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To reduce the impact of series battery pack inconsistency on energy utilization, an active state of charge (SOC) balancing method based on an inductor and capacitor is proposed. Only one inductor and one capacitor can achieve a direct transfer of balanced energy between the highest power cell and the lowest power cell. This method has the characteristics of a simple structure, small size, simple control, fast balancing speed, and low topology cost. First, the topology, working principle, parameter design, and control strategy of the proposed balancing method are explained. Second, the characteristics of the speed and efficiency are analyzed through the simulation models, and the advantages of its low topology cost and simple control are explained. Finally, by building an experimental platform for a four-cell series battery pack, the effectiveness of the new balancing method in the charging/discharging process and the dynamic process of the battery pack is verified. After the end of the balancing, the SOC difference is less than 4%.
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1 INTRODUCTION
Lithium-ion batteries are widely used in the power systems of new energy vehicles (EVs). Due to the low cell voltage and capacity, battery cells must be connected in series and parallel to form a battery pack in order to meet application requirements (Tang et al., 2020; Cao and Abu Qahouq, 2021; Xia and Abu Qahouq, 2021; Wang et al., 2022). With the increase in the service time of the battery pack, the inevitable inconsistency between the cells will have a serious impact on the energy utilization rate and the cycle life of the battery pack. An effective balancing method must be introduced to alleviate the inconsistency of the battery pack (Ouyang et al., 2018; Shi et al., 2021). The influence of inconsistency on the series battery pack is more prominent than that of the parallel battery pack (Ye et al., 2019), and the state of charge (SOC) can reflect the inconsistency of the cell in real time compared with the voltage and capacity (Zhang et al., 2017). This article focuses on the SOC balancing method of the series battery pack.
According to the different energy transfer modes, the balancing methods are mainly divided into passive balancing and active balancing (Turksoy et al., 2020; Ghaeminezhad et al., 2021). Among them, the active balancing method uses energy storage devices, such as inductors, capacitors, and transformers, to transfer energy. It has the characteristics of a perfect balancing function and high efficiency, which is a prominent area in the research of balancing methods. The balancing method based on inductive energy storage (Xu et al., 2021; Chen et al., 2021; Ding et al., 2020) has a higher accuracy, but it often requires more inductors or switch tubes and is larger in size. The capacitor energy storage balancing method (Shang et al., 2017; Ye et al., 2017; Shang et al., 2018) has the advantages of a small volume and easy control. When the voltage difference between the balancing object and the capacitor changes from large to small, the balancing speed changes from fast to slow, resulting in a low balancing accuracy of capacitor energy storage balancing. In addition, the voltage changes drastically at the initial moment of the capacitor energy storage balancing. If the voltage is used as the balancing index, it will easily lead to overbalancing or underbalancing. The transformer energy storage balancing method (Shang et al., 2020a; Tavakoli et al., 2020; Guo et al., 2021a; Liu et al., 2021a; Conway, 2021; Nazi and Babaei, 2021) has high efficiency and is easy to isolate. However, the winding transformer design is complicated and has a peak voltage. Improper handling may cause serious safety hazards.
In combination with the characteristics of high accuracy of inductive energy storage balancing and a high speed of capacitive energy storage balancing when the voltage difference is large, topologies based on inductor–capacitor (LC) energy storage have gradually become a prominent area in the research of active balancing methods in recent years. The topology proposed by Wei et al. (2021) is based on LC for energy transfer, using fewer energy storage devices; however, it requires designing a dual-winding transformer and the number of switch tubes is large. The topology proposed by Zou et al. (2021) is similar to Wei et al. (2021) in terms of balancing principles. Although the number of switching tubes is reduced, the number of capacitors and windings is significantly increased. Liu et al. (2021b) use LC parallel resonance to eliminate the inrush currents, thereby improving the balancing efficiency. However, each cell must be equipped with four switching tubes and an LC series circuit, which is not conducive to reducing the volume and cost of the balancing system. The energy storage unit proposed by Raeber et al. (2021) contains an inductor, two capacitors, and four switching tubes, where each cell needs to be equipped with two switching tubes. Theoretically, this has a higher balancing efficiency, but the energy storage unit has a larger number of switch tubes, and the control complexity is higher. References (Lee et al., 2015; Shang et al., 2020b; Yu et al., 2020) use an LC series resonant circuit and adopt soft switching technology to switch the charge and discharge loop of the balanced object, which greatly reduces the switching loss of the balancing process. However, the control process is too complicated, and each switch tube needs to accurately calculate the duty cycle. Additionally, the balancing process is a dynamic process of multifactor coupling, and the degree of inconsistency of the balanced object has a high degree of randomness. As a result, its antiinterference ability is poor, and higher requirements are put forward on the switching characteristics of the switch tube and the operation speed of the controller, which is not conducive to hardware implementation. Ye and Cheng (2018) also uses soft-switching technology to reduce switching losses, but each cell must be equipped with an LC series circuit, and the topological cost is high. Uno and Kukita (2019) used a half-bridge converter composed of an LC for energy transfer. The entire topology only needs two switching tubes. However, it can only balance the voltage, and each cell must be equipped with two capacitors, two inductors, and two diodes. Thus, a balanced system volume and cost advantages are not prominent.
