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State of health (SoH) imbalance causes capacity waste and cycle life reduction of the battery-based energy storage systems (BESS), which demands SoH balancing control of the parallel-connected packs and the series-connected cells of the BESS. This study proposed a multi-layer SoH balancing control to extend the cycle life of the BESS. For the series-connected battery cells, active equalization circuits based on the fly-back converter are used to exchange energy between cells and control the depth of discharge (DoD) of cells to achieve the SoH balance. For the parallel-connected packs, SoH is equalized by distributing the output power based on the SoH balancing principle and the minimum power distribution constraints of packs caused by the bidirectional balancing current among the series-connected cells are considered. Because the proposed method achieves the SoH balancing by utilizing the active equalization circuits to transfer the energy between the cells with different SoH, it can achieve higher capacity and energy utilization efficiency and lower heat release compared with the passive equalization typology that dissipates the energy. The effectiveness of the proposed method is verified by a case study based on a 3-packs-15-cells BESS. Simulation results show that this method can prolong the cycle life of BESS by about 52.9% compared with the active SoC balancing method using the same fly-back converter and 18.3% with a passive multi-layer SoH balancing method, respectively.
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1 INTRODUCTION
With lithium-ion batteries being used extensively in both electric vehicles (EVs) and battery-based energy storage systems (BESS), cascade utilization of batteries is proposed to reduce cost and increase the capacity utilization of batteries. As the widespread application of EVs and BESS has brought huge requirements for lithium-ion batteries, cascade utilization of batteries is proposed to decrease carbon emission, reduce cost, and increase the capacity utilization of batteries. As the popular battery application, the EVs are recommended to retire the battery pack when its state of health (SoH) is reduced to 80% by manufacturers (Neubauer and Pesaran, 2011) to guarantee performance and adequate mileage. BESS for frequency regulation application also require high SoH of batteries because of the frequent and deep charge/discharge cycles (Zhang et al., 2020), so the batteries will be replaced when their SoH is even relatively healthy. However, the retired batteries from these applications remain sufficient capacity for the less-demanding energy storage service (Mukherjee and Strickland, 2015), such as the load-shifting BESS or the energy arbitrage BESS. The recycling of batteries is regarded as the second life of the battery and beneficial to the investors (Olsson et al., 2018).
Both the state of health (SoH) and the state of charge (SoC) of batteries in BESS should be considered and measured during the batteries management (Pattipati et al., 2011; Yang et al., 2021). The SoC regulation, which aims to keep the SoC of all batteries consistent, is applied for the short-term operation to fulfill the maximum energy release and prevent the overcharge/overdischarge condition of each battery cell during the process (Dogger et al., 2011; Lu et al., 2014). Meanwhile, the SoH regulation is appropriate for long-term operation to prolong the cycle life of the BESS (Tran and Khambadkone, 2013), which is expected to attain similar SoH values for all batteries. Therefore, it can avoid capacity waste when the minority battery cells or packs reach the lowest SoH level but others can still offer normal energy throughput. The SoH imbalance is inevitable during the reassembly due to the retired batteries come from different operating conditions with different initial SoH (Chowdhury et al., 2019).
In practice, BESS usually consist of parallel-connected battery packs, while the packs are composed of series-connected battery cells. Thus, regulation techniques have to consider parallel and series layers as their operation conditions are disparate. For battery packs in parallel, droop control is quite common in SoC regulation control by modifying a suitable droop coefficient for the different charge/discharge currents to accomplish the SoC balance (Belal et al., 2019; Bi et al., 2020). Huang et al. (2015) presented an energy-sharing SoC balancing control scheme based on a distributed BESS architecture. Cao and Abu Qahouq (2021) proposed a hierarchical SoC balancing control method, which can control the SoC at both the cell level and the module level while simultaneously maintaining bus voltage regulation at the battery system or pack output. For battery cells in series, the equalization circuit is regarded as the most straightforward solution for SoC balancing as it can change the output current of each series-connected cell. The passive or active equalization circuits are usually used to balance the SoC of series-connected battery cells in a pack. They are also referred to as dissipation and non-dissipation equalization circuits, respectively. Cao et al. (2008); Daowd et al. (2011) reviewed and compared several state-of-the-art equalization topologies to show the characteristics of different equalization circuits. Koseoglou et al. (2020) proposed a high-effective cell equalization method using MOSFET and a shunt resistor to balance the cells. The dissipation equalization topology is applied in this method. For non-dissipation topologies, Azad et al. (2020) presented a novel active balancing topology using a single LC series resonant circuit and a single capacitor. An optimal cell-to-cell balancing topology is proposed to improve the balancing speed of equalization circuits (Ouyang et al., 2018). The fly-back converter topology has higher balancing efficiency compared with the inductor or capacitor and a more straightforward structure than those novel improving topologies (Lee et al., 2017). Overall, most SoC balancing methods aim to realize the same depth of discharge (DoD) for cells by controlling the output of each battery to maintain the SoC balance. In contrast, SoH balancing method requires a different DoD for each battery, which leads to disparate capacity degradation for batteries with different initial SoH and finally balances the SoH of all batteries. Because of the same control principle, the SoC balancing methods can be referenced for SoH balancing control.
