 2.125%, r was 5.345%, maximum deviation from
average was 7.47%, and standard deviation was 4.6%. Bottom layer equalization threshold value Δm

and top layer equalization threshold value Δ both were set to 0.5%.

Table 3. The initial SOCs of 12 retired cells for charging equalization.

Groups P1 P2 P3

Cells B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12

SOC (%) 50.2 48.1 48.3 48.8 47.6 42.5 44.9 41 40.2 38.7 36.3 38.5

The charging equalization process lasted for 1.5 h. Figure 10b illustrates the SOC response. It was
observed that the differences between the retired cells’ SOCs gradually converged during the charging
process. Bottom layer equalization time was about 2625 s, equalization time of the whole retired
battery pack was about 4925 s; as shown in Table 4, at the end of the equalization, the SOC range was
decreased to 1.41%, the average of SOCs was 86.91%, maximum deviation from average was decreased
to 0.87%, and standard deviation was decreased to 0.42%, r was decreased to 0.467%. The charge
transfer efficiency of charging equalization was 63.18%.
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Table 4. Consistency comparison of retired battery pack before and after equalization.

SOC Range
(%)

SOCavg (%)
Maximum

Deviation from
Average (%)

Standard
Deviation

(%)

Equalization
Time (s)

Charge Transfer
Efficiency (%)

Static equalization 6060 63.83
Before equalization 10.6 75.458 5.442 3.596
After equalization 1.6 74.841 0.92 0.531

Charging equalization 4925 63.18
Before equalization 13.9 43.77 7.47 4.6
After equalization 1.41 86.91 0.87 0.42

5. Conclusions

This paper proposes a layered bidirectional active equalization method based on the SOC of
batteries. The main concluding remarks can be made below:

(1) Power lithium-ion batteries retired from EVs can be used for energy storage applications.
Moreover, a layered bidirectional active equalization topology is introduced for retired battery
equalization, which can be used for the equalization of a large number of retired batteries. Equalization
is based on the SOC of cells, and a bottom layer equalization algorithm based on the “partition” idea
and route optimization is proposed;

(2) The balancing experiment test bench is developed and an ITS5300 battery test system is used
for static equalization of 12 retired batteries and a charge equalization experiment. The experiment
results have verified the proposed equalization method is effective, although the selected initial SOCs
for static and charge equalization have a large range and involve different cases of the bottom layer
partitioning equalization algorithm. The equalization time is short and the consistency of the retired
battery pack is greatly improved. The SOC range of 12 retired cells is decreased from 10.6% to 1.6%
and from 13.9% to 1.41% after static equalization and charge equalization, respectively;

(3) Although the equalization charge transfer efficiency is moderate, improved consistency is much
more important for retired batteries, and the retired battery pack has a much larger available capacity
after equalization, which is more critical for a second-use retired battery pack for energy storage.

Author Contributions: Conceptualization, Y.S. and W.L.; data curation, Y.Y.; formal analysis, Y.Y.; funding
acquisition, C.X. and Z.T.; investigation, W.Z.; methodology, W.Z.; project administration, F.L.; software, Y.Y.;
supervision, C.X.; validation, Y.S. and W.L.; writing—original draft preparation, Y.Y.; writing—review and editing,
C.X. and Y.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant number 51977164;
the Hubei Science Fund for Distinguished Young Scholars, grant number 2017CFA049; and the Hubei province
technological innovation major project, grant number 2018AAA059.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Xie, C.; Xu, X.; Bujlo, P.; Shen, D.; Zhao, H.; Quan, S. Fuel cell and lithium iron phosphate battery hybrid
powertrain with an ultracapacitor bank using direct parallel structure. J. Power Sources 2015, 279, 487–494.
[CrossRef]

2. Farmann, A.; Sauer, D.U. A comprehensive review of on-board State-of-Available-Power prediction techniques
for lithium-ion batteries in electric vehicles. J. Power Sources 2016, 329, 123–137. [CrossRef]

3. Li, X.; Xie, C.; Quan, S.; Huang, L.; Fang, W. Energy management strategy of thermoelectric generation for
localized air conditioners in commercial vehicles based on 48 V electrical system. Appl. Energy 2018, 231,
887–900. [CrossRef]

4. Wang, Y.; Zhang, C.; Chen, Z. An adaptive remaining energy prediction approach for lithium-ion batteries in
electric vehicles. J. Power Sources 2016, 305, 80–88. [CrossRef]

5. Jiang, Y.; Jiang, J.; Zhang, C.; Zhang, W.; Gao, Y.; Guo, Q. Recognition of battery aging variations for
LiFePO4 batteries in 2nd use applications combining incremental capacity analysis and statistical approaches.
J. Power Sources 2017, 360, 180–188. [CrossRef]

517



Energies 2020, 13, 832

6. Liao, Q.; Mu, M.; Zhao, S.; Zhang, L.; Jiang, T.; Ye, J.; Shen, X.; Zhou, G. Performance assessment and
classification of retired lithium ion battery from electric vehicles for energy storage. Int. J. Hydrog. Energy
2017, 42, 18817–18823. [CrossRef]

7. Lai, X.; Qiao, D.; Zheng, Y.; Ouyang, M.; Han, X.; Zhou, L. A rapid screening and regrouping approach
based on neural networks for large-scale retired lithium-ion cells in second-use applications. J. Clean Prod.
2019, 213, 776–791. [CrossRef]

8. China Energy Storage Alliance. Energy Storage Industry Research White Paper 2019. Available online:
http://www.cnesa.org/index/inform_detail?cid=5cf0ef98b1fd3772048b4567 (accessed on 18 May 2019).

