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Abstract

:

In order to eliminate the voltage imbalance among battery cells when they are connected in series, the paper proposes a double-layer E-structure (DLE) equalizer based on bidirectional buck–boost converters, which has the advantage of quick equalization speed and can be applied to arbitrary number batteries. Furthermore, a novel two-stage equalization control strategy is proposed for the DLE equalizer to decrease maximum voltage gap between the maximum and minimum voltage cells. The paper analyses the working principle of proposed equalizer in detail and describes the detailed design of the control strategy and implement process. Simulation and experiment results show that the proposed equalizer can improve equalization performance of battery cells compared with adjacent cell-to-cell (AC2C) equalizer.
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1. Introduction


Nowadays, lithium-ion batteries are more and more widely used in the field of electric vehicles (EVs). Since EVs require higher voltage than what a single storage cell can output, large number of cells are needed to be connected in series [1,2]. However, cell voltage imbalance among series-connected batteries will occur due to manufacturing and environmental differences among them. This imbalance will lead to the decay of available battery capacity and lifetime of batteries. Therefore, battery equalizers are needed to eliminate the voltage imbalance among battery cells and to improve system performance.



In order to equalize the energy among the mismatch cells connected in series, many battery equalizers have been developed [3,4]. These equalizers can be classified into two categories: passive and active battery equalizers. Passive battery equalizers have the advantages of low cost and small size, because they just need a resistor and a switch for each cell [5,6]. However, the energy dissipation of resistor degrades the efficiency and might cause thermal issue. In order to overcome the drawback of the passive equalizers, many active battery equalizers have been proposed. These equalizers transfer excessive energy from the higher voltage cells to the lower voltage cells by using capacitors or inductors. Typical active battery equalizers include switched capacitor equalizers [7,8,9], equalizers based on bidirectional buck–boost converters [10,11,12,13,14,15,16], and transformer equalizers [17,18,19]. Among them, switched capacitor equalizers have advantages of small volume and simple control strategy, such as single-tiered switched capacitor [7], and improved switched capacitor [8,9], but their equalization speeds are slow. Transformer equalizers have advantages of flexible equalization path and quick equalization speed, such as single-winding transformer equalizer [18], and multi-winding transformer equalizers [17,19], but leakage inductor of transform lead to the appearance of equalization deviation. Equalizers based on the bidirectional buck–boost converters have the advantages of the bidirectional energy flow, easy modularization, and simple structure. Literature [10] proposes an adjacent cell-to-cell (AC2C) equalizer based on bidirectional buck–boost converters. The AC2C equalizer is featured with arbitrary battery number and simple control, but the redundant energy of higher voltage cell can only be transferred between two adjacent cells. When an AC2C equalizer is applied to a large battery string, it has many shortcomings, such as slow equalization speed, low equalization efficiency, and huge voltage gap between maximum and minimum voltage cells in the battery string. Literature [11] improves the equalization speed by exchanging the positions of switches and inductors, but the equalizer control strategy is complicated. Studies [12,13] have improved the equalization speed by changing the connection of equalizer unit, but their cost are increased. Studies [14,15] introduce two methods to improve equalization speed and efficiency, but the huge voltage gap after equalization is still existed. Reference [16] proposes a parallel architecture equalizer based on buck–boost converter. It has fast equalization speed and high equalization efficiency compared to the AC2C equalizer. However, it is worth mentioning that the parallel structure is difficult to extend. In other words, the number of batteries is restricted. Figure 1 shows AC2C equalizer and parallel structure equalizer, which are commonly used in battery equalization mentioned above. Figure 1a shows the AC2C equalizer. Figure 1b shows the parallel architecture equalizer.



A double-layer E-structure (DLE) battery equalizer is proposed in this paper. The proposed equalizer has the advantage of quick equalization speed and can be applied to arbitrary number batteries. In addition, a novel two-stage control strategy is proposed to decrease the maximum voltage gap after equalization. The structures of proposed equalizer are described in Section 2. The equalization principle is described in Section 3. The equalization control strategy is described in Section 4. The simulation results are described in Section 5. The experimental results are described in Section 6, followed by the conclusion in Section 7.




2. Structures of Proposed Equalizer


The structures of proposed equalizer are shown in Figure 2. Figure 2a,b show the odd structure and even structure of proposed equalizer, respectively. The proposed equalizer is composed of the inner-layer equalizer units and the outer-layer equalizer units. Ef (i, i + 1) represents the inner-layer equalizer unit and it equalizes the cells Bi and Bi+1. Es (j, j + 1, j + 2, j + 3) represents outer-layer equalizer unit and it equalizes the cell substrings (Bi, Bi+1) and (Bi+2, Bi+3).



When cell number N is odd, the inner-layer equalizer units of proposed equalizer include Ef (1, 2), Ef (3, 4), …, Ef (i, i + 1), …, Ef (N − 2, N − 1), Ef (N − 1, N) and its outer-layer equalizer units include Es (1, 2, 3, 4), Es (3, 4, 5, 6), …, Es (j, j + 1, j + 2, j + 3), …, Es (N − 4, N − 3, N − 2, N − 1). The number of equalizer units can be expressed as


   {     Inner - layer :     N f  =   N + 1  2       Outer - layer :     N s  =   N − 3  2       



(1)




where Nf and Ns are the number of inner-layer and outer-layer equalizer units, respectively.