Based on the aforementioned analysis, an active SOC balancing method for a series battery pack with LC energy storage is proposed. Compared with the previously mentioned LC balancing method, the number of switching tubes and diodes required is moderate, but the energy storage device only needs one inductor and one capacitor, which can achieve an energy transfer between any cells. On the basis of ensuring the balancing speed and efficiency, it has the characteristics of a simple structure, simple control, and low cost and is suitable for the balancing system of power battery pack consisting of new EVs.
2 TOPOLOGY STRUCTURE AND EQUALIZATION PRINCIPLE
2.1 Topology Structure
The new LC energy storage balancing topology is shown in Figure 1. The battery pack consists of n cells. The topology includes 2n+2 MOSFETs, 2n diodes, one inductor, and one capacitor.
[image: Figure 1]FIGURE 1 | Balancing topology structure.
2.2 Analysis of the Balancing Principle
When the cell with the highest power and the cell with the lowest power have different serial numbers, the balancing principle is different due to the moment of the capacitor charging the inductor. For the convenience of explanation, taking the MATLAB/Simulink model of a four-cell series battery pack as an example, the balancing principle in two situations is analyzed. In the simulation model, the cell capacity is 3.2 Ah, the duty cycles of the control signal for charging and discharging are both 50%, the inductance is 100 μH, the capacitance is 1 μF, the switching frequency is 10 kHz, and the forward voltage drop of the diode is 0.4 V.
Suppose that the power of B1 is the highest, B3 is the lowest, and the difference between them is greater than the starting threshold of the balancing circuit. Each switching cycle of the balancing process includes two stages. The current loops of each stage are shown in Figure 2A, and the waveforms of the balancing current and capacitor voltage are shown in Figure 2B.
[image: Figure 2]FIGURE 2 | The working principle of the power of B1 is the highest and the B3 is the lowest. (A) Balancing current loops. (B) Waveforms of the balancing current and capacitor voltage.
In Stage 1, the inductor current at t1 is zero, and the capacitor voltage is the voltage at the end of the previous cycle. At this moment, MOSFETs S1 and S2 are turned on, and the energy is transferred from B1 to the inductor through loop i. The current flowing through the inductor gradually increases. At the same time, the entire battery pack charges the capacitor through loop ii, and the capacitor voltage quickly changes to the battery pack voltage and remains unchanged until time t2. At t2, MOSFETs S1 and S2 are disconnected, and Stage 1 ends. In Stage 2, MOSFETs S4 and S7 are turned on at moment t2. The inductor charges B3 through loop iii, and the capacitor charges the inductor through loop iv. Because the capacitor voltage cannot change suddenly, the capacitor will continue to charge the inductor after Stage 1, and the inductor current will continue to increase. When the capacitor voltage is equal to the voltage of B3, the inductor current reaches the peak and then begins to decrease. The inductor current drops to zero at t3. Thus, the energy transfer process of one switching cycle is completed. Suppose that the power of B3 is the highest and B1 is the lowest. Each switching cycle of the balancing process also includes two stages. The current loops of each stage are shown in Figure 3A, and the waveforms of the balancing current and capacitor voltage are shown in Figure 3B.
[image: Figure 3]FIGURE 3 | The working principle of the power of B3 is the highest, and B1 is the lowest. (A) Balancing current loops. (B) Waveforms of the balancing current and capacitor voltage.