9. Zhang, Y.; Li, Y.; Tao, Y.; Ye, J.; Pan, A.; Li, X.; Liao, Q.; Wang, Z. Performance assessment of retired EV battery
modules for echelon use. Energy 2020, 193, 116555. [CrossRef]

10. Debnath, U.K.; Ahmad, I.; Habibi, D. Quantifying economic benefits of second life batteries of gridable
vehicles in the smart grid. Int. J. Electr. Power Energy Syst. 2014, 63, 577–587. [CrossRef]

11. Neubauer, J.; Pesaran, A. The ability of battery second use strategies to impact plug-in electric vehicle prices
and serve utility energy storage applications. J. Power Sourcesces 2011, 196, 10351–10358. [CrossRef]

12. Debnath, U.K.; Ahmad, I.; Habibi, D. Gridable vehicles and second life batteries for generation side asset
management in the Smart Grid. Int. J. Electr. Power Energy Syst. 2016, 82, 114–123. [CrossRef]

13. Madlener, R.; Kirmas, A. Economic Viability of Second Use Electric Vehicle Batteries for Energy Storage in
Residential Applications. Energy Procedia 2017, 105, 3806–3815. [CrossRef]

14. Huang, W.; Abu Qahouq, J.A. Energy Sharing Control Scheme for State-of-Charge Balancing of Distributed
Battery Energy Storage System. IEEE Trans. Ind. Electron. 2015, 62, 2764–2776. [CrossRef]

15. Zhang, C.; Shang, Y.; Li, Z.; Cui, N. An Interleaved Equalization Architecture with Self-Learning Fuzzy Logic
Control for Series-Connected Battery Strings. IEEE Trans. Veh. Technol. 2017, 66, 10923–10934. [CrossRef]

16. Gallardo-Lozano, J.; Romero-Cadaval, E.; Milanes-Montero, M.I.; Guerrero-Martinez, M.A. A novel active
battery equalization control with on-line unhealthy cell detection and cell change decision. J. Power Sourcesces
2015, 299, 356–370. [CrossRef]

17. Liu, X.; Wan, Z.; He, Y.; Zheng, X.; Zeng, G.; Zhang, J. A Unified Control Strategy for Inductor-Based Active
Battery Equalisation Schemes. Energies 2018, 11, 405. [CrossRef]

18. Gallardo-Lozano, J.; Romero-Cadaval, E.; Milanes-Montero, M.I.; Guerrero-Martinez, M.A. Battery
equalization active methods. J. Power Sourcesces 2014, 246, 934–949. [CrossRef]

19. Bouchhima, N.; Schnierle, M.; Schulte, S.; Birke, K.P. Active model-based balancing strategy for
self-reconfigurable batteries. J. Power Sourcesces 2016, 322, 129–137. [CrossRef]

20. Daowd, M.; Antoine, M.; Omar, N.; van den Bossche, P.; van Mierlo, J. Single Switched Capacitor Battery
Balancing System Enhancements. Energies 2013, 6, 2149–2174. [CrossRef]

21. Chen, Y.; Liu, X.; Cui, Y.; Zou, J.; Yang, S. A Multi-Winding Transformer Cell-to-Cell Active Equalization
Method for Lithium-Ion Batteries with Reduced Number of Driving Circuits. IEEE Trans. Power Electron.
2016, 31, 4916–4929. [CrossRef]

22. Wang, Y.; Zhang, C.; Chen, Z.; Xie, J.; Zhang, X. A novel active equalization method for lithium-ion batteries
in electric vehicles. Appl. Energy 2015, 145, 36–42. [CrossRef]

23. Hannan, M.A.; Hoque, M.M.; Peng, S.E.; Uddin, M.N. Lithium-Ion Battery Charge Equalization Algorithm
for Electric Vehicle Applications. IEEE Trans. Ind. Appl. 2017, 53, 2541–2549. [CrossRef]

24. Dai, H.; Wei, X.; Sun, Z.; Wang, D. A novel dual-inductor based charge equalizer for traction battery cells of
electric vehicles. Int. J. Electr. Power Energy Syst. 2015, 67, 627–638. [CrossRef]

25. Cui, X.; Shen, W.; Zhang, Y.; Hu, C. A Fast Multi-Switched Inductor Balancing System Based on a Fuzzy
Logic Controller for Lithium-Ion Battery Packs in Electric Vehicles. Energies 2017, 10, 1034. [CrossRef]

26. Zheng, X.; Liu, X.; Yao, H.; Zeng, G. Active vehicle battery balancing scheme in the condition of
constant-voltage/current charging and discharging. IEEE Trans. Veh. Technol. 2017, 66, 3714–3723.
[CrossRef]

27. Wu, Z.; Ling, R.; Tang, R. Dynamic battery equalization with energy and time efficiency for electric vehicles.
Energy 2017, 141, 937–948. [CrossRef]

28. Zhang, Z.; Gui, H.; Gu, D.; Yang, Y.; Ren, X. A Hierarchical Active Balancing Architecture for Lithium-Ion
Batteries. IEEE Trans. Power Electron. 2017, 32, 2757–2768. [CrossRef]

29. Ouyang, Q.; Chen, J.; Zheng, J.; Hong, Y. SOC Estimation-Based Quasi-Sliding Mode Control for Cell
Balancing in Lithium-Ion Battery Packs. IEEE Trans. Ind. Electron. 2018, 65, 3427–3436. [CrossRef]

518



Energies 2020, 13, 832

30. Ma, Y.; Duan, P.; Sun, Y.; Chen, H. Equalization of Lithium-Ion Battery Pack Based on Fuzzy Logic Control in
Electric Vehicle. IEEE Trans. Ind. Electron. 2018, 65, 6762–6771. [CrossRef]

31. Diao, W.; Xue, N.; Bhattacharjee, V.; Jiang, J.; Karabasoglu, O.; Pecht, M. Active battery cell equalization
based on residual available energy maximization. Appl. Energy 2018, 210, 690–698. [CrossRef]

32. Zeng, M.; Zhang, P.; Yang, Y.; Xie, C.; Shi, Y. SOC and SOH Joint Estimation of the Power Batteries Based on
Fuzzy Unscented Kalman Filtering Algorithm. Energies 2019, 12, 3122. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