When N is even, the inner-equalizer units of proposed equalizer include Ef (1, 2), Ef (3, 4), …, Ef (i, i + 1),…, Ef (N − 1, N), and its outer-layer equalizer units include Es (1, 2, 3, 4), Es (3, 4, 5, 6), …, Es (j, j + 1, j + 2, j + 3), …, Es (N − 3, N − 2, N − 1, N). The number of equalizer units can be expressed as


   {     Inner - layer :     N f  =  N 2       Outer - layer :     N s  =   N − 2  2       



(2)







Each equalizer unit of proposed equalizer is a bidirectional buck–boost converter, as shown in Figure 3. Figure 3a shows an inner-layer equalizer unit that equalizes two adjacent cells; Figure 3b shows an outer-layer equalizer unit that equalizers two adjacent cell substrings. The proposed equalizer is composed of (2N − 2) switches (inner-layer switches: S1–SN, outer-layer switches: SN+1–S2N-2) and (N − 1) inductors, as many as the traditional AC2C equalizer. In addition, similar to the parallel structure equalizer, the proposed equalizer provides flexible equalization paths, which reduces equalization time and improves equalization efficiency.



To facilitate the analysis, several assumptions are made as follows:




	
All diodes, switches, and inductors employed in proposed equalizer are ideal;



	
Each inductor has the identical parameter, i.e., L = L1 = L2 = L3 = … = L2N-2;



	
Cell voltages are constant during one switching period;



	
All of the buck–boost converters are operated in discontinuous conduction mode (DCM)









3. Equalization Principles


The equalization process of the proposed equalizer consists of two stages. In the first stage, the energy is transferred among adjacent cell substrings and between two cells in a substring by corresponding outer-layer and inner-layer equalizer units, respectively. It is noted that, when N is odd, the energy can also be transferred between cells BN and BN-1, which are adjacent cells but belong to different substrings. In the second stage, the energy is transferred from the maximum voltage cell to the minimum voltage cell, which is implemented by multiple inner-layer and outer-layer equalizer units. By the first stage equalization process, adjacent cell substrings and two cells in a substring are equalized, but the imbalance among cells in the whole battery string is still large. The second stage equalization can realize the equalization of the battery string with small maximum voltage gap among cells, but its equalization speed is slower. Thus, the proposed equalization control strategy combines the first with second stage equalization, which has advantages of both the first and second stage equalization.



3.1. First Stage Equalization


In the first stage equalization, the inner-layer equalizer and outer-layer equalizer work independently. The operation of the equalizer is based on the voltage gap between two adjacent cells or cell substrings. The equalizer has two predefined equalization thresholds; one predefined threshold ∆V for the inner-layer equalizer unit and one predefined threshold 2∆V for out-layer equalizer unit. If the voltage gap is less than the predefined equalization threshold, the corresponding equalizer unit stops working. The working condition of inner-layer equalizer unit can be expressed as


   |   V  B i   −  V  B i + 1    |  > Δ V  {    N    is   odd  :   i = 1 , 3 , 5 , … , N −  2 ,   and    i = N − 1     N    is   even  :   i = 1 , 3 , 5 , … , N − 1      



(3)




where VBi is the voltage of cell Bi. The working condition of outer-layer equalizer unit can be expressed as


   |  (  V  B i   +  V  B i + 1   ) − (  V  B i + 2   +  V  B i + 3   )  |  > 2 Δ V  {    N    is   odd  :   i = 1 , 3 , 5 , … , N − 4     N    is   even  :   i = 1 , 3 , 5 , … , N − 3      



(4)







When both the inner-equalizer unit and outer-layer equalizer unit stop working, the equalization process ends. During this stage, the operation principles of inner-layer and outer-layer equalizer units are similar. For the sake of simplification, take inner-equalizer unit as an example to analyze the working process. Assuming that cell voltage VBi is higher than cell voltage VBi+1. The equalization process of this stage includes two modes, i.e., Mode 1 and Mode 2. The current paths of the first stage equalization during different modes are shown in Figure 4.



Mode 1 [t0–t1]: Bi discharges.



Figure 4a presents the inductor current path of Mode 1. Mode 1 starts when the switch Si is turned on and the switch Si+1 is turned off. Then, VBi is directly applied to the terminal of the inductor Li, and the inductor current iLi is built up. During this mode, Li is charged by cell Bi and iLi increases linearly. Therefore, iLi can be expressed as


   i  L i   =    V  B i      L i    ( t −  t 0  ) ,  t 0  < t <  t 1   



(5)







The energy Wi is transferred from cell Bi to Li, and it can be expressed as


   W i  =  V  B i      ∫ 0   D i   T s     (    V  B i      L i    t ) d t    =    V  B i  2    2  L i     D i 2   T s 2   



(6)







In the Formula (6), Di is the duty cycle of the switch Si, and Ts is the switching period.



Mode 2 [t1–t2]: Bi+1 charges.



Figure 4b presents the inductor current path of Mode 2. Mode 2 begins when the switches Si and Si+1 are turned off. The inductor current is commutated from Si to the parasitic diode of Si+1, and it decreases linearly due to the cell voltage is applied to the inductor in the opposite direction. During this mode, the energy is transferred into cell Bi+1 and VBi+1 increases slowly. iLi can be expressed as


   i L  =    V  B i    L  (  t 1  −  t 0  ) −    V  B i + 1    L  ( t −  t 1  ) ,  t 1  < t <  t 2   



(7)







When iL reduces to zero, the energy transportation will be stopped by the parasitic diode of Si+1. The freewheeling time Td of iL can be expressed as


   T d  =    V  B i      V  B i + 1     (  t 1  −  t 0  )  



(8)







In order to avoid magnetic saturation of inductors, the duty cycle of all switches should be designed to satisfy the following expression


   D i  =    t 1  −  t 0     T s    <    t 1  −  t 0     T d  +  t 1  −  t 0    =    V  B i      V  B i   +  V  B i + 1      



(9)







The normal voltage range of lithium-ion battery is 2.8–4.2 V, so the duty cycle of all switches must be less than 0.4 to avoid magnetic saturation.