In Stage 1, the inductor current at t1 is zero, and the capacitor voltage is the voltage of the negative pole of B1. At this moment, MOSFETs S5 and S6 are controlled to be turned on, and B3 and the capacitor charge the inductor through loops i and ii, respectively. When the capacitor voltage is equal to the voltage of the positive pole of B4, the capacitor no longer charges the inductor, and the inductor current increases at a slower rate. At t2, the inductor current reaches the peak, disconnects MOSFETs S5 and S6, and ends at Stage 1.
In Stage 2, MOSFETs S0 and S3 are controlled to be turned on at moment t2. The inductor charges B1 through loop iii, and the inductor current gradually decreases. At the same time, B2, B3, and B4 charge the capacitor through loop iv, and the capacitor voltage increases to the voltage of the negative pole of B1 again. The inductor current drops to zero at moment t3. Thus far, the energy transfer process of one switching cycle is completed.
In the aforementioned situations, the inductor must work in discontinuous current mode to avoid inductor hysteresis saturation during the balancing process. In addition, to ensure the reliability of balancing control, there is a dead time after t3, and the next balanced cycle starts at t4. Based on the above description, the characteristics of the new balancing method can be summarized as follows:
1) The energy storage device only requires one inductor and one capacitor. The balancing topology structure is simple.
2) In each balancing stage, only two MOSFETs need to be controlled on or off. In addition, in the charging balancing process of a low-power cell, when the inductor current drops to zero, the low-power cell will not charge the inductor in reverse due to the reverse cutoff effect of the diode. This can reduce the topological requirements on the accuracy of the control signals.
3) The balancing function is perfect, which cannot only achieve a balancing of cells to cells but also achieve a balancing of cells to pack or pack to pack.
3 BALANCING PARAMETERS DESIGN
To ensure the reliable operation of the balancing process, key parameters, such as switching frequency, duty cycle, inductance, and capacitance, need to be analyzed and calculated. Assuming that Bi has the highest power, MOSFETs S2i-1 and S2i are controlled to charge the inductor, where Bj has the lowest power, and MOSFETs S2j+1 and S2j-2 are controlled to charge Bj, where i, j = 1,2,…, n, and i ≠ j. For convenience, set the voltage of Bn as Vn, the voltage of the capacitor as VC, the diode on-voltage drop as VD, the switching frequency as f, the balancing period as T, the inductance as L, and the capacitance as C. The duty cycle of the inductor charge and discharge process is α and α’. In one balancing cycle, both the high-power cell and capacitor will charge the inductor. Suppose that the charging current of the high-power cell to the inductor is iB and that the charging current of the capacitor to the inductor is iC then the expression of the inductor current iL in an equalization cycle is:
[image: image]
For example, when the serial number i of the high-power cell is smaller than the serial number j of the low-power cell, is analyzed as an example. At the beginning of the first stage, MOSFETs S2i-1 and S2i are turned on, and the Bi forms a circuit with the inductor L. The Bi charges the inductor L and the inductor current rises linearly. The inductor current flows through the two diodes and the time t of the first stage is αT. Thus, the maximum equalization current Imax caused by Bi can be expressed as:
[image: image]
From Eq. 2, the following can be obtained:
[image: image]
At the beginning of the second stage, the S2j-2 and S2j+1 of MOSFET are turned on, and the Bj and the L form a circuit, and the L charges the Bj. At this stage, the inductor current also flows through the two diodes and the inductor current approximately satisfies the ramp function. Write the circuit equation according to Kirchhoff’s voltage law:
[image: image]
If Eq. 4 is substituted in the aforementioned initial conditions, then:
[image: image]
In an equalization cycle, to ensure the equalization control’s reliability and avoid hysteresis saturation, it is necessary to leave a dead time after the end of inductor charging and discharging before starting the next cycle. This leads to:
[image: image]
Then the expression of the inductor current iB in one equalization cycle is:
[image: image]
When t = T,
[image: image]
This leads to the setting standards for the duty cycle α of the first stage, which is:
[image: image]
In addition, combining Eqs 2, 5 in order to reset the inductor within a switching cycle, it is necessary to satisfy the following:
[image: image]
In the first stage, the voltage of the capacitor is:
[image: image]
At the beginning of the second stage, MOSFETs S2j+1 and S2j-2 are turned on. Suppose that after Δt, the capacitor voltage is:
[image: image]
Based on the Kirchhoff’s law for loop iv in Figure 2A, if the number of cells of the battery pack is expanded to n, there is an equation:
[image: image]
Combining the initial conditions, the following can be solved:
[image: image]
Substituting Eq. 12 into Eq. 14, the following can be obtained:
[image: image]
According to the superposition theorem, the inductor current iL in this stage is:
[image: image]
By solving Eq. 10, it can be determined that when t is equal to the value of Eq. 11, the inductor current iL is the largest.