Several works have discussed BESS’s cycle life degradation during operation, either among cells in battery packs or battery packs in the system. A pack-level SoH balancing control method applied to the modular multilevel converter-based battery energy storage system (MMC-BESS) is proposed by Li et al. (2018) as controlling the DC circulating current and fundamental frequency circulating current to realize the power distribution between each sub-module. Chowdhury et al. (2019) presented an integrated SoH balancing method for lithium-ion batteries with a simplified topology connected through a DC/DC converter. Output distribution is a common method to balance the SoH of parallel-connected batteries, which can be implemented by offering different currents for each battery. However, it is not applicable for battery cells in series as all cells have the same series current. The SoH imbalance among series-connected cells in the battery pack also leads to the low equivalent SoH of the battery pack, which is even lower than the SoH of the poorest cell in that pack. Therefore, equalization circuit techniques are the appropriate method to balance the SoH of cells in series. For series-connected cells, Ma et al. (2018) presented an enhanced SoH balancing control by using passive equalization topology based on shunt resistors to achieve the SoH balancing for cells in MMC-BESS. This method can increase the equivalent SoH of battery packs to the SoH of the poorest cell in that battery pack due to utilizing the passive equalization technique. In addition, Probstl et al. (2018) presented an SoH-aware active cell balancing strategy using an inductor-based active cell balancing architecture to transfer the energy from cells with higher SoH to the low SoH neighbors. This method can increase the equivalent SoH of the battery pack to the average SoH of all cells in that pack. However, the SoH balancing efficiency is not high because the energy transfer efficiency of the inductor is limited. Ziegler et al. (2018) believed that active equalization has no negative ageing on cells and can accomplish a longer cycle time compared with passive equalization. A long-term testing for all single cells in the system is carried out to verify his viewpoint. Furthermore, Bouchhima et al. (2018) proposed a novel multi-cell lithium-ion storage system called a ’self-reconfigurable battery’ to enhance the lifetime of BESS.
However, few studies have investigated the SoH balancing for the parallel layer and series layer simultaneously in the BESS. For BESS, the SoH balancing is not a simple combination of SoH balancing in series and SoH balancing in parallel as the status of each battery pack and cell during the operation is coupled dynamically and needs coordinated control. Khasawneh and Illindala (2014) presented three possible directions to balance the cycle life of all batteries in the microgrid. Ma et al. (2020) presented a multi-layer SoH equalization scheme that can balance the SoH for all cells in BESS. The parallel-connected battery packs are equalized based on the SoH balancing scheme (Ma et al., 2018). The passive equalization circuit with the shunt resistor is applied to balance each cell among battery packs by dissipating the redundant energy from the cells with higher SoH. This scheme can equalize all cells in BESS. It also increases the equivalent SoH of each battery pack to the SoH value of the poorest cell among that pack, as the equivalent SoH of a battery pack is normally lower than this value without balancing methods. In this study, a modified multi-layer SoH balancing control is proposed for BESS which is already installed or planning to install the active equalization circuits for battery management. The principle and characteristics of passive and active equalization topologies have been analyzed. Compared with the passive multi-layer SoH balancing method mentioned in the study by Ma et al. (2020), the proposed method considered the constraints brought by the bidirectional balancing current for cells in series. The determination of all balancing parameters is modified to appropriate the active balancing among cells. The power distribution between parallel-connected packs is also modified by considering the constraints obtained by the balancing parameters in the series layer. The proposed method has been verified by simulation in a 3-packs-15-cells BESS model. The traditional SoC equalization methods and a multi-layer SoH equalization scheme (Ma et al., 2020) have been carried out under the same conditions to compare the result. The proposed method can balance the SoH of all cells in BESS and further extend the cycle life of the system. The main contributions can be summarized as follows:
• This study proposes a multi-layer SoH balancing control method for BESS to extend the cycle life based on the active equalization circuits
• The proposed method utilizes the fly-back converter equalizer to achieve less power dissipation with higher balancing efficiency during the balancing control process
• The control scheme considers the bidirectional balancing current in the active equalization circuits and proposes a determination method for balancing current in the cell equalizer
• Compared with the traditional active SoC equalization method and the multi-layer SoH equalization scheme with passive equalization circuits, the proposed method can improve the cycle life by 52.9% and 18.3%, respectively
This article has been organized as follows: Section 2 introduces the imbalance among batteries and the application of battery equalization topologies for SoH balancing control. The control structure, the proposed control method, and the detailed formula derivation are explained in Section 3. Based on a 3-packs-15-cells BESS model in MATLAB/Simulink, Section 4 demonstrates the simulation result of the proposed balancing method. A comparison is also carried out by comparing the result of several state-of-the-art balancing methods. At last, the result of this study is concluded and future research is discussed in Section 5.