3.2. Second Stage Equalization


The second stage equalization forms an equivalent equalization path by controlling the conduction of the switches and regulating specific duty cycle to achieve equalization between the maximum voltage cell and minimum voltage cell. The second stage equalization includes three modes: Mode 1, the energy transfers from the maximum voltage cell to outer-layer inductor; Mode 2, the energy flows among outer-layer inductors; Mode 3, the energy transfers from outer-layer inductor to the minimum voltage cell. The paper takes even structure of proposed equalizer as an example to elaborate the operation process of the second stage equalization. It is supposed that the voltage of cell Bi is maximum and the voltage of cell Bj is minimum.



Mode 1: the energy transfers from the maximum voltage cell to outer-layer inductor.



Whether switches work or not in equalization process is related to the position of maximum voltage cell Bi in Mode 1, and the corresponding relationship is shown in Table 1. The energy transfer process consists of two parts in Mode 1: (a) the maximum voltage cell Bi discharges; (b) the outer-layer inductor Li+2 charges. The two parts are presented in Figure 5.



As shown in Figure 5a, when the inner-layer switch Si is turned on, the analysis process is the same as the first stage equalization, the energy that stored in Li can be obtained from Formula (6). When Si is turned off, the inductor current iLi flows from the parasitic diode of Si+1 to the adjacent cell Bi+1. The equalizer unit transfers the excess energy from the highest voltage cell Bi to the adjacent cell Bi+1. On the other hand, as shown in Figure 5b, when the outer-layer switches SN+i is turned on, the cell Bi+1 charges the outer-layer inductor Li+2. The energy Wri+1 transfers from cell Bi+1 to Li+2 can be expressed as


   W  r i + 1   =  V  B i + 1      ∫ 0   D  n + i    T s     (    V  B i   +  V  B i + 1     2 L   t )    d t =   (  V  B i   +  V  B i + 1   )  V  B i + 1     2 L    D  N + i  2   T s 2   



(10)







If the energy of cell Bi+1 maintains dynamic balance in the process of charging and discharging, the process transfers excess energy from cell Bi to Li+2, and the energy of cell Bi+1 is unchanged. The corresponding energy relationship can be expressed as


   W i  =  W r     i + 1    



(11)







From Formula (11), the duty cycle DN+i of SN+i can be obtained as


   D  N + i   =  D i   V  B i      1  (  V  B i   +  V  B i + 1   )  V  B i + 1        



(12)







In addition, the energy WLi+2 transferred from the cell substring (Bi, Bi+1) to Li+2 during this process can be expressed as


   W  L i + 2   = (  V  B i   +  V  B i + 1   )    ∫ 0   D  i + 6    T s       (  V  B i   +  V  B i + 1   )  L     t d t =     (  V  B i   +  V  B i + 1   )  2    2 L    D  N + i  2   T s 2   



(13)







Mode 2: the energy flows among outer-layer inductors.



Whether switches work or not in equalization process is related to the position of maximum voltage cell Bi and minimum voltage cell Bj in Mode 2, and the corresponding relationship is shown in Table 2. In addition, the energy transfer process consists of three parts in Mode 2: (a) the outer-layer inductor Li+2 discharges; (b) the outer-layer inductor Li+3 charges; (c) the outer-layer inductor Lj+1 charges. The three parts are presented in Figure 6.



As shown in Figure 6a, when the switch SN+i is turned off, Li+2 charges the adjacent cell substrings through the parasitic diode of switch SN+i+1 to realize the energy transfer from Li+2 to the cell substring (Bi+2, Bi+3). Then, as shown in Figure 6b, when the outer-layer switch SN+i+2 is turned on, the cell substring (Bi+2, Bi+3) charges the outer-layer inductor Li+3. In this process, the energy WLi+3 transfers from the cell substring (Bi+2, Bi+3) to Li+3, which can be expressed as


   W  L i + 3   = (  V  B i + 2   +  V  B i + 3   )    ∫ 0   D  i + 8    T s       (  V  B i + 2   +  V  B i + 3   )  L     t d t =     (  V  B i + 2   +  V  B i + 3   )  2    2 L    D  N + i + 2  2   T s 2   



(14)







If the energy of cell substring (Bi+2, Bi+3) maintains dynamic balance in the process of charging and discharging, the mode transfers excess energy from cell Bi to Li+3, and the energy of cell substring (Bi+2, Bi+3) is unchanged in this process. The corresponding energy relationship can be expressed as


   W  L i + 2   =  W  L i + 3    



(15)







From Formula (15), the duty cycle DN+i+2 of SN+i+2 can be expressed as


   D  N + i + 2   =    V  B i   +  V  B i + 1      V  B i + 2   +  V  B i + 3      D  N + i    



(16)







Similarly, owing to the unchanged energy of intermediate cell substrings in this mode, it means that the duty cycle of the corresponding switches can be solved. Meanwhile, the energy that stored in the inductor Lj-2 can be obtained from Formula (6). When the outer-layer switch SN+j-4 is turned off, the inductor Lj-2 charges the cell substring (Bj-2, Bj-1) through the parasitic diode of switch SN+j-3. Then, as shown in Figure 6c, when the switch SN+j-2 is turned on, the cell substring (Bj-2, Bj-1) charges the outer-layer inductor Lj+1. Similar to the above Formulas (13), (14), (15), duty cycle DN+j-2 of SN+j-2 can be expressed as


   D  N + j − 2   =    V  B i   +  V  B i + 1      V  B j − 2   +  V  B j − 1      D  N + i    



(17)







Mode 3: the energy transfers from outer-layer inductor to the minimum voltage cell.