519





energies

Article

An Optimal Fast-Charging Strategy for Lithium-Ion
Batteries via an Electrochemical–Thermal Model with
Intercalation-Induced Stresses and Film Growth

Guangwei Chen, Zhitao Liu * and Hongye Su

State Key Laboratory of Industrial Control Technology, Institute of Cyber-Systems and Control,
Zhejiang University, Hangzhou 310027, China; gwchen@zju.edu.cn (G.C.); hysu@iipc.zju.edu.cn (H.S.)
* Correspondence: ztliu@zju.edu.cn; Tel.: +86-0571-87952233 (ext. 8239)

Received: 15 March 2020; Accepted: 7 May 2020; Published: 11 May 2020

Abstract: Optimal fast charging is an important factor in battery management systems (BMS).
Traditional charging strategies for lithium-ion batteries, such as the constant current–constant
voltage (CC–CV) pattern, do not take capacity aging mechanisms into account, which are not only
disadvantageous in the life-time usage of the batteries, but also unsafe. In this paper, we employ the
dynamic optimization (DP) method to achieve the optimal charging current curve for a lithium-ion
battery by introducing limits on the intercalation-induced stresses and the solid–liquid interface film
growth based on an electrochemical–thermal model. Furthermore, the backstepping technique is
utilized to control the temperature to avoid overheating. This paper concentrates on solving the issue
of minimizing charging time in a given target State of Charge (SoC), while limiting the capacity loss
caused by intercalation-induced stresses and film formation. The results indicate that the proposed
optimal charging method in this paper offers a good compromise between the charging time and
battery aging.

Keywords: electrochemical–thermal model; lithium-ion battery; fast charging

1. Introduction

Lithium-ion batteries have been used in many electronic products due to their high cell voltage,
high energy density, high power density, convenient operating temperature range, lack of memory
property, and high cycle life [1]. When operating a lithium-ion battery efficiently and safely during
charging, long charging time, capacity degradation, capacity wastage, and overheating are the main
difficulties that need to be overcome.

In recent years, many researchers have made efforts to optimize lithium battery charging.
Many results are based on traditional charging patterns, such as the constant-current (CC) pattern
and the constant current–constant voltage (CC–CV) pattern, without considering the aging process.
For example, Liu and Luo [2] proposed a Taguchi-based algorithm and adopted orthogonal arrays to
obtain the optimal rapid-charging strategy for a piecewise CC charging approach, which can charge a
battery cell from 0% to 75% within 40 min and increase the cycle life by more than 60%. On the basis of
the open circuit voltage (OCV)-resistance equivalent circuit model, Abdollahi et al. [3] presented a
closed-form solution for optimally charging a lithium-ion battery; the target function is established
through a combination of two consumption functions: time-to-charge (TTC) and energy losses (EL).
Here, the CC–CV pattern is selected as the optimal charging scheme, where the current in the CC
stage is a function of the ratio of weighting on TTC and EL. Then, Abdollahi et al. [4] proposed the
objective function consisting of TTC, EL, and a temperature rise index (TRI). Then, the value of the
current in the CC stage is also considered as a function of the ratio of weighting on TTC and EL,
and finally the analytical solution for the optimal problem is derived. Monem et al. [5] studied the
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influence of three charging strategies including CC, CC–CV, and constant current–constant voltage
with negative pulse (CC–CVNP) on the battery’s cycle life. The results show that the CC–CVNP
pattern with low amplitude and less negative pulses is more efficient than the CC and CC–CV patterns.
Liu et al. [6] firstly put forward a triple-objective function for optimal battery charging on the basis of
a coupled thermoelectric model. Then, the CC–CV charge strategy is optimized, which offers the best
compromise among three significant performance indexes consisting of charging time, energy loss, and
temperature rise. Fang et al. [7] permit users to specify charging objectives and reach them by dynamic
optimal control for the first time and proposed two charging methods based on the linear quadratic
control theory without real-time constrained optimization computation. Compared to the conventional
open-loop regulation of fast charging, the close-loop optimal method can be used to accurately control
the specific parameters, such as temperature, current, and voltage. Patnaik et al. [8] came up with a
constant temperature–constant voltage (CT-CV) charging algorithm that considers battery temperature
as a key feedback variable. Then, a simple and easy-to-realize proportional-integral-derivative (PID)
controller is employed to implement this close-loop method and the results indicate that the proposed
approach achieved a 20% faster charging rate with an identical total temperature increase as compared
to the constant current–constant voltage (CC–CV) technique. Klein et al. [9] paid attention to minimum
charging time and proposed a simple one-step predictive control algorithm that is capable of solving
the time-optimal solution and satisfying the real-time requirement. On the basis of the electrochemical
battery model, Pramanik et al. [10] introduced a novel method for optimally charging the lithium-ion
battery cell, which establishes the objective function aiming to minimize the charging cost. The result
indicates that the optimal charging method presented in the paper [10] can decrease the charging
time of a lithium-ion cell, meanwhile guaranteeing the temperature limit when compared with the
traditional constant current charging. Considering the electrolyte and thermal dynamics based on a
single particle model, the Legendre–Gauss–Radau (LGR) pseudo-spectral approach is used to solve the
problem of nonlinear multistate optimal control, and the minimum time charge strategies are analyzed
minutely while taking the solid and electrolyte phase concentration limits and temperature constraint
into account [11].