2 BATTERY IMBALANCE AND EQUALIZATION
2.1 SoH modeling
In general, the SoH is usually defined as the capacity degradation of batteries, which is interpreted as the maximum available capacity to its initial nominal capacity during the study of energy storage system control. The definition of SoH in terms of capacity degradation is expressed as follows:
[image: image]
where Qmax and Qrated are the available maximum capacity and the nominal capacity, respectively.
Full charge capacity estimation (Shahriari and Farrokhi, 2013) is the common method to estimate the SoH of batteries but requires a long-term experiment. To find out an easily accessed measurement variable for the SoH estimation, Dogger et al. (2011) studied the relationship between battery capacity degradation and life cycles and identified it as a linearized or quasi-linearized curve, which provides the possibility to estimate the SoH by the life cycle (Tran and Khambadkone, 2013). Meanwhile, the relationship between the life cycle and DoD has been carried out by eliminating the temperature difference during the battery ageing process (Dallinger, 2012). Although the battery ageing progress is a complex process that can be affected by operating temperature, current rate, DoD, or their combination (Hu et al., 2016), the temperature difference could be eliminated because the commercial or industrial BESS general has installed heat dissipation apparatus to avoid over-heat or high-temperature difference. Thus, the relationship between SoH and DoD can be obtained as
[image: image]
where Cleft is the life cycles left before the SoH drop to 0, Cltotal is the total life cycles, Cacu is the accumulated life cycles, and SoH(0) is the initial SoH value. The a and b are parameters obtained from the fitting curve of the battery’s ageing (Li et al., 2018). Cleft, Cltotal, and Cacu are all obtained under the same DoD, which stands for the percentage of the practical released amount of charge compared with total capacity (Shahriari and Farrokhi, 2013) and can be defined by the coulomb counting method, similar to the SoC, as follows (Meissner and Richter, 2003):
[image: image]
where Qrelease and id represent the released energy of the battery and the discharge current during the operation, respectively.
According to the above mentioned Eqs 2, 3, it can be assumed that the SoH is related to the discharge current id, making the SoH balancing control for BESS possible.
2.2 Battery imbalance
Generally, the BESS consists of several high voltage battery packs connected in parallel to attain a large capacity. The battery cells are series-connected to constitute a battery pack with high voltage, as shown in Figure 1. However, most battery balancing control methods usually regard the battery pack of series-connected cells as a single “high voltage battery” (Li et al., 2018) because the operation of cells in series cannot be controlled separately with the traditional structure, which means the working states of every single cell are ignored.
[image: Figure 1]FIGURE 1 | Simple BESS structure.
The ideal operation condition for series-connected cells is shown in Figure 2A, where all cells can reach the same charging/discharging status simultaneously. The length of the battery represents the available capacity and the colored rectangle indicates the remaining power.
[image: Figure 2]FIGURE 2 | Illustration of the performance of series-connected cells in battery pack under (A) ideal status and (B) real status.
However, due to the inevitable error during the battery manufacturing process, such as the different initial capacity of internal resistance, each cell’s charging/discharging status (SoC/DoD) is usually different. Different discharging statuses (DoD) will lead to different ageing speeds based on the Eq. 2. Even for the brand new batteries, the imbalance will become pronounced in long-term operation, and the condition of the batteries retired from EVs can be worse. Figure 2B shows one of the worst situations where all cells have different SoH and unequal initial SoC. For all cells in series, the charging process will be stopped when cell-1 is fully charged. The discharging process will only continue before cell-3 is completely discharged because the battery management system (BMS) will avoid the overcharge/overdischarge condition for all cells. This situation will cause capacity and energy waste during each operation and the further widening of imbalance as the capacity of cells with lower SoH will degrade faster and the ageing process of cells with higher SoH will become slower (Cao et al., 2008).
2.3 Equalization circuits for battery in series
Thus, the straightforward solution is to use the traditional cell SoC equalization methods with balancing circuits, such as passive or active balancing circuits (Cao et al., 2008; Daowd et al., 2011), to enlarge the available capacity. Figure 3 demonstrates two conventional equalization circuits.
[image: Figure 3]FIGURE 3 | Two typical cell equalization topologies by using (A) shunt resistor for passive equalization and (B) fly-back converter for active equalization.
Figure 3A shows the shunt resistor topology for the passive equalization, which balances the series-connected cells’ energy by dissipating the redundant energy through the resistor. So, the passive equalization methods are also referred to as the dissipation equalization methods. However, the active equalization circuits balance the series-connected cells by transferring the energy from the healthier cells to the poorer cells. Figure 3B demonstrates the typical fly-back converter topology for active equalization.
Based on the balancing circuits, the operation current for all cells in series can be controlled individually by offering a different balancing current ibal for each cell, shown in Figure 4. Because the current flow is in series is equal for each cell, the practical discharge current id,i for cell-i can be straightly modified by changing the balancing current ibal,i for cell-i, which means the balancing circuits can control the DoD/SoC of each cell in series according to Eqs 2, 3.