Whether switches work or not in equalization process is related to the position of maximum voltage cell Bi in Mode 3, and the corresponding relationship is shown in Table 3. In addition, the energy transfer process consists of two parts in Mode 3: (a) the outer-layer inductor Lj+1 discharges; (b) the minimum voltage cell Bj charges. The two parts are presented in Figure 7.



To simplify the analysis, it is assuming that all components is ideal, then the energy loss of the whole equalization process can be ignored. The energy transfers from the cell Bi to the inductor Lj+1 can be obtained from the Formula (13). As shown in Figure 7a, when SN+j-2 is turned off, the inductor current iLj+1 commutated from SN+j-2 to parasitic diode of outer-layer switch SN+j-1, and the outer-layer equalizer unit transfers energy from Lj+1 to the cell substring (Bj, Bj+1). According to voltage-divider theorem, the energy Wsj+1 transferred from Lj+1 to the cell Bj+1 can be expressed as


   W  s j + 1   =    V  B j + 1     (  V  B j   +  V  B j + 1   )    W  L i + 2    



(18)







On the other hand, when the inner-layer switch Sj+1 is turned on, cell Bj+1 charges the inner-layer inductor Lj. The energy Wrj+1 transferred from the cell Bj+1 to Lj can be expressed as


   W  r j + 1   =  V  B j + 1      ∫ 0   D  j + 1    T s        V  B j + 1    L  t d t =    V  B j + 1  2    2 L    D  j + 1  2   T s 2      



(19)







If the energy of cell Bj+1 maintains dynamic balance in the process of charging and discharging, the mode transfers excess energy from the maximum voltage cell Bi to Lj, and the energy of cell Bj+1 is unchanged in this process. The corresponding energy relationship can be expressed as


   W  s j + 1   =  W  r j + 1    



(20)







From Formulas (18), (19), and (20), the duty cycle Dj+1 of Sj+1 can be expressed as


   D  j + 1   =  D  N + i   (  V  B i   +  V  B i + 1   )    1  (  V  B j   +  V  B j + 1   )  V  B j + 1        



(21)







As shown in Figure 7b, when Sj+1 is turned off, Lj charges the cell Bj through the parasitic diode of inner-layer switch Sj to realize the energy transfer from Lj to cell Bj.



In fact, the energy transfers from the maximum voltage cell Bi to the minimum voltage cell Bj by the second stage equalization, and the energy of other cells are unchanged. Thus, the second stage equalization decreases the maximum voltage gap between maximum voltage and minimum voltage in the battery string.





4. Equalization Control Strategy


The paper proposes a two stages equalization control strategy. The first stage equalization is widely used in traditional equalizers, it has the advantages of fast equalization speed and simply control, but it has the disadvantage of repeated flow of energy. Meanwhile, the maximum voltage gap after balancing among cells is increased with the increase of N due to the accumulation of threshold voltage gap of equalizers. Especially for AC2C equalizer, if the voltage gap of two adjacent cells is less than the predefined threshold, then in the worst case, the maximum voltage gap between maximum voltage and minimum voltage in the battery string can be expressed as


   V  g a p   = ( N − 1 ) Δ V  



(22)







The increase of maximum voltage gap after balancing among cells affects the equalization performance, which will decrease the total storage capacity and battery lifecycle. Meanwhile, if the given threshold is reduced, although the maximum voltage gap will also decrease, the corresponding equalization time will be greatly increased. Therefore, the second stage equalization is proposed to decrease the maximum voltage gap.



The flow chart of the proposed equalization control strategy used in simulations and experiments is show in Figure 8. When the arbitrary equalizer unit detects that two adjacent cells or cell substrings voltage gap is greater than the predefined threshold, the first stage equalization starts working. On the contrary, when all equalization units detect that the adjacent voltage gap is less than the given threshold, the first stage equalization stops working. Unfortunately, the maximum voltage gap is still large after finishing the first stage equalization, the equalizer begins the second stage equalization, and it stops working until the maximum voltage gap is less than the predefined threshold. Thus, the proposed control strategy can improve equalization performance.




5. Simulation


In order to compare the equalization performance of proposed equalizer with AC2C equalizer, the simulations for six cells at six different initial voltage distributions were carried out using PSIM software. Table 4 shows the initial voltage distributions of six cells.



As shown in Table 4, at different cases, the maximum voltage gaps among cells are 0.59 V. In simulation, the switching frequency was set as 10 kHz, and the value of each inductor is 100 μH and duty cycle was set as 0.4. In addition, energy storage cells B1–B6 were replaced by capacitors (0.1F). The paper compares three equalizers by simulation: AC2C equalizer, DLE equalizer with first stage equalization (DLE1 equalizer), and DLE equalizer with the proposed two-stage equalization (DLE2 equalizer). For the AC2C equalizer, simulation and experimental voltage thresholds are set to 10 mV. For DLE1 equalizer, the inner-layer voltage threshold was set as 10 mV and outer-layer voltage threshold was set as 20 mV. Furthermore, for DLE2 equalizer, the maximum voltage gap of the whole battery pack was set as 10 mV.



The three equalizers are simulated using identical voltage distribution and parameters. Under the condition of six cells, the number of different initial voltage distribution sequences is    A 6 6   = 720   . It is almost impossible to simulate those distributions one by one. However, for DLE equalizer, six cells can be divided into three substrings that include two adjacent cells, so the paper compares six different voltage distributions due to    A 3 3  = 6  .