Generally speaking, fast charging can accelerate the battery aging processes. For reducing the
aging rate, some researchers consider the aging process when optimizing the fast-charging strategy
and some good results have been obtained. For example, through coupling incremental capacity (IC)
and IC peak area analysis with the mechanistic model, Ansean et al. [12] quantified the mechanism of
degradation that leads to the aging of the battery cell. In addition, the results show that aging is caused
by a loss of lithium ions and a lower level of loss of active material on the negative electrode. On the
basis of cycle-life testing (up to 4500 cycles), Ansean et al. [13] proposed a multistage fast-charging
algorithm which allows a full recharging of the cell (0% to 100% SoC) within 20 min (indeed after
4500 cycles are reached) and does not cause any remarkable degradation to the battery cell. Considering
the influence of intercalation-induced stress on aging, Suthar et al. [14] used dynamic optimization to
achieve the optimal current profile to fast charge a lithium-ion battery through a single-particle model
while coupling this with the intercalation-induced stress generation model. In addition, this was the
first time protocols for optimally charging batteries while ensuring a minimal mechanical cost to the
electrode particles during intercalation were demonstrated. Torchio et al. [15] used the first-principles
pseudo-two-dimensional (P2D) model together with the capacity fade mechanisms that work when
the battery is operating. Then, the model predictive control (MPC) method based on a linearized
model of the P2D model was proposed to approach a target value of the state of charge (SoC) while
considering the degradation process of the system as well as the thermal and voltage limits. To analyze
the effect of static and dynamic fast-charging current strategies on the degradation properties of
lithium-ion batteries, Monem et al. [16] applied both the static and dynamic fast-charging current
profiles to a lithium-ion battery cell. After 1700 cycles, the result shows that the dynamic fast-charging
current profile had a more outstanding role in reducing the aging rate and the charging time of
cells than the static fast-charging profile. To reduce the influence of fast charging on battery aging,
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Ali et al. [17] proposed a temperature control method based on fuzzy logic that protects the batteries
from overvoltage and overheating. The result illustrates that the proposed fast-charging pattern
spends 9.76% less time during full battery recharging than the conventional CC–CV method, and the
approach does not bring significant degradation. As a compromise between the three objectives of
high safety, longer lifetime, and a lower charging time, Zou et al. [18] proposed a fast-charging method
on the basis of the electrochemical model and MPC theory. Here, the battery optimal charging issue
is described in a linear time-varying model for the implementation of the MPC algorithm. Similarly,
Lina et al. [19] presented an electrolyte enhanced single particle model with aging mechanisms which
considers the effect of electrolyte dynamics, then the dynamic programming DP approach is adopted
to obtain the optimal charging profiles to reduce the charge time and battery aging. On the basis of
the electrochemical–thermal capacity fade model, Xu et al. [20] used the DP optimization algorithm
to minimize capacity fade, temperature rise, and charging time. Although there are many papers
considering the aging process in terms of optimizing the fast charge curve, the aging models used in
the above-mentioned papers seldom involve intrinsic aging mechanisms and never consider the effects
of intercalation-induced stress and film growth together on the aging process.

In this paper, the electrochemical–thermal model is employed to obtain the optimal charging
profile and control the temperature of cell. Controlling the temperature of the hottest point inside
the cell based on the backstepping method can help avoid overheating. During fast charging,
intercalation-induced stress will cause particle fracture which can accelerate the aging process. Hence,
restricting intercalation-induced stress to a given range is significant to reduce the degradation of cells
when seeking the optimal fast-charging profile. Furthermore, the main aging cause is the growth of
film on the surface of particles, and this film is a compound containing lithium which cannot be reused.
Therefore, confining the growth rate of surficial film to a proper range can maximize the available
lithium, which is another contribution of this paper. To sum up, on the basis of maintaining a constant
temperature using the backstepping control method and minimizing the charging time while limiting
intercalation-induced stress and the film growth to an appropriate range are the main contributions of
this paper.

2. Electrochemical–Thermal Model with Intercalation-Induced Stress and Film Growth

2.1. SPM-Electrolyte-T Model

The SPM-Electrolyte-T Model is a simplified version of the first principle electrochemical model of
batteries composed of a single particle model, electrolyte dynamics, and thermal dynamics. Considering
the effects of electrolyte and thermal dynamics can help us investigate the fast-charging scheme to
reduce battery aging to prolong the lifetime of lithium-ion batteries. The single particle model can be
described by the following partial differential equation [21]:

∂c±s
∂t

= D±s (Tavg) ×
(
∂2c±s
∂r2 +

2
r
∂c±s
∂r

)
(1)

with the following conditions:

∂c±s
∂r

(0, t) = 0,
∂c±s
∂r

(R±s , t) =
±I(t)

Fa±AL± (2)

The definitions of the relevant electrochemical parameters are listed in the attached table.
Most studies relevant to the electrochemical model of lithium-ion batteries ignore the influence

of electrolyte dynamics for inexpensive computation. However, when the charging or discharging
current is high, there would be a remarkable electrolyte concentration potential between the cathode
and the anode, which has a significant impact on the prediction of the terminal voltage. Specifically,
the process of fast charging requires more than a 2 C current, which has enough power to produce an
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obvious concentration potential. Hence, during the operation of fast charging, it is wise to consider
electrolyte dynamics.

The electrolyte dynamics are governed by

ε±e
∂c±e
∂t

(x, t) =
∂
∂x

[
De f f

e

(
c±e , Tavg

)∂c±e
∂x

(x, t)
]
∓

(
1− t0

c

)
I(t)

FAL± (3)

ε
sep
e
∂csep

e
∂t

(x, t) =
∂
∂x

[
De f f

e

(
csep

e , Tavg
)∂csep

e
∂x

(x, t)
]

(4)

with the boundary conditions
∂c−e
∂x

(0−, t) =
∂c+e
∂x

(
0+, t

)
= 0 (5)

De f f
e

(
L−, Tavg

)∂c−e
∂x

(L−, t) = De f f
e

(
0sep, Tavg

)
× ∂c

sep
e
∂x

(0sep, t) (6)