[image: Figure 4]FIGURE 4 | Principle of equalization circuits for cells in series.
The balancing performance of passive equalization circuits is illustrated in Figure 5A where the blue rectangle represents the remaining energy in the cells. The red rectangle expresses the power dissipated by the shunt resistor and the white rectangle referred to the effective output. Although this method can achieve similar depth of discharge (as A, B, and C) for each cell, the effective output or effective capacity of each cell can only reach the poorest cell’s value (shown as cell-3). The equivalent SoH of the battery pack equals the SoH of the poorest cell (cell-3) (Ma et al., 2020).
[image: Figure 5]FIGURE 5 | Illustration of the performance of series-connected cells in a battery pack with (A) passive balancing circuits and (B) active balancing circuits.
On the other hand, Figure 5B shows the operation performance of active equalization circuits. Because the poorer cell (cell-3) can receive additional energy transferred from the healthier cell (cell-1/cell-2), the SoC of each cell can be balanced (a2, b2, and c2 are equal) and the poorer cell can output less energy during the operation. The active equalization method can make full use of the capacity of each cell and the effective output of each cell can rise to the available maximum value itself. The equivalent SoH of the battery pack is equal to the average value of the SoH of all cells (Ma et al., 2020).
Hence, in theory, the equivalent SoH of the battery pack with different equalization circuits can be summarized as follows:
[image: image]
2.4 Application of the equalization circuit in SoH equalization
Because the equalization circuits can control the DoD of each cell in series individually, it is possible to realize the SoH equalization for cells by utilizing the relationship between SoH and DoD mentioned in the Eq. 2. Unlike the SoC balancing method, the SoH balancing method requires the DoD of each cell to be varied to achieve the different SoH decreases. Assuming two batteries (i and j) with different initial SoH, their instant SoH value can be addressed as
[image: image]
Setting the Cacu,i equal to the Cacu,j, the SoH value of two batteries can be balanced by offering different DoD.
Ma et al. (2020) have already proposed a multi-layer SoH balancing method applied for the BESS with the passive equalization circuits (shunt resistors topology). However, the BESS cycle life extending of passive equalization circuits is not as good as the active equalization circuits due to its dissipation characteristics. Using Figure 4 as the reference for current direction, during the discharge process, although the passive equalization circuits can boost the practical discharging current id for cells with higher SoH by increasing the balancing current ibal to achieve the SoH equalization, it cannot reduce the actual discharging current for cells with lower SoH because the balancing current cannot be negative, which means the lowest discharging current cannot be lower than the series current is. Because the poorest battery determines the retirement of BESS, the passive equalization can achieve the SoH balancing but hardly further extend the cycle life of the system.
On the other hand, active equalization circuits could overcome this issue as the balancing current of active equalization topologies is bidirectional, which means the ibal can be negative and the practical discharge current id for cells with lower SoH can be decreased to
[image: image]
where ibal,min is the maximum balancing current of the equalization circuits in the opposite direction. According to the Eqs 2, 3, a lower discharge current will lead to a slower ageing process, which reflects the ability of active equalization topologies for BESS cycle life extending.
For the multi-layer SoH balancing control scheme, active equalization circuits own the ability to balance the SoH of cells in BESS and satisfactory performance in BESS life extending. Although it is difficult to trade-off between the benefit of BESS life extension and the extra cost of active equalization circuits installation, it is still worthwhile to propose a modified multi-layer SoH balancing method for those BESS who have already installed or plan to install the active equalization circuits. Thus, the fly-back converter balancing circuits (shown in Figure 3B) are chosen as the cells’ equalization topology in this research.
3 MULTI-LAYER SOH BALANCING CONTROL
3.1 BESS operation scheme
Based on the relationship between SoH and DoD and the characteristics of the cell equalization circuits, the modified multi-layer SoH balancing control method for BESS with active equalization circuits are proposed. The general BESS block structure with active equalization circuits is shown in Figure 6, where a 3-packs-15-cells BESS is applied as an example to briefly demonstrate the control structure and logic.
[image: Figure 6]FIGURE 6 | 3-packs-15-cells BESS block structure with multi-layer SoH balancing control.
This BESS consists of three battery packs in parallel and each battery pack includes five cells connected in series. As the total power demand is confirmed, the BMS will first distribute the power output to three parallel-connected battery packs based on the equivalent SoH of each pack. After the reference output of each pack is distributed, the BMS will balance the cells among each battery pack using the secondary SoH balancing control method. The detailed control method and formula derivation will be introduced as follows.
The BESS should satisfy the following constraints during the operation to avoid dangerous conditions and significantly accelerated ageing.
[image: image]
where DoD limitation DoDlimit is 0.8 and SoH retired level SoHretired is 0.4. The SoC operation range SoCmin and SoCmax are 0.1 and 0.9, respectively.
