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Abstract

:

Active battery equalization and passive battery equalization are two important methods which can solve the inconsistency of battery cells in lithium battery groups. In this paper, a new hybrid battery equalization strategy combinfigureing the active equalizing method with a passive equalizing method is proposed. Among them, the implementation of the active equalizing method uses the bidirectional Flyback converter and Forward converter. This hybrid equalizing strategy adopts the concept of hierarchical equilibrium: it can be divided into two layers, the top layer is the equalization between groups, and the bottom layer is the equalization of group. There are three active equilibrium strategies and one passive equilibrium strategy. For verification purposes, a series of experiments were conducted in MATLAB 2018b/Simulink platform. The simulation and experiment results show that this hybrid battery equalizing method is efficient and feasible.
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1. Introduction


The advantages of a lithium-ion battery are its high-energy density, low self-discharge rate, cycling durability, and wide temperature range [1]. Due to its excellent performance, lithium-ion battery has become the best choice for electric vehicles and other energy storage systems. Due to the differences in the manufacturing and operating environment, inconsistency between the different batteries in the same battery group is existed [2]. The inconsistency brings about a loss of capacity of the battery group, and it eventually leads to shorter battery life. A statistic shows that the capacity difference in different batteries of the same model can reach 20% [3], bcause the capacity loss of one battery group can reach 40%. As time goes on, the inconsistency of batteries will increase. Battery equalizing is an effective way to reduce the battery decay rate in battery management systems (BMSs). Battery equalizing mainly focuses on the investigation of equalization topology and control algorithms [4,5,6].



The battery equalizing technology plays a vital role in the performance improvement for lithium-ion batteries. Nowadays, there are two main battery-balancing methods: passive equalizing and active equalizing [7,8,9,10]. The passive equalizing method is that the energy of higher-power batteries is dissipated by one simple resistive circuit, and the energy is wasted in passive equalizing [11,12,13,14]. Active equalizing mainly realizes the non-dissipative transfer of energy in the battery group through energy storage components. The main active equalization methods are shown in Figure 1 [1]. In traditional active equalization, the topology usually adopts a single equalization method. One active equalizing method that one cell transfers energy to adjacent cells step by step, thus the equalizing speed is very slow. Another active equalizing method is that the energy is transferred between the battery cell and the battery group [15,16,17,18]. However, it has a disadvantage of repeated energy transfer. All of these active equalizing methods have significant limitations in their equalization speed and equalization efficiency. The equalization topology regularly adopts the Flyback converter or the Forward converter [19]. In these two topologies, a large amount of MOSFETs swiches are turned on or off at the same time, which may increase cost and reduce reliability. It is evident that using a single active or passive equalizing topology cannot meet actual needs [20,21]. For these reasons, a hybrid equalization topology is proposed in this paper. By combining multi-layer active equalization with passive equalization, the energy equalization of the battery group can be realized in different situations. The paper mainly includes the principle of the hybrid equalization topology, equalization efficiency analysis/calculation, experimental verification and conclusion [22]



Figure 2 shows the system architecture of the proposed battery equalization topology. The topology contains the bidirectional forward and bidirectional flyback converters. The structure can be divided into two layers, the top layer is the between-group equalization, and the bottom layer is the in-group equalization. There are m × n battery cells in the system, each n cells forming one battery group, with m groups in total. So, the sub-circuits between the battery groups constitute the between-group equalization system, and the sub-circuits internal to the battery group form the between-group equalization system.



The in-group equalization system is composed of active and passive equalization. The active equalization sub-circuit consists of two reverse-series MOSFETs, a winding of the transformer, an auxiliary MOSFET, and a capacitor. The equalization sub-circuits of different batteries are connected by a multi-winding transformer. The turns ratio of the transformer is 1:1:1:1. The MOSFET interconnected to the battery can replace the diode of the traditional Flyback converter or the Forward converter. In addition, the conduction loss of the MOSFET is much less than that of the diode in the traditional converter topology. The passive equalization sub-circuit of each battery includes a MOSFET and a dissipative resistor. The energy of the higher-capacity cell can be released through the dissipative resistor by changing the switching states of the MOSFET.



The between-group equalization is adopted on the bi-drectional Flyback converter. Each battery group in this layer can charge to any battery cell with higher voltage and larger capacity, and the Flyback converter and the battery group are connected one to one. The primary side of the equalizer is the corresponding battery group, and the secondary side is the entire power supply system. The between-group equalization can realize bidirectional energy flow between the battery group and the entire power supply system.