De f f
e

(
Lsep, Tavg

)∂csep
e
∂x

(Lsep, t) = De f f
e

(
L+, Tavg

)
× ∂c

+
e
∂x

(
L+, t

)
(7)

ce(L−, t) = ce(0sep, t), ce(Lsep, t) = ce
(
L+, t

)
(8)

where De f f
e (ce, Tavg) = De(ce, Tavg)(ce) · (εe)

brug is the effective electrolyte diffusivity, which means that
the diffusion rate of lithium ions is related to its concentration and temperature; t0

c is the transference
number, which is deemed to be constant; ε+e , ε−e , εsep

e are the volume fractions of the electrolyte in the
cathode, anode, and separator, respectively, and L+, L−, Lsep are the lengths of the cathode, anode,
and separator. The effects of electrolyte dynamics on the terminal voltage equation is presented as
follows, considering:

V(t) =
RTavg(t)
αF sinh−1

(
I(t)

2a+AL+i
+
0 (t)

)
− RTavg(t)

αF sinh−1
(

−I(t)

2a−AL−i
−
0 (t)

)
+U+

(
c+ss(t)

)
−U−(c−ss(t)) +

(
R+

f
a+AL+ +

R−f
a−AL− +

Rce(Tavg(t))
A

)
I(t)

+

(
L++2Lsep+L−
2Aκe f f (Tavg)

)
I(t) + kconc (t)[ln ce(0+, t) − ln ce(0−, t)]

(9)

where
i±0 (t) = k±

(
Tavg

)
[c±ss(t)]

αc
[
c±e (x, t)

(
c±s,max − c±ss(t)

)]αa
(10)

Most model parameters of battery cells are relative to the temperature and are expressed by the
following equation:

P
(
Tavg

)
= P0 exp

(
EaP

R

(
1

T0
− 1

Tavg

))
(11)

where P0 is the parameter when the temperature is equal to T0; and EaP is the activation energy of
parameter P. The average temperature Tavg can be obtained by the following equations:

∂T(r1, t)
∂t

1
α
=
∂T2(r1, t)
∂r2

1

+
1
r1

∂T(r1, t)
∂r1

+

.
q
k

(12)

Tavg(t) =
1
r1

∫ r1

0
T(s, t)ds (13)

with the boundary conditions

∂T(0, t)
∂r1

= 0,
∂T(Rb, t)
∂r1

= U =
h
k
(Ta − T(Rb, t)) (14)
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where r ∈ [0, Rb] is the radial coordinate of a cylindrical battery; α = k/(ρCp) is proportional to the
average thermal conductivity k; ρ is the average mass density and Cp is the average specific thermal
capacity;

.
q is the volumetric heat generated rate; and Ta is the ambient temperature.

.
q can be computed

by the following equation:
.
q = I(t) × (Uo(t) −Uter − T(t)

∂Uo(t)

∂T(t)
) (15)

where Uo(t) is the open circuit voltage, which is a function of the boundary concentration; Uter = V(t)
is the terminal voltage; and ∂Uo(t)/∂T(t) is the entropic heat generation which is too small to neglect.
The open circuit voltage Uo(t) can be given by the following equation:

Uo(t) = U+(c+ss(t)) −U−(c−ss(t)) (16)

Then, the volumetric heat generated rate
.
q can be rewritten as follows:

.
q = I(t) × (Uo(t) −V(t)) = I(t) ×

{
RTavg(t)
αF sinh−1

(
I(t)

2a+AL+i
+
0 (t)

)
−RTavg(t)

αF sinh−1
(

−I(t)

2a−AL−i
−
0 (t)

)
+

(
R+

f
a+AL+ +

R−f
a−AL− +

Rce(Tavg(t))
A

)
I(t)

+

(
L++2Lsep+L−
2Aκe f f (Tavg)

)
I(t) + kconc (t)[ln ce(0+, t) − ln ce(0−, t)]

} (17)

2.2. Intercalation-Induced Stress

The intercalation-induced stress generated by lithium-ion intercalation and deintercalation
influences the diffusion of lithium and even causes electrode particle fracture. This electrode particle
fracture will accelerate aging. Considering the effects of intercalation-induced stress helps us to
investigate the fast-charging scheme to reduce the electrode particle fracture and thus prolong the
lifetime of the lithium-ion battery. The intercalation-induced stresses are composed of radial stress σr

and tangential stress σt, which are dependent of the lithium concentration [22]:

σ±r (r, t) = 2β±
⎡⎢⎢⎢⎢⎢⎢⎣ 1(

Rj
s

)3

∫ R±s
0 c̃±s r2dr− 1

r3

∫ r
0 c̃±s ρ2dρ

⎤⎥⎥⎥⎥⎥⎥⎦
σ±t (r, t) = β±

⎡⎢⎢⎢⎢⎢⎢⎣ 2(
Rj

s

)3

∫ R±s
0 c̃±s r2dr + 1

r3

∫ r
0 c̃±s ρ2dρ− c̃±s

⎤⎥⎥⎥⎥⎥⎥⎦
(18)

where, β± = Ω±E±/3(1− ν±). Ω±, E±, and ν± are the partial molar volume, Young’s Modulus,
and Poisson’s ratio of the electrode material in the cathode and anode, respectively, which have
different sensitivities to temperature. c̃± is the concentration change from the stress-free value.
The resultant stress is a weighted sum of σr and σt:

σ±res =
σ±r + 2σ±t

3
=

2
3
β±

⎡⎢⎢⎢⎢⎣ 3

(R±s )
3

∫ R±s

0
c̃±s r2dr− c̃±s

⎤⎥⎥⎥⎥⎦ (19)

From [23], we know that the maximum absolute values of radial and tangential stress are located
at the center and the surface of the particle, respectively. Taking the anode as an example, we have

σ−r,max(t) = 2β−
[

1
(R−s )3

∫ R−s
0 c̃−s r2dr− 1

3 c̃−s (0, t)
]

σ−t,max(t) = β
−
[

3
(R−s )3

∫ R−s
0 c̃−s r2dr− c̃−s (R−s , t)

] (20)
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According to Equation (19), we find that the maximum value of the resultant stress is located at
the point where the lithium concentration is the minimum value of the electrode particle. That is