3.2 SoH balancing control for parallel-connected battery packs (pack level)
Different DoD could be simply achieved for parallel-connected battery packs by offering different reference power for each pack. According to the Eq. 5, once the DoD of the pack with the highest SoH value is set as the maximum DoD (0.8), the DoD for other packs could be easily calculated by determining the accumulated life cycle Cacu,pack for battery packs. The value of Cacu,pack should not be less than the minimum value, which can be calculated as
[image: image]
where Cacu, min,pack is the minimum value of the accumulated life cycle to achieve the SoH balance for battery packs. SoHini,best and SoHini,worst are the SoH value of the battery pack with best condition and worst condition (highest SoH and lowest SoH), respectively. DoDmin,worst is the minimum DoD for battery pack with the lowest SoH value. Because the balancing current is bidirectional in the active equalization circuits, the DoDmin,worst should satisfy the following constraints to avoid circulating currents in packs.
[image: image]
where ic, min,worst is the minimum practical charging current for cells in that battery pack, which has opposite direction with id, min,worst. Combining with Eq. 6, it can be obtained as the constraints for DoDmin,worst by regarding the series current is,worst as applied current iapp,worst, which can be calculated as follows:
[image: image]
Once the Cacu,pack is determined, the DoDpack of other battery packs can be obtained based on the Eq. 5, which is described as
[image: image]
For battery packs connected in parallel, SoH balancing control can be achieved by offering a different reference output to each battery pack. The normalized DoDs are proportional to the average output power of corresponding battery packs during each charging and discharging cycle. Li et al. (2018) has proposed a power distribution method appropriate for SoH balancing control of parallel-connected battery packs. According to the normalized DoDs, the output power per battery pack can be calculated as
[image: image]
where Ppack,i is the power demand allocated to the ith battery pack and Ptotal is the total output power.
3.3 SoH balancing control for series-connected battery cells (cell level)
Once each battery pack’s power demand is determined, the applied current for each battery pack can be easily expressed as
[image: image]
where [image: image] and vpack represent the power reference of battery packs calculated by the SoH balancing among battery packs and the pack’s real-time terminal voltage, respectively. After the applied current for each battery pack is calculated, the next step is the SoH balancing control among cells in the relevant battery pack.
Generally, both the passive and active equalization circuits can be utilized to realize the SoH balance among cells by properly controlling their DoD. In brief, different DoDs of cells could cause different degradative rates. Thus, for example, the SoH of all cells in a series can be equalized by offering larger DoDs to cells with higher SoHs and smaller DoDs to cells with lower SoHs.
Choosing the cells in ith pack as an example, setting the DoD value of the healthiest cell as the maximum value DoDi, max (0.8), the normalized DoD of other cells can be obtained using a similar calculation like the Eq. 11. For the jth cell in ith pack, the DoDi,j can be calculated as follows:
[image: image]
However, it is quite different between cells’ connection in a pack and packs’ connection in the BESS. Although the minimum accumulated cycle life Cacu,min,i can be calculated by the similar equation as in the study by Dogger et al. (2011), the minimum DoD (DoDmin,worst,i) for the cell in pack-i with the lowest SoH value should be determined by the different equation.
Setting the maximum available DoD (as DoDmax,i) in pack-i as the DoD of the healthiest cell. The balancing current Ibal is set to the maximum value with the same direction of applied charging and discharging currents (iapp,i) for the healthiest cell and with the opposite direction of applied charging and discharging current for the poorest cell within balancing current limitation (Ibal,max or Ibal,min) to get the smallest DoD for the poorest cell (DoDworst,i). The direction of current refers to Figure 3B. According to the same charging/discharging time, Eqs 15, 16 can be obtained as follows:
[image: image]
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where Qmax,best,i and Qmax,worst,i are the capacity of the healthiest cells and the poorest cells in pack-i, respectively, which are already calculated by the SoH estimation process. ic,i and id,i are the applied charging and discharging currents (iapp,i) in the series branch of the ith battery pack, calculated by Huang et al. (2015). DoDworst,c,i and DoDworst,d,i refer to the DoD of the poorest cell in pack-i when charging/discharging obtained by solving the Eqs 15, 16. The DoDmin,worst,i is addressed as the larger one to maintain the same DoD during charging and discharging operation. Then the minimum accumulated cycle life Cacu,min,i can be obtained by Eq. 8. The setting value of Cacu,i should be equal to or larger than Cacu,min,i.