This topology is a double-layer hybrid topology. It adopts an equalization strategy which combines active and passive balancing to improve the balancing efficiency. In addition, because of the double-layer design, it can be used in scenarios where the number of cells is large, and different layers can be balanced at the same time, which significantly reduces the time required for equalization. The bidirectional flyback converter can complete the energy equalization at a higher power level. The active equalization sub-circuit in each group can flexibly realize the energy exchange between cells. Besides, it is supplemented by a passive equalization circuit. The passive equalization method was used as when the voltage difference between battery cells is small, it can accelerate equalization. Specifically, there are four equalization modes (containing three in-group equalization modes and one between-group equalization circuit mode). The corresponding mode description is introduced below.



In the schematic diagram of in-group equalization in each group, taking four cells as an example, the cells are divided into two sides, B11 and B12 are on the left side, and B13 and B14 are on the right side. According to the position where the target battery and the source battery are located, the battery balancing topology proposed in this paper contains three in-group balancing modes and one between-group balancing mode.



1.1. MODE 1: In-Group Flyback Mode


If the target battery and the source battery are on different sides of the battery group, the energy is transferred between the batteries by the Flyback operation. Assuming that B11 is the source battery and B13 is the target battery, at time t1, Q111 and Q112 are turned on, Q113 and all other MOSFETs are turned off. The energy is transferred from battery B11 to transformer L11 for storage. In [t1, t2], the discharge current is calculated as Equation (1), and the current flow direction is shown in Figure 3a. At time t2, Q111, Q112 and Q113 are turned off; Q131 and Q132 are turned on. Most of the energy in L11 is released to the Battery B13. At this time, the current flowing through the inductor L13 is located and can be calculated according to the superposition theorem, in Equation (3),     i  B 13   (  t 2  )    represents the initial value of the current at time     t 2    , the relationship between     i  B 13   (  t 2  )    and the current value     i  B 11   (  t 2  )    of the primary winding at time     t 2     is shown in Equation (2). The voltage across the winding     L  13      is clamped to voltage     V  B 13      by the battery cell, so     i  B 13   ( t )    gradually decreases with time, Equation (3) expresses this decay process. Due to the leakage inductance of L11, the current cannot be entirely transferred to the other side when Q111 and Q112 are turned off. At the time of [t2, t3], the charge current of B13 is calculated as Equation (3). Eventually, the energy is transferred from B11 to B12. The MOSFET switching state of the whole process is shown in Figure 4a:


    i   B  11      ( t )  =    V   B  11        L  11      (  t −  t 1   )    



(1)






    i   B  13      (   t 2   )  =  i   B  11      (   t 2   )    



(2)






    i   B  13      ( t )  =  i   B  13      (   t 2   )  −    V   B  13        L  13      (  t −  t 2   )    



(3)








1.2. MODE 2: In-Group Forward Mode


If the target battery and the source battery are on the same side and the voltage difference is larger than 150 mV, the energy is transferred between batteries by the forward operation. We assumed that B11 is the source cell and B12 is the target cell. At time t1, Q111, Q112, Q121, and Q122 are all turned on, and the energy of the cell B11 is directly transmitted to B12 through the transformer. At time [t1, t2], the current is calculated as Equation (4), and the current flow direction is shown in Figure 3b. At the time t2, the switches Q111, Q112, Q121, and Q122 are turned off, the energy transfer is finished. In the [t1, t2], the maximum current value can be calculated as Equation (4). The R represents the equivalent impedance of the entire loop:


    I  l o o p   =    V   B  11     −  V   B  12      R    



(4)







Finally, the energy transformation from the source battery to the target battery is realized, and the MOSFET control signal for the entire process is shown in Figure 4b.