[image: image]
Substituting Eq. 17 into Eqs 14, 16 to obtain the inductive maximum balancing current ILmax:
[image: image]
The discharging time of the inductor is determined by Eq. 19:
[image: image]
When the serial number i of the high-power cell is greater than the serial number j of the low-power cell, the calculation process is similar to what has been mentioned earlier. It is only in the first cycle that the capacitor voltage reaches a high potential, and no energy is released. Starting from the second cycle, the capacitor and the high-power cell charge the inductor together.
After completing the topological function parameter design, the security parameters need to be analyzed. With an increase in the number of cells in the proposed topology, the reverse voltage on the MOSFETs and diode will increase, affecting the topology’s security. For the diode, when B1 is discharging, the diode corresponding to MOSFET S2n+1 will withstand the maximum reverse voltage, or when cell Bn is discharging, the diode corresponding to MOSFET S0 will withstand the maximum reverse voltage. The maximum reverse voltage mentioned earlier is approximately equal to the battery pack voltage. Suppose the reverse breakdown voltage of the diode is VDBR, and the drain-source breakdown voltage of the MOSFET is VMBR. The diode and MOSFET selection process must ensure the following:
[image: image]
Finally, the efficiency of the balancing topology needs to be studied. The MOSFETs used in the balancing experiment in this article are STMicroelectronics IRF630, and its on-drain-source resistance RDS is 0.3 Ω. Its switching loss and cutoff loss are very small compared to the on-state loss and are therefore negligible. The Schottky diode used is STMicroelectronics 1N5819. The diode voltage drop VD is 0.4 V under the average forward current of a 1 A conduction state, and its switching loss and cutoff loss are negligible. The capacitance is on the order of μF, and the power consumption can also be ignored. Based on this, for the convenience of calculation, an approximate study of the balancing efficiency is conducted based on the energy change during the charging and discharging process of the inductor.
Assume that the energy released by the high-power cell Bi in one switching cycle is Wi. Wi is then the sum of the energy stored in the inductor and the energy loss in the balancing path. This can be expressed by Eq. 21:
[image: image]
Combining Eqs 2, 21:
[image: image]
Assume that the energy absorbed by the low-power cell Bj is Wj. Then, Wj is the difference between the energy released by the inductor and the energy loss from the balancing path. It can be expressed by Eq. 23:
[image: image]
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Assume that the balancing efficiency is η. According to the change in energy before and after balancing in one switching cycle, η can be expressed as:
[image: image]
It can be seen from Eq. 25 that the factors that affect the balancing efficiency include the product of the inductance and the switching frequency, the voltage drop of the diode, and the duty cycle of the MOSFETs, and the voltage of the balanced object. In the experiment, first, the maximum balancing current needs to be set. Second, set the inductance, capacitance, switching frequency, and duty cycle are set based on the maximum balancing current. The fourth part of the article will determine the specific experimental parameters through a comparative analysis based on the simulation models.
4 ADAPTIVE BALANCING CONTROL STRATEGY
In the balancing process, the balanced threshold is set first, and then the balanced object is determined. Suppose the highest SOC in the battery pack is Smax, the lowest SOC is Smin, and the balanced threshold is Sref. If the difference between Smax and Smin is greater than Sref, then balancing is started by turning on or turning off the corresponding MOSFETs. Otherwise, the balancing circuit does not work. In addition, if the number of cells with the highest or lowest SOC is not 1, the cells with the closest sequence numbers will be equalized first. The flow chart of the adaptive balancing control is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Flow chart of the adaptive balancing control strategy.
5 BALANCING PERFORMANCE ANALYSIS
This section mainly includes an analysis of the balancing speed and efficiency of the new balancing method under different conditions, a comparative analysis of the balancing speed and efficiency between the new balancing method and the similar LC energy storage balancing method, a balancing topology cost analysis, and a balancing control mode analysis.