Next, the balancing current for each cell can be calculated for charging and discharging, respectively. During the charging process, fly-back converters separate the charging current (Ibal,c > 0) of poor cells to lower their charging power and send back extra charging current (Ibal,c < 0) to healthier cells to make them charged deeper. The balancing current of the healthiest cell is set to the maximum value with the same direction of applied charging current as Ibal,min to achieve the deepest charging. Replacing the charging parameters of the cell with the lowest SoH value to the parameters of the jth cell in pack-i in the Eq. 15, the reference balancing current [image: image] of the jth cell in pack-i during the charging process is obtained as follows:
[image: image]
Similarly, when discharging, the cells with the smaller SoH will receive extra power (Ibal,d < 0) from the fly-back converter to slow down its discharging and the cells with higher SoH will be required to send extra power (Ibal,d > 0) to the fly-back converter to achieve deeper discharge. The balancing current of the poorest cell is set to the maximum value with the opposite direction of applied discharging current as Ibal,min to accomplish the most shallow discharge. Replacing the discharging parameters of the cell with the highest SoH value to the parameters of the jth cell in pack-i in the Eq. 16, so the reference balancing current [image: image] of the jth cell in pack-i during discharging process can be calculated as follows:
[image: image]
Generally, the efficiency of the typical fly-back converter is 0.80–0.9. A research (Boeke, 2007) has pointed out that the efficiency of the fly-back converter can achieve 96% during the experimental test. Although many advanced topologies have been proposed in recent research with higher efficiency, the proposed method is appropriate for these topologies if the energy transfer principle is similar. Considering that the selected fly-back converter topology is just an example of the active balancing circuits, the energy transfer efficiency is set a little bit higher, as ηp = 0.95 and ηs = 0.9, to reflect the energy loss through the active balancing circuits during the operation. ηp and ηs represent the energy transfer efficiency of the equalization circuit on the primary and secondary sides. Based on the efficiency, the effective charging/discharging current of the cells in series could be obtained as follows:
[image: image]
where Id,i,j is the effective discharging current of the jth cell in pack-i. Ibal,d,i is the total equivalent discharging balancing current on the secondary side of the active equalization circuit, which can be calculated as follows:
[image: image]
[image: image] is the ratio of the transformer in the fly-back converter. Ibal,d,i,pos and Ibal,d,i,neg reflect the positive and negative balancing current during the discharging process. The direction of the balancing current refers to Figure 4.
The effective charging current can be calculated by a similar method, as follows:
[image: image]
where Ic,i,j is the effective charging current of the jth cell in pack-i. Ibal,c,i is the total equivalent charging balancing current on the secondary side of the fly-back converter, which can be calculated as
[image: image]
Ibal,c,i,pos and Ibal,c,i,neg reflect the positive and negative balancing current during the charging process. The direction is the same as the discharging current.
Because of the inevitable power loss during the power transmission, all cells in a pack will be charged less and discharged more than the reference value. Therefore, the power supplement is required during the charging process to avoid out-of-limit SoC value caused by mismatched charging/discharging. The supplement charging current Ic,i, sup can be obtained as follows:
[image: image]
It should be noticed that the “cell” in this section does not necessarily represent every battery cells in a BESS. Instead, it means the series-connected minimum controllable unit in the system as some systems are not able to control every single cells but the series-connected packs.
3.4 Overall control structure
The overall control structure and logic are illustrated in Figure 7.
[image: Figure 7]FIGURE 7 | Overall control structure diagram of the multi-layer SoH balancing control with active equalization circuits.
From the figure, ① to ⑧ show the control logic and order of the multi-layer SoH balancing control method, which can be briefly summarized as follows. The SoH estimation process obtained the SoH of each cell in BESS at first; then,
① Based on the SoH of each cell in battery packs, the primary SoH balancing control will calculate the equivalent SoH of each pack according to the equalization circuits used in the BESS as Eq. 4
② The normalized DoD of each battery pack then be calculated due to the equivalent battery pack SoH and Cacu,pack as Eq. 11
③ According to the normalized DoD, the total power demand will be distributed to each battery pack, as Eq. 12.
To this step, the calculation of the primary SoH balancing control is finished. The secondary SoH balancing control then proceeds to refer to the reference power of each battery pack.
④ Based on the reference power distributed by primary SoH balancing control, the applied charging and discharging current iapp will be calculated at first as Eq. 13.
⑤ Different from primary balancing control, the Cacu,cell needs to be calculated due to the SoH of cells and equalization circuits, as Eqs 15, 16, 8.
⑥ Then the normalized DoD of each cell is calculated referring to the SoH of cells and the obtained Cacu,cell as Eq. 14.
⑦ Next, the balancing current of each cell can be calculated as Eqs 17, 18.
The final step ⑧ is to send the control signal from the controller to the power electronic device and realize the balancing control. During the operation, the measurement device collects the operation data from each power electronic device to monitor each battery cell’s terminal voltage and operating current. After each cycle, the information will be organized to calculate and update the SoH of each cell as an Eq. 2.
In practical applications, errors exist in SoH estimation and the accurate SoH values of cells are difficult to monitor during the online operation, which brings challenges for the balancing control. However, the proposed method only requires the accurate SoH value at the beginning before the first cycle and the end after the system reaches the retired level. For the first condition, offline SoH determination is not difficult and there are already many commercial solutions. For the second condition, the SoH determination is decided by the protection system, which means it will affect the total cycle time for all control methods. Because this error is inevitable and caused by the system, it can be ignored when comparing different control methods.