1.3. MODE 3: In-Group Passive Balancing Mode


If the target battery and the source battery are in the same group, and the batteries do not satisfy the condition that the voltage difference is large enough, active equalization is not suitable. In this case, the topology adopts the passive equalization, which is very suitable for the equalization with the batteries with small inconsistencies. Take B11 as an example: Q113 is turned on and other MOSFETs are turned off. As shown in Figure 3c. At this time, the on-resistance of the MOSFET is ignored, and the current can be calculated according to (4). The passive equalization of other battery cells is the same as the above process. Eventually, the excess energy is dissipated in the form of heat:


    i   B  11      ( t )  =    V   B  11        R  11       



(5)








1.4. MODE 4: Between-Group Bidirectional Flyback Mode


If there is a difference between the battery groups, the topology adopts a between-group mode. The triggering condition of the mode is the maximum voltage difference larger than 80 mV. The bidirectional flyback active balancing circuit transfers energy from the higher-power battery group to the entire power supply system by controlling the switch of the MOSFET, or vice versa. This paper uses the balancing between two battery groups as an example to explain the working principle of the between-group balancing. As shown in Figure 5a, assuming that the battery group where B11 is in higher energy state, the battery group where B11 is located serves as the primary side of the Flyback transformer, and the power supply system serves as the secondary side of the Flyback converter. Q13, Q14, and Q11, Q12 are turned on or off by complementary pulse-width modulation (PWM) driving signals, respectively. At this time, the battery group charges the whole power supply system through the flyback converter. The current flow is shown in Figure 5a: the converter works in DCM mode, the duty cycle is set to 45%, and according to the transformer transformation ratio it is 1:m, with m being number of bottom groups, where m = 2 when Q13 and Q14 are turned on, battery pack G1 charges winding L2,     V  g 1      is the voltage value of G1. The peak value of the primary charging current     I  p r i _ p k      is calculated according to Equation (6). Then, the average current value     I  p r i _ a v e r      is obtained by Equation (7). After that, Q13 and Q14 are turned off, and Q11 and Q12 are turned on. At this time, the secondary winding discharges to the entire top layer group, and the initial value of the secondary current is its peak value. Its value is represented by Equation (8), and the average value of the secondary winding current is represented by Equation (9):


    I  p r i _ p k   =    V  g 1    T  o n      L 2      



(6)






    L  p r i _ a v e r   =  1 2   T  o n    I  p r i _ p k   =    V  g 1    T  o n  2    2  L 2      



(7)






    I  s e c _ p k   =  1 2   I  p r i _ p k     



(8)






    I   s e c _ a v e r    =  1 2   T  o f f    I   s e c _ p k    =  1 2   T  o f f   ∗  1 2   I  p r i _ p k   =    V   g 1     T  o n    T  o f f     4  L 2      



(9)







In another case, when the energy of the battery group in the entire power supply system is lower than the average level, by controlling the corresponding MOSFET to be turned on and off, the energy of the entire power supply system can be transferred to the lower power battery group. Assuming that the power level of B11 at this time is lower than the average level, the bidirectional flyback converter is configured as a buck converter to charge it. At this time, L1 in Figure 5a is the primary-side transformer winding, and (Q13,Q14), (Q11,Q12) are turned on or off by the complementary PWM drive, respectively. The whole power supply sysem is charged to the battery group with a lower energy level, and the current flow is shown in Figure 5b, that when Q11 and Q12 are turned on,     L 1     is charged,     V  t o t a l      is the voltage of the top battery group, and its expression is Equation (11). At this time, the top group side is the primary side of the transformer, the peak charging current of the primary side is calculated according to Equation (12). Then, the average current value is obtained by Equation (13). After Q11, Q12 are turned off, Q13, Q14 are turned on, the secondary winding discharges to the battery group G1. The initial value of the secondary current at this time is the peak value, which is expressed by Equation (14), and the average current value is expressed by Equation (15).


    I  p r i _ p k   =    V  t o t a l    T  o n      L 1      



(10)






    V  t o t a l   =  V  g 1   +  V  g 2     



(11)






    I  p r i _ p k   =   (  V  g 1   +  V  g 2   )  T  o n      L 1      



(12)






     I  p r i _ a v e r   =  1 2   T  o n    I   p r i _ p k    = (    V  g 1      + V    g 2     2  L 1    )  T  o n  2      



(13)






    I   s e c _ p k    = 2  I   p r i _ p k      



(14)






    I   s e c _ a v e r    =  1 2   T  o f f    I   s e c _ p k    =    V  t o t a l    T  o f f    T  o n      L 1    = (    V  g 1      + V    g 2      L 1    )  T  o f f    T  o n     



(15)









2. Performance Evaluation


In order to evaluate the balancing performance of the proposed topology, we compared the proposed topology and the adjacent batteries balancing topology (as shown in Figure 6) [17] (position). In the rest of this section, we specifically analyze the equalization efficiency. We assume that there are n cells in the battery group, and the equalization efficiency of each sub-equalizer is   η  .