The simulation results are shown in Figure 9. From the simulation results, at six different initial voltage distributions, DLE2 equalizer has controllable maximum voltage gap compared to the other equalizers. Furthermore, the DLE equalizer has a relatively stable equalization time than AC2C equalizer in different distribution sequences of the cell voltage, it means that DLE equalizer has more stable equalization performance.



The paper also defines voltage variance and maximum voltage gap as extra index for further evaluate the equalization performance.



The variance σ2 is defined as


   σ 2  =  1 N    ∑  i = 1  n     (  V  B i   −  V ¯  )  2     



(23)




where   V ¯   is the average voltage of cells in the battery string. The smaller σ2 is, the better equalization performance is.



The maximum voltage gap Vgap in the battery string is defined as


   V  g a p   =  V  B max   −  V  B min    



(24)




where VBmax is maximum voltage in the battery string and VBmin is minimum voltage in the battery string. Similarly, the smaller Vgap is, the better equalization performance is.



Table 5 shows the average equalization performance of six simulation results. The DLE1 and DLE2 equalizers have shorter average equalization time, smaller voltage variance, and smaller maximum voltage gap compare with AC2C equalizer, which further proves that DLE1 and DLE2 equalizers have superior equalization performance. As N grows, the advantages of DLE1 and DLE2 equalizers will become more and more obvious. In addition, although the average equalization time of DLE2 equalizer increases slightly compared with DLE1 equalizer, the voltage variance and the maximum voltage gap is significant declined.




6. Experimental Results


In order to verify the analysis and simulation results in above sections, experiments were carried out by using lithium-ion battery string containing six cells connected in series. Figure 10 shows a photograph of the experimental circuit. The acquisition chip is the sensor to make measurement on the status of the battery cell. The monitoring IC reads the voltage value of the cells and communication with the microcontroller. The microcontroller collects data and sends it to upper computer. The microcontroller comparers the result with the threshold value set, detects the unbalanced cell and generates pulse width modulation (PWM) signals to drive the corresponding MOSFET according to the proposed algorithm. Figure 10 shows a photograph of the experimental circuit and Table 6 shows the specification of component used for experiments.



Figure 11 shows the experimental results for six cells under the condition of Case 2 of Table 4. The operating conditions of AC2C equalizer and the proposed equalizers are the same as the simulation. As shown in Figure 11, three equalizers can realize the equalization of battery string, but their balancing time is different. The AC2C equalizer takes 440 min. However, the proposed equalizers require only 280 min and 290 min. Thus, the equalization speed of the proposed equalizers is better than that of the conventional AC2C equalizer. In addition, the maximum voltage gap of conventional AC2C equalizer is 0.045 V after the total equalization process. The maximum voltage gap of DLE1 equalizer is 0.025 V after balancing, and it is reduced by 55.6% compared with AC2C equalizer. For the DLE2 equalizer, although the equalization time equalizer increases slightly compared with DLE1 equalizer, the maximum voltage gap is reduced from 0.025 V to 0.009 V, which is the minimum among three equalizers. Meanwhile, the voltage variance of the proposed equalizers is smaller than the AC2C equalizer.



Figure 12 shows the cell voltage distributions of three equalizers after balancing. Among them, the maximum voltage gap of the DLE2 equalizer is minimum, followed by DLE1 equalizer, and the maximum voltage gap of the AC2C equalizer is maximum. Thus, it is further demonstrated that the proposed equalizers can achieve better equalization performance.



In summary, DLE1 and DLE2 equalizers realize better equalization performance compared with AC2C equalizer. In addition, the DLE2 equalizer decreases efficiency and speed a little compared with the DLE1 equalizer due to adding second stage equalization, but the maximum voltage gap and variance are minimum of the DLE2 equalizer among three equalizers. Furthermore, the maximum voltage gap of the DLE2 equalizer is controllable and does not increase as N increases. It means that the DLE2 equalizer can better prolong battery lifecycle and available capacity compared with the AC2C equalizer and the DLE1 equalizer. However, as in any engineering problem, the DLE2 equalizer exists as a tradeoff. The DLE2 equalizer increases equalization performance, but it also increases complexity of the control strategy compared with the AC2C equalizer and DLE1 equalizer.




7. Conclusions


This paper proposes a new double-layer E-structure (DLE) equalizer for battery voltage equalization, in which the equalization time can be decreased compared with AC2C equalizer. In addition, a novel two-stage control strategy is proposed to decrease the maximum voltage gap. The novel control strategy is very useful to meet higher cell voltage consistency. Furthermore, simulations and experiments are used to verify the validity of the proposed equalizer and control strategy. Thus, it is anticipated that the proposed equalizer and control strategy will allow important improvements in the performance of energy storage systems.
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Figure 1. AC2C equalizer and parallel structure equalizer. (a) AC2C equalizer; (b) parallel structure equalizer. 
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Figure 2. Structures of proposed equalizer. (a) Odd structure of proposed equalizer. (b) Even structure of proposed equalizer. 
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Figure 3. Equalizer unit. (a) Inner-layer equalizer unit. (b) Outer-layer equalizer unit. 
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Figure 4. Current paths of the first stage equalization during different modes. (a) Mode 1, Bi discharges; (b) Mode 2, Bi+1 charges. 
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Figure 5. Current paths of second stage equalization in Mode 1. (a) The maximum voltage cell Bi discharges. (b) The out-layer inductor Li+2 charges. 
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Figure 6. Current paths of the second stage equalization in Mode 2. (a) Outer-layer inductor Li+2 discharges. (b) Outer-layer inductor Li+3 charges. (c) Outer-layer inductor Lj+1 charges. 
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Figure 7. Current paths of the second stage equalization in Mode 3. (a) Outer-layer inductor Lj+1 discharges. (b) Minimum voltage cell Bj charges. 
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Figure 8. Flow chart of proposed equalization control strategy used in simulations and experiments. 