5.1 Analysis of the Balancing Speed and Efficiency of the New Method
Taking the balancing of the four-cell battery pack in the idle state as an example, the balancing speed and efficiency are analyzed by building the simulation models in MATALB/Simulink. The cell parameters are shown in Table 1.
TABLE 1 | Battery parameters.
[image: Table 1]It can be seen from the parameter design process in Section 3 that the main factors affecting the balancing speed and efficiency include such parameters as the switching frequency, duty cycle, inductance, and capacitance. First, this section uses cell-to-cell balancing as an example to verify the balancing speed and efficiency. The principle of duty cycle design is to make the inductor in a critical saturation state during each switching cycle. Second, in conjunction with the parameter design process in Section 3, the performance of the balancing speed and efficiency under different switching frequencies, inductances, and capacitances is studied through simulation models. To be consistent with the actual standard value of inductance and capacitance, nine groups of different values are set for the balancing speed and efficiency analysis. The balancing efficiency is calculated based on the change in the capacity of the battery pack before and after balancing. The simulation model parameters are shown in Table 2; Figure 5 shows the simulation results.
TABLE 2 | Simulation parameters of the balancing model.
[image: Table 2][image: Figure 5]FIGURE 5 | Simulation results of the balancing efficiency and time. (A) Balancing efficiency and time for a 1 μF capacitor. (B) Balancing efficiency and time for a 4.7 μF capacitor. (C) Balancing efficiency and time for a 10 μF capacitor.
It can be seen from Figure 5 that for the balancing efficiency, when the capacitance is 1 μF, compared with the other two values, the balancing efficiency is the highest. This is because the smaller the capacitance, the smaller the loss. When the switching frequency is small, large, or approximately equal to the LC resonance frequency, the balancing efficiency is reduced. The reason is that when the switching frequency is small or approximately equal to the resonance frequency of the LC series circuit, the balancing current is large, which in turn leads to large losses in the energy storage device and a lower balancing efficiency. When the switching frequency is large, the balancing current is small, but the switching loss increases, and the balancing efficiency decreases.
It should be noted that when the capacitance is 10 μF and the inductance is 47 and 80 μH, if the switching frequency is greater than the resonance frequency, then the balancing efficiency does not increase. The reason is that when the switching frequency is greater than the resonance frequency, the switching loss has a greater impact on the balancing efficiency than the resonance frequency. In addition, when the capacitance is 10 μF and the inductance is 80 μH, when the switching frequency is low, due to the large capacitance and inductance, under the same conditions the balancing current is still small, resulting in high efficiency.
For the balancing speed under the same conditions, when the inductance is 33 μH, the balancing speed is the fastest. This is because the smaller the inductance, the faster the inductor current increases or decreases. When the switching frequency is small, or approximately equal to the series resonance frequency of the LC circuit, the balancing current is large, and the balancing speed is fast. When the switching frequency is large, the balancing current is small, and the balancing speed decreases. For the balancing current, the larger is not better; the greater the balancing current, the greater the impact it has on the battery’s charge or discharge efficiency and the aging process. In summary, when the switching frequency is 10 K, the overall balancing efficiency is high, and the balancing speed is moderate. In the experimental part of this article, the final selection of the control signal switching frequency is 10 kHz, and the inductance and capacitance are 33 μH and 1 μF, respectively.
5.2 Comparative Analysis of the Balancing Speed and Efficiency
For a comparative analysis, the balancing methods in Shang et al. (2020b) and Yu et al. (2020), which are also LC energy storage, are used as the comparison object, and the simulation models are established in MATLAB/Simulink with a battery pack composed of four cells. The topologies in Shang et al. (2020b) and Yu et al. (2020) are based on LC series resonance for balancing. Before and after balancing, the voltage difference of the balancing object will affect both the balancing speed and efficiency. This section compares the speed and efficiency of different initial difference conditions and different balancing modes (three cells to one, two cells to one, and one cell to one). The basis of each model parameter setting is to make the balancing current as large as possible, so the balancing effect is as good as possible. The simulation parameters are shown in Table 3.
TABLE 3 | Key simulation parameters of the balancing model.
[image: Table 3][image: image]
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The balancing speed is defined as the energy transferred per unit of time, and the expression is shown in Eq. 26. The balancing efficiency is defined as the ratio of the sum of the SOC of the battery pack before and after balancing (Guo et al., 2021b), and the expression is shown in Eq. 27. The simulation time is set to 50 s, and the results are shown in Figures 6, 7.
