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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.
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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 [1,2,3,4]. 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 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 [10,11,12,13]. 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) [23,26,28,29,30], and a method based on residual available energy [31].



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 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.





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.




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.




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.



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,       S O C  ¯   m    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       S O C  ¯   m   :


   r m  = max ( S O  C i  −   S O  C m   ¯  ) , i = 1 , 2 , … , p  



(1)






   r   = max (   S O  C m   ¯  − S O  C  a v g   )  



(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.



	(1)

	
Estimate the SOC of each single retired battery;




	(2)

	
Calculate the       S O C  ¯   m   , 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       S O C  ¯   m    is within the threshold range. The SOC values of retired batteries in area c are higher and need to be discharged.



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 , S O  C i  <   S O  C m   ¯  −  Δ m       b 1  ,   S O  C m   ¯  ≥ S O  C i  ≥   S O  C m   ¯  −  Δ m       b 2  ,   S O  C m   ¯  < S O  C i  ≤   S O  C m   ¯  +  Δ m      c , S O  C i  >   S O  C m   ¯  +  Δ m      , 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;



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       S O C  ¯   m    (m = 1, 2, 3) from low to high, and then top layer equalization paths are determined. There are the following six sorting cases: ①       S O C  ¯   1    >       S O C  ¯   2    >       S O C  ¯   3   , ②       S O C  ¯   1    >       S O C  ¯   3    >       S O C  ¯   2   , ③       S O C  ¯   2    >       S O C  ¯   1    >       S O C  ¯   3   , ④       S O C  ¯   2    >       S O C  ¯   3    >       S O C  ¯   1   , ⑤       S O C  ¯   3    >       S O C  ¯   1    >       S O C  ¯   2   , ⑥       S O C  ¯   3    >       S O C  ¯   2    >       S O C  ¯   1   . 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       S O C  ¯   1    >       S O C  ¯   2    >       S O C  ¯   3   . 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%, 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%.




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       S O C  ¯   1    >       S O C  ¯   2    >       S O C  ¯   3   . 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%.



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%.





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.
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Figure 1. Voltage distribution of 50 retired batteries. 
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Figure 2. Post-charge voltage of 36 retired batteries. 
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Figure 3. New rated capacity distribution of 30 retired batteries. 
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Figure 4. (a) Structure of the proposed bidirectional equalizer, (b) structure of bottom layer balancing circuit, (c) structure of top layer balancing circuit. 
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Figure 5. The equalization process of a bottom layer equalization circuit. (a) Charge L, (b) discharge L. 
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Figure 6. The equalization process of top layer equalization circuit. 
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Figure 7. Flowchart of the proposed equalization algorithm. 
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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. 
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Figure 9. (a) Balancing experiment test bench, (b) battery test system. 
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Figure 10. (a) SOC response with 12 retired cells of static equalization, (b) SOC response with 12 retired cells of charging equalization. 
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Table 1. New rated capacities of the selected 12 retired cells.
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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
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Table 2. The initial SOCs of 12 retired cells for static equalization.
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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
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Table 3. The initial SOCs of 12 retired cells for charging equalization.
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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











[image: Table] 





Table 4. Consistency comparison of retired battery pack before and after equalization.






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
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