σ−res,max =
2
3
β−

⎡⎢⎢⎢⎢⎣ 3

(R−s )
3

∫ R−s

0
c̃−s r2dr− c̃−s,min

⎤⎥⎥⎥⎥⎦ (21)

Figure 1 shows the input current under Urban Dynamometer Driving Schedule (UDDS), which is
applied to a battery cell. Then, the maximum absolute values of radial stress, tangential stress, and the
resultant stresses are investigated. According to Equation (21), the intercalation-induced stresses are
caused by the lithium-ion concentration nonuniformity in space, which is related to the values of the
charging and discharging current. When the current is positive, the lithium-ion concentration in the
surface of the particle is smaller than in the center of the particle, that is, the maximum radical stress is
positive and the maximum tangential stress is negative, and vice versa. From the input current under
UDDS, we know that the current is rapidly changing, which can cause the oscillation of lithium-ion
concentration and enlarge the imbalance of lithium-ion concentration in space. Hence, the maximum
absolute values of radial stress, tangential stress, and the resultant stresses change rapidly over time,
as shown in Figures 2–4. From the three figures, we can see that when the input current is negative,
the absolute values of the three stresses will increase gradually, and vice versa. This is because the
negative current increases the lithium-ion concentration nonuniformity in space and the positive
current decreases this nonuniformity. Besides that, we can find that the absolute values of the three
stresses have the same changing curve, which agrees with Equations (20) and (21). Another finding is
that the value of the maximum tangential stress is larger than the maximum resultant stress, and the
maximum resultant stress is always larger than the maximum radial stress. Hence, by adjusting the
input current, the radial stress, tangential stress, and the resultant stress can be controlled to decrease
the aging of a battery cell.

 

Figure 1. Input current under UDDS.

Figure 2. Maximum radial stress.
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Figure 3. Maximum tangential stress.

 

Figure 4. Maximum resultant stress.

2.3. Film Growth Model

Ramadass et al. [24] studied a resistive film formed on the anode electrode/electrolyte interphase,
which is the main cause of capacity loss. The veracious chemical side reaction generating the resistive
film lies on the chemical component of the anode electrode and electrolyte. Furthermore, a simplified
and universal model for capacity reduction based on film growth originated from a single particle
model is presented here:

S + Li+ + e− → P (22)

where S is the type of solvent, and P is the reaction product.
On account of this nonreversible side reaction, the reaction product builds up a film at the

interface of electrode/electrolyte with a thickness varying over time δ f ilm(t). The irreversibly formed
membrane together with the initial solid interphase resistance RSEI forms the total resistance of the
electrode/electrolyte interface as follows:

R f ilm(t) = RSEI +
δ f ilm(t)

κP
(23)

where κp is the conductivity of the formed film.
The key state related to the increasing rate of interface film thickness, because of the unwanted

lithium loss, is described by
∂δ f ilm(t)

∂t
= − MP

anρPF
Js(t) (24)

where, an, Mp, ρp, and F are the formed film’s specific surface area, molecular weight, mass density,
and Faraday’s constant, respectively. The variable Js(t) is the local volume current density used for the
side reaction and described by Butler–Volmer kinetics. Assuming that the lithium reduction reaction
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is nonreversible and the concentration of lithium ions in the solution changes little, it is possible to
approximate Js(t) through the following equation:

Js(t) = −i0,sane
( −0.5F

RTavg ηs(t)) (25)

where i0,s is current density occupied by the lithium-loss side reaction; R is the universal gas constant;
and Tavg is the average temperature of the battery cell. The component ηs(t) denotes the overpotential
generated by the side reaction, which is expressed by the following equation:

ηs(t) = Δφ(t) −Us,re f − Jtot(t)
an

R f ilm(t) (26)

Jtot = J1 + Js (27)

where Δφ(t) denotes the difference between the solid phase potential and electrolyte potential.
The variable Us,re f is the reference equilibrium potential, which is considered as a constant value.
The total intercalation current Jtot is used for the anode-side solution, which is presented by the sum of
the current between the solid and solution J1, and the solution decreasing reaction and solution Js.

Under three different charging currents (1 C, 2 C, and 3 C), the resistance film growth rates are
computed according to Equations (23)–(27) and are presented in Figure 5. From this figure, we see that
the film growth rate increases as the charging current or the time increases, owing to the augmentation
of the reduction reaction rate and the rise in Δφ(t) according to Equation (6). This means that a
continuous high current and a high SoC is detrimental to reducing the lithium loss.

 
Figure 5. Film growth under three charging current.

3. Temperature Control Based on the Backstepping Technique

The core temperature of a battery cell is higher than its surface temperature, hence, the control
of the core temperature being more significant. Confining the maximum temperature of the battery
to a certain value can guarantee both the safe operation and efficient charging. However, the core
temperature of the battery is not accessible and cannot be measured by sensor directly. Therefore,
we have to estimate the core temperature of a battery cell to make sure that the control goal is achieved.
H. E. Perez et al. utilized the thermal model based on the equivalent circuit model to obtain the core
temperature of a battery cell, which consists of the heat conduction resistance Rc, convection resistance
Ru, core heat capacity Cc, and surface heat capacity Cs [25]. The thermal model used in this paper is
described by the partial differential equation, which can accurately present the evolution of spatial
temperature and is more accurate than the model employed by H. E. Perez et al.
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To maintain the temperature of the battery cell where we want it to be, we can adjust the
temperature or flow velocity of the cooling fluid. Herein, a backstepping method is utilized to design
the control law for a prespecified time-invariant reference temperature Tre f (r1).

The following error system is thus introduced:

Te(r1, t) = T(r1, t) − Tre f (r1), Tre f (r1) =
Tsre f − Tcre f

R2
b

r2
1 + Tcre f (28)

where the expected temperature distribution Tre f (r1) is a quadratic parabola, which is in accordance with
the true case; Tsre f and Tcre f are the reference surface temperature and core temperature, respectively.