Figure 8. Flow chart of proposed equalization control strategy used in simulations and experiments.



[image: Energies 12 04252 g008]







[image: Energies 12 04252 g009a 550][image: Energies 12 04252 g009b 550] 





Figure 9. Simulation results of different initial voltage distribution. (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6. 
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Figure 10. Photograph of the experimental circuit. 
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Figure 11. Experimental results of three equalizers for six cells under the condition of Case 2 of Table 4. (a) AC2C; (b) DLE1; (c) DLE2. 
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Figure 12. Cell voltage distributions of three equalizers after balancing. 
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Table 1. Switches working in Mode 1
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i

	
Odd Number

	
Even Number




	
Layer

	






	
Inner-layer

	
    S i    

	
    S i    




	
Outer-layer

	
    S  N + i     

	
    S  N + i − 1     
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Table 2. Switches working in Mode 2.
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i

	
Odd Number

	
Even Number




	
j

	






	
Odd number

	
    S  N + i + 2   ,  S  N + i + 4   , … ,  S  N + j − 4   ,  S  N + j − 2     

	
    S  N + i + 1   ,  S  N + i + 3   , … ,  S  N + j − 4   ,  S  N + j − 2     




	
Even number

	
    S  N + i + 2   ,  S  N + i + 4   , … ,  S  N + j − 3   ,  S  N + j − 1     

	
    S  N + i + 1   ,  S  N + i + 3   , … ,  S  N + j − 3   ,  S  N + j − 1     
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Table 3. Switches working in Mode 3
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j

	
Odd Number

	
Even Number




	
Layer

	






	
Inner-layer

	
    S  j + 1     

	
    S  j − 1     
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Table 4. Initial voltage distributions for simulation
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	B1 (V)
	B2 (V)
	B3 (V)
	B4 (V)
	B5 (V)
	B6 (V)





	Case 1
	3.21
	3.47
	3.35
	3.72
	3.13
	3.64



	Case 2
	3.21
	3.47
	3.13
	3.64
	3.35
	3.72



	Case 3
	3.35
	3.72
	3.21
	3.47
	3.13
	3.64



	Case 4
	3.35
	3.72
	3.13
	3.64
	3.21
	3.47



	Case 5
	3.13
	3.64
	3.21
	3.47
	3.35
	3.72



	Case 6
	3.13
	3.64
	3.35
	3.72
	3.21
	3.47
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Table 5. Average equalization performance of six simulation results
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	AC2C
	DLE1
	DLE2





	Equalization time (ms)
	90.67
	85.42
	88.97



	Variance
	2.3×10−4
	8.16×10−5
	2.17×10−5



	Voltage gap (V)
	0.0421
	0.0267
	0.0097
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Table 6. Specification of component for experiments
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Parameters

	
Value






	
Cell balancing circuit

	
MOSFET

	
IRF540NPBF




	
Gate driver

	
HCPL-3120




	
Switching frequency

	
10 KHz




	
Inductor

	
100 µH




	
Microcontroller

	
STM32F103RCT6




	
Acquisition chip

	
LTC6803




	
Lithium-ion battery

	
Nominal capacity

	
2 Ah




	
Cell voltage variation

	
2.8–4.2 V












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg





media/file18.png
o ' _AC2C 18 . _DLEL _ . DLE2

o ——Bi- B4 ’ ——Bi- Bs 3.8 —Bi- B4
3'7; ——-Bo—-—-Bs5 | 3'7, ——-Bo—-—-Bs5 | 23'7_ ——-Bo—-—-Bs5 |
%3'6 ——B3——DBs %3‘6 .-“~-_ B3 ——DBs | o3-6f - ——B3——DBs¢
2, 5| o P35l T
‘_53.5\. ~~~~~ T._:.3.5,._ L 33.5,_,. el B
S 3.4} o >essasIIIIIs — - .=.:i.-..-..-..-..-..-.. >34; = Bl .s.--d-- >34 = = ol “' d.
= A Al alance = N e - alanced | =l - = alanced |
3.3 _ Time: 69.6ms 333 A e Time: 84.5ms §33r A Time: 89.0ms
32 .~ Variance: 2.89E-4 - 3.2 o~ - Variance: 8.99E-5 - 320 .~ Variance: 2.39E-5 -
31 L . J Gap: 0.049.8V 31 b’ . ) Gap: 0.0297V 11 L . l Gap: 0.0099V
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Time/s Time/s Time/s
(a)
AC2C DLE1 DLE2
3.8 ! ' I —Bi- Ba ’ ] ‘ —Bi- B 3.8 T 1 '—Bi- B4
23‘7' Tl —-—-B2—-—-Bs | —-—-B2—-—-Bs | —-—-B2—-—-Bs |
53-6f — —Bs——Bs — —Bs——Bs ]
&
.‘_.5 3.5 - o
> 3.4 / § = 2 T = P = .‘. ""- ~ - ...
=33l g i Balanced - “Balanced _.- " Balanced
) Time: 144.3ms Time: 85.1ms Time: 89.1ms
32¢ - Variance: 2.90E-4 . Variance: 8 41E-5 - Variance: 2.27E-5 .
31 ! ‘ ' Gap: 0.0498V 31 . . Gap: 0.0288V . 1 1 Qap: 0.009‘9V
) 0.04 0.08 0.12 0.16 0.2 "0 0.04 0.08 0.12 0.16 0.2 0 0.04 0.08 0.12 0.16 0.2
Time/s Time/s Time/s
AC2C DLE1 DLE2
3.8 ' ' —Bi- B 3.8 Y ‘ —Bi- B 3.8 i [ —Bi- B4
z3.7'~."\.\.\. —'—'Bz—-—-B;') 1 23.7 ;‘\,\.\‘ —-—-BZ—'—-B5 1 23.7:\,\.\. —-—-Bz—-_-BS <
&3-6' TR ——Bs——Bs ] 3,03-6' TN ——Bs——Bs | @367 TTTNI Tl ——Bs——Bs
£3° e 239 L LTS VI B
>34 oo ] >34 o — T T >34 L= i
Z33l LTS Balanced | B33l - _.—e==""""" Balanced | T34l o _e====""" Balanced |
Pl T e Time: 74.9ms ot DTy - Time: 86.4ms et PR I Time: 89.2ms
3.2F ,_/" Variance: 8.30E-5 3.2¢ P Variance: 7.05E-5 3.2F _,.,—"" Variance: 1.85E-5 -
31 L ) ) Gap: 0.0282V 31 . , 1 Gap: 0.0165V 31 . , Gap: 0.0091V
0 0.02 0.04 0.06 0.08 0.1 "0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Time/s Time/s Time/s