[image: Figure 6]FIGURE 6 | Balancing speed comparison.
[image: Figure 7]FIGURE 7 | Balancing efficiency comparison.
It can be seen from Figure 6 that when one cell is balanced by one cell, the new topology balancing speed is the fastest, while when one cell is balanced by multiple cells at the same time, the topological balancing speed of reference (Yu et al., 2020) is faster. This shows that when the voltage difference of the balanced object is not large, then the new topology balancing speed is the fastest, and when the voltage difference of the balanced object is large, the balancing speed of references (Shang et al., 2020b; Yu et al., 2020) is faster. The initial SOC difference has almost no effect on the new topology and the reference (Shang et al., 2020b) topology. When one cell is balanced by three cells, as the initial SOC difference increases, the balancing speed of reference (Yu et al., 2020) also tends to increase. In general, when one cell is balanced by one cell, the new topology has a relatively obvious speed advantage. When one cell is balanced by multiple cells, the new topology no longer has a speed advantage.
It can be seen from Figure 7 that when one cell is balanced by one cell, the efficiency of the new topology is lower, while when one cell is balanced by multiple cells, the topological balancing efficiency of references (Shang et al., 2020b; Yu et al., 2020) decreases significantly, while the new topology shows almost no decrease. When one cell is balanced by three cells, the topology in Yu et al. (2020) increases with an increase of the initial SOC difference, and the balancing efficiency first increases and then decreases.
It can be seen from Figures 6, 7 that for the new topology, when the balancing mode changes, although the balancing speed and efficiency also change, the change is not obvious. The initial SOC difference has almost no effect on the balancing speed or efficiency. For the topologies in Shang et al. (2020b) and Yu et al. (2020), as the balancing mode changes, the balancing speed increases while the efficiency decreases. This is because as the balancing speed increases, the balancing current increases, which leads to an increase in the loss of the energy storage device, and then the balancing efficiency decreases. The new topology balancing mode changes, the balancing speed increases, and the balancing efficiency drops by less than the reference topologies (Shang et al., 2020b; Yu et al., 2020). The reason is that achieving the same balancing effect does not require resonance, the balancing current is small, and the loss of the energy storage device is small.
In summary, compared with the current mainstream LC energy storage topologies, when one cell is balanced by one cell, the balancing speed is faster, and when one cell is balanced by multiple cells, the balancing efficiency is high.
5.3 Analysis of the Topological Cost and Volume
Take the 18,650 ternary lithium battery pack composed of 4 cells, 8 cells, and 12 cells as examples. The unit price of each device is determined based on the references (Shang et al., 2019; Shang et al., 2020b), and the new topology is compared with the current mainstream topologies. The specific analysis results are shown in Figure 8. Component cost per unit ($): MOSFET (0.2), Diode (0.03), Winding (0.2), Transformer Core (0.5), Inductor (0.25), Capacitor (0.25).
[image: Figure 8]FIGURE 8 | Analysis of the topological cost.
It can be seen from Figure 8 that the cost of the new topology has decreased compared with the current mainstream topologies. As the number of cells increases, the cost advantage becomes increasingly obvious. The topology proposed by Ding et al. (2020) uses the inductor for energy transfers. When the number of cells is small, the cost is lower, while as the number of cells increases, the number of required inductors also increases, which increases the cost and volume. The number of switch tubes used, proposed by Shang et al. (2018) is small, but as the number of cells increases, the number of capacitors increases significantly, which in turn leads to an increase in the topological cost. The topologies in Liu et al. (2021a) and Nazi and Babaei (2021) are based on the transformer to transfer energy, where the cost is low and the change in the number of cells does not cause a significant increase in cost. However, each module or cell needs to be equipped with a winding, which is not conducive to the reduction of the balancing system volume. The topologies in Shang et al. (2020b), Yu et al. (2020), Liu et al. (2021b), and Raeber et al. (2021) are based on LC energy storage to transfer energy. In the topology proposed by Liu et al. (2021b) each cell must be equipped with an LC series circuit, which greatly increases the volume and cost of the system. The energy storage device in Raeber et al. (2021) requires one inductor and two capacitors, and the references (Shang et al., 2020b; Yu et al., 2020) only need one inductor and one capacitor. Although the topological switch array in Shang et al. (2020b), Yu et al. (2020), and Raeber et al. (2021) does not need diodes, the number of switch tubes is large, which in turn leads to a higher cost. Compared with the current mainstream topologies, this new topology requires an inductor and a capacitor, and each cell needs to be equipped with two switching tubes, which is beneficial for reducing the balancing system volume. Although the topology requires a large number of diodes, the volume and cost of diodes are much smaller than those of switching tubes, which is beneficial for reducing system cost and volume. In summary, the proposed topology has a significant advantage in terms of the cost and volume of the balancing system.