During the operation, the proposed method only requires the relative deviation of SoH between each cell in a pack to estimate whether the pack is balanced or not. Thus, instead of an accurate SoH value, an approximate value calculated by the available measurement will be applied to determine the status of the batteries. The calculation of the approximate SoH is shown follows:
[image: image]
where SoHapp is the approximate SoH and Qrated is the nominal capacity. ΔQ and DoD are the released energy and the depth of discharge in the time duration. The status measurement device can obtain both these two values.
4 SIMULATION AND COMPARISON
4.1 Simulation condition
A simulation model of the 3-packs-15-cells BESS with the fly-back converter equalization circuits is built in MATLAB/Simulink. Due to the balancing current ratio (ratio of the equalizing current to the operating current) can effectively enhance the performance of balancing (Lou et al., 2017); a single battery cell (nominal voltage 3.7 V) is selected as the minimum unit in this simulation. The prototype of the fly-back converter equalization circuits is the same as Figure 3B and the parameters of BESS and equalization circuits are listed in Table 1. In addition, the BESS structure is shown in Figure 6 and the overall control structure is shown in Figure 7, which is applied in simulation.
TABLE 1 | Simulation parameters.
[image: Table 1]In Simulink, the Lithium-ion batteries are simulated using the battery block from the library ElectronicDrive/ExtraSources. The initial SoH and initial SoC of each cell are set manually at the beginning of the simulation. They will automatically change after each charging/discharging cycle with equalization control during the simulation process. With the active equalization circuits, SoHpack can be promoted to the level of its average value of all cells in the pack. The power distribution and the equivalent SoH values for three battery packs are shown in Table 2.
TABLE 2 | Equivalent initial SoH for battery packs with active balancing circuit.
[image: Table 2]The 3-packs-15-cells BESS is applied to supply 150 W power for 50 min. According to the Eqs 11, 12, the distributed output power of pack-3 can be calculated. For cells in pack-3, the parameter Cacu is calculated as 171 based on the Eqs 8, 13, 15, 16 with the setting simulation condition. The maximum DoD of the simulation is chosen as 80% to avoid overdischarge. Only the values of each cell in pack-3 are shown in Table 3. Thus, with the initial SoH shown in Table 3 and the chosen DoDmax as 80%, the DoD and balancing current of cells undercharging/discharging conditions in pack-3 during the first cycle can be calculated according to the SoH equalization Eqs 14, 17, 18, and listed in Table 3.
TABLE 3 | Initial states and SoH equalization parameters for each cell.
[image: Table 3]4.2 BESS cycle time comparison
During each discharging cycle, the total demanding power is 150 W with a time duration of 50 min. Then, all battery cells are recharged to the initial SoC levels (set as 0.9) and the number of the life cycle is accumulated. The SoH is estimated and recorded after each life cycle. Once the unbalance of SoH between cells reaches the acceptable value, the control strategy will transfer to SoC balancing control to maintain the acceptable SoH difference until the cell is retired. This principle is also appropriate for pack-level SoH balancing control.
According to the simulation result, the balancing performance of the active equalization circuit-based multi-layer SoH balancing control of cells in pack-3 is shown in Figure 8A and Figure 9B. All cells in BESS can operate 691 times before one of them attach the retiring level. Thus, the 3-packs-15-cells BESS are considered to cycle 691 times under the multi-layer active SoH balancing control.
[image: Figure 8]FIGURE 8 | Cell-level balancing performance of (A) proposed method, (B) passive SoC balancing control, (C) active SoC balancing control, (D) and SoH equalization control with passive balancing circuits.
[image: Figure 9]FIGURE 9 | Pack-level balancing performance of (A) the proposed method, (B) passive SoC balancing control, (C) active SoC balancing control, and (D) SoH equalization control with passive balancing circuits.
As a comparison, Figures 8B, 9B, Figures 8C, 9C, and Figures 8D, 9D show the ageing phenomenon of packs in BESS and cells in pack-3 under passive SoC balancing control, active SoC balancing control, and multi-layer SoH equalization control with passive balancing circuits, respectively.
Although there are other SoH balancing methods, the multi-layer method has a better performance than those single-layer methods. Thus, only the performance of the multi-layer SoH balancing method is compared. The effective cycle times before BESS retired of these methods are 393, 452, and 584, respectively. Thus, the proposed multi-layer SoH balancing control with active equalization circuits can increase about 75.8, 52.9, and 18.3% life cycle compared with the three methods previously mentioned for the mentioned condition. The total energy stored and released of the BESS under different control methods has also been calculated as a quantitative reference for energy storage and supply. The comparison can also be observed in Table 4. Therefore, the proposed balancing method can well equalize the SoH of all cells and all packs and significantly prolong cycle times compared with the state-of-the-art battery balancing method.
TABLE 4 | Comparison of the previous methods and the proposed method.