The time derivative of Te(r1, t) can be obtained according to Equations (12) and (28).

∂Te(r1,t)
∂t =

∂T(r1,t)
∂t − ∂Tre f (r1)

∂t =
∂T2(r1,t)
∂r2

1
+ 1

r1

∂T(r1,t)
∂r1

+
.
q
k

=
∂T2

e (r1,t)
∂r2

1
+ 1

r1

∂Te(r1,t)
∂r1

+ 2
Tsre f−Tcre f

R2
b

+
.
q
k

(29)

with the conditions
∂Te(0, t)
∂r1

= 0,
∂Te(Rb, t)
∂r1

= U − 2
Tsre f − Tcre f

Rb

where U is the boundary control law, which is applied to the boundary condition of Equation (12) for
restricting T(r1, t) to around Tre f (r1).

Here, the following invertible backstepping transformation is adopted:

w(r1, t) = Te(r1, t) −
∫ r1

0
K(r1,ρ)Te(ρ, t)dρ (30)

which maps (29) into the stable system:

wt = wr1r1 +
wr1

r1
− cw

r2
1

(31)

with boundary conditions
wr1(0, t) = 0, wr1(Rb, t) = 0 (32)

where c > 0.5. K(r1,ρ) can be solved easily by the following kernel function:

Kr1r1 +
Kr1

r1
−Kρρ +

Kρ
ρ
− K
ρ2 =

c
r1

2 K (33)

with the following conditions:

K(r1, 0) = 0, Kρ(r1, 0) = 0, K(r1, r1) = −
∫ r

0

c/r1
2

2
dρ (34)

The detailed solution process can be seen in [26].
According to the boundary condition wr1(Rb, t) = 0 and Equation (29), we have

∂Te(Rb, t)
∂r1

= K(Rb, Rb)Te(Rb, t) +
∫ Rb

0
Kr1(Rb,ρ)Te(ρ, t)dρ (35)

Then, the control law is obtained:

U = K(Rb, Rb)Te(Rb, t) +
∫ Rb

0
Kr1(Rb,ρ)

[
T(ρ, t) − Tre f (ρ)

]
dρ+ 2

Tsre f − Tcre f

Rb
(36)
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The control law requires access to the full states T(ρ, t). However, the core temperature cannot be
measured by sensor directly. For that, the following boundary temperature observer is proposed:

∂T̂(r1, t)
∂t

1
α
=
∂T̂2(r1, t)
∂r2

1

+
1
r1

∂T̂(r1, t)
∂r1

+

.
q
k
+ P(r1)(T(Rb, t) − T̂(Rb, t)) (37)

with boundary conditions

∂T̂(0, t)
∂r1

= 0,
∂T̂(Rb, t)
∂r1

= U =
h
k
(Ta − T(Rb, t))

The estimation error T̃(r1, t) = T(r1, t) − T̂(r1, t) is introduced, then substituting Equation (37) for
Equation (12), one has

∂T̃(r1, t)
∂t

1
α
=
∂T̃2(r1, t)
∂r2

1

+
1
r1

∂T̃(r1, t)
∂r1

− P(r1)(T̃(Rb, t)) (38)

with boundary conditions
∂T̃(0, t)
∂r1

= 0,
∂T̃(Rb, t)
∂r1

= 0

Using the following backstepping transform, which is similar with (30), we have

w(r1, t) = T̃(r1, t) −
∫ r1

0
M(r1,ρ)T̃(ρ, t)dρ (39)

where w(r1, t) satisfies the following stable system:

wt = wr1r1 +
wr1

r1
− dw

r2
1

(40)

with boundary conditions
wr1(0, t) = 0, wr1(Rb, t) = 0

where d > 0.5 as well. M(r1,ρ) satisfies the following kernel function:

Mr1r1 +
Mr1

r1
−Mρρ +

Mρ
ρ
− M
ρ2 = − c

r1
2 M (41)

with the boundary conditions:

Mρ(0,ρ) = 0, M(r1, r1) = −
∫ r1

0

c/r1
2

2
dρ

The solution procedure of M(r1,ρ) is similar to K(r1,ρ).
To verify the performance of the backstepping-based observer and controller, a constant current

of 2 C is applied to a battery cell; the curve of the temperature rising is presented in Figure 6. r = 0 and
r = 1 represent the center and the surface of a battery cell, respectively. The two horizontal lines are
the target temperature of the surface and the center of a battery cell. From Figure 6, we can see that the
temperature estimation of both the surface and the center is capable of tracking the true temperature
and approaching the target temperature gradually. That is to say that we can control the temperature
to a safe range using the proposed temperature controller.
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Figure 6. Estimation and control of temperature.

4. Problem Formulation

This paper concentrates on the minimization of the charging time in a given target SoC with
limits involving current, voltage, intercalation-induced stress, and film formation. The simultaneous
nonlinear programming approach is used in this paper. Considering the optimal charging profile with
predetermined final SoC under the objective of minimization of charging time, the objective function J
is given by

J = min
I(t),s(t),t f

∫ t f

t0

1 · dt (42)

with bounds
Imin ≤ I(t) ≤ Imax (43)

t0 ≤ t f ≤ tmax (44)

Vmin(t) ≤ V(t) ≤ Vmax(t) (45)

σ−r,max(t) ≤ σ−r,upper (46)

− σ−t,max(t) ≤ σ−t,upper (47)

∂
.
δ f ilm(t) ≤ ∂

.
δ f ilm_max(t) (48)

where I(t) is the input current (A); t f is the final time (s); V(t) is the terminal voltage (V); σ−r,upper(t)

and σ−t,upper are the radial and tangential stress upper bounds, respectively; and ∂
.
δ f ilm_max(t) is the

upper bound of the film growth rate.