(c)





media/file13.png
S N+j-2

Lj+1

Swiz1






media/file12.jpg
@ T w





media/file9.png
SN+I'
Li+2
o
Sio
o S N+i+1
Siis
o

=
s

. S
B it

® SN+1'+]

S,
Bi+ +3
| o
[}
]
]
'





media/file14.jpg
ST o e B oo
protecion, conteoland communicsion

oty v

e ayer equalization

Voo ST el v snd ot e vaTae o
poston ofth voliage maximum and minimum cel

<
2 ¥ ¥

ey | py—"— vy tansors from ovter byer

volisge cel o outerayer nductor | | _owiriayerinductors | | inducior o the minonum vologecll

)

1 3y

s





media/file20.jpg





media/file23.png
o | AC2C

| —B: —-——-B, ——Bs

S I B: —-—-Bs — —Bs
Y e 5
a5
IS Balanced
>34
Y33 Time: 440min

3.27, Variance: 2.25E-4

31t . . . Gap 0. 0450V

0 60 120 180 240 300 360 420 480

Time/min

(a)

DLE1
381 —Bi —-—-B, — —Bs
37 e Bi —-—-Bs ——Bs
T — T e, -
%}3 6f -
83.5; v
) Balanced
>34
33311 Time: 280min
3.2F/ Variance: 6.31E-5 -
31 L/ 1 ! . Gapl: 0.0250y
0 60 120 180 240 300
Time/min

(b)

DLE2
3.8 B ———B ——Bs
S Bi —-—-Bs ——Bs |
%03.6 SEE— |
S3.5¢ v
° Balanced
>3.4
333} Time: 290min
3.2F/ Variance: 1.38E-5 -
a1t , . Gap: 0.0090V
0 60 120 180 240 300 360
Time/min

(€)





media/file5.png
B e Sy
L.
YY\N
BIF-_ S

(a)

S N+"+q






media/file15.png
Set initial conditions including battery monitor,
protection, control, and communication

» | 4

\ 4

[gd

I Measure all the battery voltages I
I

| Inner-layer I

| inner-layer equalization

(VB,- + VBi ) - (VB

I Outer-layer |

<2AV?

_VB )

+1 i+2 i+3

(VBi + VBi+1 ) - (VBi+2 - VB )

outer-layer equalization

V| <AV & &
<2

i+3

Y%

Measures all the cell voltages and calculating the value and
position of the voltage maximum and minimum cell

Y

|@m—@ kAV?

m/

N

v

Y

v

Energy transfers from the maximum
voltage cell to outer-layer inductor

Energy flows among
outer-layer inductors

Energy transfers from outer-layer
inductor to the minimum voltage cell

v

v

v






media/file19.png
_AC2C

3.8 Bi- Bs
23.7.-..,'5\\. _'—'B2—-—-B5 y
53.6
&0 -

S350 0 N>
g 34 = - =T :.-‘;._--_--_-'_-'_--_-'_-'_-'_--_-.‘
= 33 e Balanced
O 7 T Time: 65.2ms
32 -7 Variance: 2.89E-4 -
31t - . . Gap: 0.0398V
"0 0.02 0.04 0.06 0.08 0.1
Time/s
AC2C

38 —Bi- B:
23'7; ~~~~~~ .~ ——-Bo—-—-Bs5 |
936r T T TTeel — —Bs——Bs |
1o) s"s. -

g 3.5 :\ ‘."'oﬁ._ “““““ -
T
@33

3.2 Variance: 2.89E-4 -

31 ) . Gap: 0.0498V

0 0.02 0.04 0.06 0.08 0.1

Time/s
AC2C
3.5 ' '—Bi- B4
23'7' ——-Bo—-—-Bs5 |
53-:6[ ~——B3——Bs |
&0
8350 _Cmeedwm
g 3.4 [ -~ - -
8 3.31 7 Time: 94.4ms
3.2F Variance: 1.43E-4
31 Gap: 0.0352V