5.4 Fault Tolerance Analysis of the Control Signal Duty Cycle
Simple switch control is another significant characteristic of the new topology. The new topology switch array unit and the switch array unit are based on the common topologies of LC energy storage (Shang et al., 2020b; Yu et al., 2020; Liu et al., 2021b; Raeber et al., 2021) are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Switch array unit. (A) New topology switch array unit. (B) Common topology switch array unit.
In Figure 9A, S1 is turned on and cell B is charged. When the charging current drops to zero, even if the drive signal of S1 still exists, cell B will not be discharged through S1, because the diode is reversely cut off. In Figure 9B, S2 and S3 share a driving signal. S2 and S3 are turned on, and cell B is charged. When the charging current drops to zero, S2 and S3 must be turned off immediately otherwise cell B will be discharged through S2 and S3, which will affect the balancing effect and even lead to failure of the balancing. If S2 and S3 are turned off early, then the energy storage device may be saturated. In addition, when the balancing object changes, the duty cycle of the switch control signal in Figure 9B needs to be recalculated to ensure smooth switching of the cell charge and discharge circuit, which puts forward higher requirements in terms of the computing power of the controller. In summary, the fault tolerance of the new topology control signal duty cycle is significantly higher than the current common topologies, and the applicability to all cells in the pack is better.
6 BALANCING EXPERIMENTAL ANALYSIS
6.1 State of Charge Acquisition Experiment
Obtaining an accurate SOC of each cell appropriately is the premise of taking SOC as the balancing index. The existing SOC acquisition methods include the ampere-hour (Ah) integration method, the open-circuit voltage (OCV) method, the mathematical model method, etc. (Shen et al., 2019). Among them, the Ah integration method has the advantage of a simple measurement. In this article, the Ah integration is used to calculate the SOC of each cell. The key to using Ah integration is to collect an accurate balancing current. Considering that the balancing current in the hardware experiment is relatively small, the current probe cannot obtain an accurate current value, so in this article, the current sampling circuit is used to collect the balancing current of each cell. The specific steps are as follows: first, the sampling resistance is connected in series with the positive pole of each cell. Second, a voltage amplifier circuit designed based on the high-precision integrated operational amplifiers LM124 and OP07 is used to collect the voltage across the sampling resistor. Then, the output value of the voltage sampling circuit is divided by the sampling resistor to obtain the current value on each cell. Finally, the current value is integrated to obtain the change in the SOC and then combined with the initial SOC to obtain the actual SOC during the balancing process. The four-channel current sampling circuit based on LM124 and OP07 is shown in Figure 10.
[image: Figure 10]FIGURE 10 | The four-channel current sampling circuit.
6.2 Balancing Experimental Parameters Setting
To verify the effectiveness of the new balancing method, a four-cell series battery pack balancing experiment platform, as shown in Figure 11, was built. The single cell is the 18650 ternary lithium battery produced by Sony Corporation of Japan, with a nominal voltage of 3.7 V and a rated capacity of 3.2 Ah.
[image: Figure 11]FIGURE 11 | Balancing experimental platform.
Based on the parameter design of Section 3 and the simulation analysis of Section 5, the balancing experiment parameters shown in Table 4 are designed. Among them, PWM1 and PWM2 are the control signals of the first stage and the second stage of each switching cycle.
TABLE 4 | Balancing experiment parameters.
[image: Table 4]6.3 Experimental Analysis of the Balancing Function
Set B2 SOC to be the highest and B3 SOC to be the lowest. The waveform of the inductor current in the five switching cycles and the waveforms of the cell voltage change over two switching cycles are shown in Figure 12.
[image: Figure 12]FIGURE 12 | The experimental waveforms where the B2 SOC is the highest and the B3 SOC is the lowest. (A) PWM1, PWM2, and inductor current waveforms. (B) Voltage waveforms of each cell.