5. Simulation and Results

In order to verify the performance of the proposed optimal fast-charging method, CC–CV,
the most common pattern of fast charging, was used for the comparative study, including four aspects:
charging time, maximum tangential stress, maximum radial stress, and film growth rate.

In the process of fast charging a lithium battery, the temperature of the battery cell grows quickly
and the aging rate increases. To avoid overheating, the backstepping method is used to keep the battery
cell at a constant temperature, as shown in Figure 7. A constant temperature in the battery cell not
only helps avoid overheating, but also helps compare the performance of the proposed fast-charging
method with the CC–CV method. In order to find a compromise between the charging time and
battery aging, the proposed optimal fast-charging method in this paper considers two aging factors:
intercalation-induced stress and film growth. In the comparative study, the CC–CV pattern adopts
three kinds of maximum charging current: 1 C, 2 C, and 3 C. This means that the effect of the choice of
the maximum charging current on the comparative results is avoided.
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In this paper, the upper limits of the radial and tangential stress are predetermined and optimal
charging curves were obtained using the dynamic optimization approach. As we know, when charging
occurs, the maximum tangential stress is located at the surface of the particle, and the maximum radial
stress is located at the center of the particle. For an anode made of graphite, neither the maximum
tangential stress nor the maximum radial stress is not allowed to exceed the yielding stress for any
length of time to reduce the risk of anode fracture. The following case is discussed: charging a battery
from 0% SoC to 100% SoC.

Figure 7. The balance temperature distribution.

Figure 7 presents the balance of temperature distribution. If this balance is broken, the temperature
controller would work to drag the temperature to the target position using various methods, such as
changing the fluid temperature and adjusting the fluid flow velocity. Thus, a stable cell temperature
can be achieved for safe operation. Figures 8 and 9 show the current and voltage curves of charging a
battery from 0% SoC to 100% SoC by utilizing the CC–CV pattern under three maximum charging
currents. At the initial charging stage, the input current maintains at the maximum and the terminal
voltage climbs fast. When the output voltage reaches the upper value, this voltage is held until the
battery cell is charged fully. With the increase in the maximum charging current, the time cost for
full charging becomes less and less. Figure 10 indicates the optimal charging current obtained by
the dynamic optimization method. The upper value and lower values of the constraints are listed in
Table 1.

 

Figure 8. Three Current profiles under CC–CV.
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Figure 9. Corresponding voltages under CC–CV.

Figure 10. Optimal charging profile.

Table 1. The upper value or lower values of the constraints.

Range I(t) (C) tf (min) V(t) (V) σ−r,max(t) (MPa) −σ−t,max(t) (MPa) ∂
.
δfilm(t) (μΩ/m2/s)

Upper 3 80 4.3 160 220 0.5
Lower 0 15 2 0 0 0

From Figure 11, we see that the area under the film growth curve is smaller than those of the other
three curves, which means the least lithium loss during full charging. At the same time, the charging
time of the optimal charging profile just takes 200 s more than the time cost under CC–CV with a 3 C
current, which is fast enough and acceptable.

 
Figure 11. Film growth rate under four profiles.
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The yielding stress of the radial stress and tangential stress in a graphite-based anode are both
around 30 MPa. If the radial stress or tangential stress is more than 30 Mpa for a long time, it is
possible to cause fatigue failure and accelerate the aging process. From Figure 12, the tangential stress
generated by optimal charging profile becomes greater than its yielding stress within 1400 s, while the
tangential stress under CC–CV with 1 C, 2 C, and 3 C is larger than 30 MPa for more than 1700 s, 2200 s,
and 3700 s, respectively. From the maximum values of radial stress as shown in Figure 13, we can see
that the optimal charging profile causes a shorter period of overstress, which represents less electrode
fatigue damage. Hence, the result shows that the optimal charging profile obtained by the dynamic
optimization method has less probability of causing stress than the CC–CV profiles and so can slow
the aging process and extend the battery life.

 

Figure 12. Maximum value of tangential stress.

 

Figure 13. Maximum value of radial stress.

Therefore, while optimizing the charging speed, the proposed optimal charging method offers a
good compromise between charging time and battery aging.

6. Conclusions

In this paper, the electrochemical–thermal model was employed to obtain the optimal charging
profile and control the temperature of the cell. A temperature controller-based backstepping method
was proposed to keep a relatively constant cell temperature to avoid overheating. Then, the effects of
intercalation-induced stress were considered, because these cause particle fracture, which can accelerate
the aging process. Furthermore, the growth of film on the surface of particles was also taken into
account due to its ability to reduce the reused lithium ions. After that, the optimization objective was
established, which minimizes the time cost during charging, while confining intercalation-induced
stress and the growth rate of surficial film to a given range. Finally, the simulation was implemented
and the results show that the film growth of the optimal charging curve is smaller than that of the other
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three charging curves, thus demonstrating the least lithium loss during full charging. Besides that,
the tangential stress and the radial stress generated by the optimal charging profile were both greater
than their yielding stresses for less time during charging as compared with the CC–CV pattern,
which means there is less risk of electrode fatigue fracture. Furthermore, the charging time of the
optimal charging profile just takes 200 s more than the time cost under CC–CV with a 3 C current,
which is fast enough and acceptable. Hence, the proposed optimal charging method offers a good
compromise between charging time and battery aging.
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Abbreviations

The following abbreviations are used in this manuscript:

BMS Batteries management system
DP Dynamic optimization
SoC State of Charge
CC-CV Constant current-constant voltage
CC Constant current
IC Incremental capacity
OCV Open circuit voltage
TTC Time-to-charge
EL Energy losses
TRI Temperature rise index
P2D Pseudo-two dimensional
MPC Model predictive control
CT-CV Constant temperature-constant voltage
LGR Legendre-Gauss-Radau
PID Proportional-integral-derivative
SPM Single particle model
PDE Partial differential equation
ODE Ordinary differential equation
UDDS Urban Dynamometer Driving Schedule
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