0.02

004 006 008 01

Time/s

38 ' DLE1 ' .
© § B: Ba
3'7“\. ——-Bo—-—-Bs |
$36f = — Bs——Be
80 | Tt
S35 e Tl
S34f i Gl
S 3.3 o - Time: 83.8ms
3287 .77 Variance: 8.40E-5
31 L -~ . . Gap: 0.0288V
"0 0.02 0.04 0.06 0.08 0.1
Time/s
DLE1
3.8 I I —Bi- Bs
23.7;\\\ —-—-B2—-—-B5 T
53-6r 77 = ‘--s.:: __________ B3 ——Bs ]
%3.5 Tteel _"_':-:- ________ o
>34 PP S X .
= 33 Tl Balanced |
’ Time: 86.3ms
3.2F Variance: 7.12E-5 |
31 ' . Gap: 0.0265V
0 0.02 0.04 0.06 0.08 0.1
Time/s
(e)
38 ‘ ‘ DLE1 ‘ ‘
© —DBs B
z3‘7 ........ —-—-Bo—-—-B5 |
93-6r N T — —Bs——Bs |
e e
_._8 35 e T T 'T' ----- i
>34 e T l.. H "C'l' :
=T U L Balahce
333 o Time: 86.0ms |
3.2F Variance: 8.95E-5 -
31 . . Gap: 0.0297V
0 0.02 0.04 0.06 0.08 0.1
Time/s

(f)

DLE2
38 ' —Bi- B
3'7-\'\\ ——-Bo—-—-Bs5 |
%3 6f ~ — —Bs——Be |
&
S35p------ T -
>34 e SRR e
R -7 Balahced |
e e Time: 88.9ms
3200 .7 Variance: 2.27E-5
31 -~ . 1 Qap: 0.00QQV
' 0.02 0.04 0.06 0.08 0.1
Time/s
DLE2
3.8 I —Bi- Bs
23.7;\~\ —-—-BZ—-—-BB -
o367 7 -‘-\-\::--"'"'-.,__‘.~ ——B3s——Be¢ ]
23 Rt
>34 e S A=
= A rm— T T Balahced
3.3 Time: 88.6ms |
3.2 Variance: 1.85E-5 .
31 . ‘ Gap: 0.0097V
0 0.02 0.04 0.06 0.08 0.1
Time/s
DLE2
3.8 1 ———Bi- Bs
23'7 ———-B2—-—=-Bs5 |
936 — — Bs——Bs
o0 _ ——
% 35p.--"~~ ~~-._'.'
>34t o=~ T
— DA T Balahce
83'3’ - Time: 89.1ms ]
3.2 Variance: 2.39E-5 |
1 | | Gap: 0.0099V
0 0.02 0.04 0.06 0.08 0.1
Time/s





media/file2.jpg
(b)





nav.xhtml


  energies-12-04252


  
    		
      energies-12-04252
    


  




  





media/file11.png
SN+I'+2

S N+/-3

Li+3

ve

e

Sitt

=
¥

S

w _
N!_"_l

Si+2
Li+]

L

Sit3

@
—

H---------‘
2
N

_ Z
w2 1%

=

ve)

-

=

~~
j<b)
~"

®
Sy
L 41
®
S

S N+j-3

i
il?d

'
.
l
B; Si
‘ L,
BI'+]T Si+1
L
”I Ly
“ Siia
.
’
.
’
.
.
’
[ ]
l
Bj_z Sj'z
‘ L,
Bj.] Sj‘l
B i
J Li
l Sit

&
o]

G

S

Li+2

SN+I'+1

Sntj2

Lj+1

Swis-

SN +i+2

SN +7-3

Lis

'
'
'
l .
Bi S,‘ Di
‘ L,
o SN+i
B:A Siti Dj
|
® @
B;: Sia D;.s
L
® Syeisi
Bl_+ Sz‘+3 Dz‘+3
I o @
' '
' '
' '
' '
' '
' '
' '
' '
: :






media/file6.jpg
(a) (b)





media/file24.jpg
——ACCoqualizer  ——DLEI cqualizer  ——DLE2 equalizer

gl

P





media/file1.png
E«(N-1,N)

| I
B:1 I— B2 I_"El I-_“---B-ii : Bi+1| } BN-zl I— Bna |— By
—| E«(2,3) II : E«(N-2,N-1) HJ
Equalizer unit
(a)

Equalizer unit

{ £+(1,23,..N-2N-1N) |

Layer-m n=2m

[ E12.78 |pe-t-dE@N7N6. NN

Layer-3 |
¢— E(1234) | ¢—— E:(N-3N-2,N-1,N) |——9
Layer-2

0—@—0—@—0 —EN-3,N-2) [~ EN-1,N) |9
Layer-1

L L L L S [ e [ = [y L





media/file10.jpg
©

(@)





media/file7.png





media/file16.jpg





media/file3.png
[ E0234 | [ EWN-4AN3N2N1T)

Outer-layer

—@—o—@— Ei(5,6) E(N-6,N-5) |—4= E(N-4N-3) |4 Ev-2N-1) |¢

Inner-layer

— ] ] ] ] ] ] ] R e ] e |1—B|

—— E(G456) | [ EN-6N5N4N3G) | — E(N-LN)
(a)

[ E@2349 | [ EN3N2NLN)

Outer-layer

0—@—0—@—1 Ei(5,6) E(N-5N-4) |4 EN-3N2) 4 By |—e

Inner-layer

— ] = ] e ] ] ] H] e e ] ] —

— E(G456) | [ EN5N4N3N2






media/file22.jpg
o






media/file4.jpg





media/file25.png
AC2C equalizer —DLE1 equalizer ] LE2 equalizer

w
o)
&

1

w

wn

(o)}
1

354

Cell voltage after equalization/V

w

o)

)
1

w
wn
S

B: B2 Bs Ba Bs Be
Cell number






media/file0.jpg
ENLN)

B

E(V-2N-1)

Equalizer unit

Ee1,23, N 2NLN)

Layerm  ne2

EQNZNG-NAN)

E(1.233)

EN- L)

R~ )

E(1.2) EGA)






media/file17.jpg





media/file21.png