Figure 12A shows that in the first stage of each switching cycle, the current through the inductor is zero at the initial moment. At this moment, MOSFETs S3 and S4 are turned on, B2 starts to charge the inductor, B2, B3, and B4 charge the capacitor, and the inductor current gradually increases. When the inductor current gradually increases to the set value, MOSFETs S3 and S4 are disconnected, and MOSFETs S4 and S7 are simultaneously turned on. The inductor starts to charge B3, and the capacitor charges the inductor. The inductor current first rises for a short time, and then gradually decreases to zero. It can be seen from Figure 12B that in the first stage, since B2 charges the inductor and B2, B3, and B4 charge the capacitor, the voltage of each cell has a certain drop. After the charging is completed, due to the polarization effect, they rise again. In the second stage, the inductor charges B3, and the voltage of B3 rises. After the inductor current drops to zero, the voltage of B3 drops again due to the polarization effect.
Set the B4 SOC to be the highest and the B2 SOC to be the lowest. The waveform of the inductor current in five switching cycles and the waveforms of the cell voltage change in two switching cycles are shown in Figure 13.
[image: Figure 13]FIGURE 13 | The experimental waveforms where the B4 SOC is the highest and the B2 SOC is the lowest. (A) PWM1, PWM2, and inductor current waveforms. (B) Voltage waveforms of each cell.
Figure 13A shows that in the first stage of each switching cycle, the current through the inductor is zero at the initial moment. At this moment, MOSFETs S7 and S8 are turned on, and B4 and the capacitor start to charge the inductor. After the capacitor power is released, only B4 continues to charge the inductor, and the inductor current rises faster at first and then slower. When the inductor current gradually increases to the set value, MOSFETs S7 and S8 are disconnected, and MOSFETs S2 and S5 are simultaneously turned on. The inductor starts to charge B2, and B3, and B4 charge the capacitor. The inductor current gradually decreases to zero. It can be seen from Figure 13B that in the first stage, since B4 charges the inductor, the voltage of B4 has a certain drop. After charging is completed, due to the polarization effect it rises again. In the second stage, the voltage of B2 rises; after the inductor current drops to zero, it drops again due to the polarization effect. At the same time, B3 and B4 charge the capacitor, and the voltages of B3 and B4 decrease. After the inductor current drops to zero, the voltages of B3 and B4 rise again due to the polarization effect.
6.4 Experimental Analysis of the Balancing Effect
To verify the overall balancing effect of the new method, the following three sets of balancing experiments are designed. Namely, the battery pack charging (0.7A) balanced experiment, the discharging (0.7A) balanced experiment, and the dynamic balanced experiment. The dynamic balancing experiment was first charged with a 0.7 A current for 30 min, then left for 30 min, and finally discharged with a 0.7 A current for 15 min. The SOC change curve of each cell during the balancing process is shown in Figure 14, and the change in the SOC of each cell before and after equalization balancing is shown in Figure 15.
[image: Figure 14]FIGURE 14 | Battery pack balancing experiment waveforms. (A) Equalization of the battery pack charging process. (B) Equalization of the battery pack discharging process. (C) Dynamic equalization.
[image: Figure 15]FIGURE 15 | SOC change before and after equalization.
It can be seen from Figure 15 that at the initial moment, the SOC inconsistency of the cells satisfies the start-up condition of the balancing circuit, and the balancing circuit starts to work. At the end of balancing, the SOC difference between the individual cells is less than 4%, which meets the stop condition of the balancing circuit. Figures 14, 15 show that the new balancing method has a good equalization effect on the charging/discharging process and the state of shelving, and can significantly improve the consistency of the series battery pack.
7 CONCLUSION
To improve the SOC consistency of the series battery pack, a new balancing method based on LC energy storage was proposed, which has the advantages of a simple structure, simple control, and low cost. First, the working principle, parameter design, and control strategy were analyzed in detail. Second, through a comparison of simulation models and topology structure, the characteristics of the new balancing method in terms of a balanced speed, efficiency, and significant topology cost advantages were proven. Finally, a four-cell series battery pack balanced experimental platform was built to verify the overall balanced effect of the new method under battery pack charging, discharging, and dynamic conditions. The SOC difference of each cell can be controlled to within 4%. In the future, the SOC estimation accuracy can be improved to further improve the balancing accuracy.
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