[image: Table 4]4.3 SoC curve and other conditions
As the active multi-layer SoH balancing control method is used to replace the active SoC balancing method, while the cycle time of the BESS is extended, the SoC value of each cell should also satisfy the limitation of the SoC balancing method, as shown in the Eq. 7. The SoC curve of all cells in pack-3 was measured during the operation. Figure 10A shows the SoC variation during the whole operation. The SoC level of all cells is slowly decreased due to the error between the effective charging current and the effective discharging current. Thus, the SoC of all cells is charged to the initial level by applying an additional charging process when the cells are determined as ‘balanced’.
[image: Figure 10]FIGURE 10 | SoC curve of cells in pack-3 during the operation with (A) ηp = 0.95 and ηs = 0.9; (B) ηp = 0.9 and ηs = 0.85; and (C) ηp = 0.85 and ηs = 0.8.
Another two cases are investigated to show the performance of the active multi-layer SoH balancing method with different energy transfer efficiency, as usually, the efficiency of fly-back converter efficiency is between 0.80 and 0.9. The energy transfer efficiency is set as ηp = 0.9, ηs = 0.85 and ηp = 0.85, ηs = 0.8, respectively. The SoC curve is shown in Figures 10B,C. The total cycle time has been decreased to 682 and 674, which means the energy transfer efficiency of the active equalization circuit will slightly affect the effective cycle times. Notice that the SoC level decreases slower in Figure 10B mainly because the setting supplement charging current is closer to the practical error between charging/discharging current than the other two cases under the determined accuracy.
Meanwhile, three more cases are studied to focus on the SoC curves of the proposed method with different initial SoC values. Figure 11A shows the case that the initial SoC values of cells 1–5 are 80–60 with the efficiency ηp = 0.95 and ηs = 0.9. Figure 11B demonstrates another power supplement scheme where several additional charging operations are applied every 150 cycles before the cells are determined as ‘balanced’. This scheme can avoid the out-of-limit SoC condition before the cells are balanced, especially if the balancing process among cells takes a longer cycle time. A case with poor conditions is carried out as shown in Figure 11C that the initial SoC of cells 1–5 are 60–80, with an active equalization circuit efficiency as ηp = 0.85 and ηs = 0.8. The SoC value keeps the limitation by applying the same scheme as in Figure 11B.
[image: Figure 11]FIGURE 11 | SoC curve of cells in pack-3 during the operation with (A) ηp = 0.95 and ηs = 0.9, initial SoC 80–60; (B) ηp = 0.95 and ηs = 0.9, initial SoC 80–60, multi additional charge; and (C) ηp = 0.85 and ηs = 0.8, initial SoC 60–80, multi additional charge.
These results prove that the proposed active multi-layer SoH balancing control method can extend the effective cycle times of BESS while satisfying the SoC limitation of the SoC balancing method.
5 CONCLUSION
This study proposes a modified multi-layer SoH balancing control method for BESS with active equalization circuits to achieve the SoH balancing among cells. The fly-back converter equalization technique and the power distribution balancing method are coordinated to balance the SoH of all batteries at parallel-level and series-level simultaneously. In the parallel layer, the SoH is balanced by controlling the output current of battery packs. The power distribution is determined by the initial equivalent SoH of each pack. In the series layer, the series-connected battery cells among each pack will be equalized individually by offering disparate balancing currents with the fly-back converter equalization technique. The result verifies the effectiveness of the proposed method. It can improve the cycle life by 52.9% compared to traditional active SoC balancing control. Compared with the existing multi-layer SoH equalization scheme, the proposed method can extend the cycle by about 18.3%. Meanwhile, the proposed method can satisfy the SoC limitation during the whole process.
In summary, the primary principle of SoH balancing control is that the SoH among batteries can be balanced by offering different DoD for batteries with different SoH. The simulation has already demonstrated the effectiveness of the proposed method in allocating different output/DoD for different batteries, balancing the SoH of all cells in a BESS, and prolonging the cycle time of the whole system. The proposed method has the potential to be applied to the BESS with lower output power with regular operation, such as the BESS used for market arbitrage. However, there are some challenges to the proposed method. The range of application is not wide enough as the active equalization circuits are not as cheap as passive equalization circuits. Meanwhile, the practical application’s effectiveness is not as good as the simulation because the parameter measurement has some errors. The performance of the proposed method will be reduced when the system misses or gets a wrong equalization point. All these issues will be discussed and resolved by applying the hardware experiment.
Further research will contain the hardware or hardware-in-loop experiment to verify the effectiveness of the proposed method in a hardware environment. The different initial conditions will be considered. In addition, a discussion is proposed as the performance of cycle life extending will be better if all balancing current is determined individually. Thus, an optimal issue will be carried out by setting all balancing currents as the decision variables to verify the discussion and find the optimal value of balancing parameters in the future study. On the other hand, the cost and benefit of the fly-back converter topology will also be investigated to find an optimized trade-off between the raised cost caused by the active topology and the increased benefit brought by the extended cycle time.
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