2.1. The Adjacent Batteries Balancing Topology


In the adjacent batteries’ balancing topology, there are n − 1 kinds of unbalanced state (    x 1    ,      x 2    ,      x 3    , …,      x  n − 1     ), corresponding to the n − 1 balancing efficiency (    η 1    ,     η 2    ,     η 3    , …,     η  n − 1     ). The distribution of the balancing efficiency is shown in Figure 6. Assuming that the state of charge (SOC) of the cells in the battery group is arbitrary, there is a total of n·(n − 1) balancing states, and the average balancing efficiency of the entire system depends on the current unbalanced state of the system. Assuming that the balancing efficiency value    η  ( i )     is determined by the given unbalance state     x i    . The probability of (   x =  x i    ) is calculated as Equation (16). The expected value of the balancing effect of the adjacent batteries’ balancing topology is calculated as Equation (17):


   P  (     x = x   i   )  =   2  (   n - i   )    n  (   n - r   )      



(16)






     E  ( η )  =   ∑  i = 1   n - 1    η  ( i )  P  (     x = x   i   )    =   ∑  i = 1   n - 1     η i    2  (   n - i   )    n  (   n -  1  )          =   2 η  (  1  - η   )   (  1    - η    n - 1    )   (   n -  1  )     + η    n - 1    (  1  - η   )   (  2  n -  3  )   - η   (  1    - η    n - 1    )     (   n -  1  )   (  2  n -  3  )     (  1  - η   )   2        



(17)








2.2. The Proposed Topology


For the topology proposed in this paper, the efficiency of the balancing between the battery cells is assumed to be   η  . Then, there is only active balancing in the in-group balancing, and the efficiency is   η  . Therefore, the expected balancing efficiency of the proposed topology is calculated as Equation (18):


   E ( η ) =   ∑  i = 1   n - 1     x i  P  (     x = x   i   )    = η   



(18)







Once the equalization circuit is built up, the efficiency   η   is a constant. This paper assumes   η   = 0.9. The expectation curve is shown in Figure 7. The blue curve is the adjacent batteries’ balancing topology, and the orange curve is the topology proposed in this paper. If n < 3, the adjacent cells’ balancing topology is more efficient. If n = 3, the efficiency of the two topologies is approximately equal. However, if n > 3, the efficiency of the proposed topology in this paper is obviously higher. As the number of batteries increases, the topology performance proposed in this paper is more obvious. Since lithium battery groups usually have a large number of batteries in series under actual conditions, the topology proposed in this paper has great advantages in performance. According to the above analysis, the proposed topology can directly transmit energy and the adjacent batteries’ balancing topology can only be transmitted between the adjacent batteries, so it can be seen that the topology of this paper has a faster speed. Table 1 and Table 2 show the performance comparison between the solution proposed in this paper and other common solutions.





3. Simulation


MATLAB 2018b/Simulink was used to validate the topology proposed in this paper. This paper will verify the in-group and between-group balancing separately.



The intra-in-group balancing circuit was built by the components in the Simscape library in Simulink. The battery model parameters used in the simulation are used the parameters of ternary lithium battery, they are set as shown in Table 3. The circuit is shown in Figure 8, PWM_G1_1, PWM_G1_2, PWM_G1_3, and PWM_G1_4 are the driving signals of the bidirectional switch respectively, and each signal is a 100 kHz PWM waveform, Each bidirectional switch applies different drive waveforms according to different working modes, When the circuit works in the flyback equilibrium mode, the phase difference of the switching drive waveforms of the two cells for energy transfer is 180°, When in the forward equilibrium mode, the switching drive waveforms of the two cells for energy transfer are the same in phase. PASSIVE_G1, PASSIVE_G2, PASSIVE_G3, PASSIVE_G4 are control switches for passive equalization discharge resistance respectively, The switch is opened when operating the cell that needs to be discharged.



(1) In the simulation, MODE 1 is first verified. The condition that the balanced topology works in MODE 1 is that the highest and lowest battery cells are on different sides of the battery group. B1 is the source battery in the balancing process, and B3 is the target battery. The initial SOCs of B1 and B3 are set to 99% and 30%, respectively. At this time, the gate drive waveforms of the corresponding MOSFET in the balancing circuits of B1 and B3 were shown in Figure 9. It can be seen that the phase difference between the two was 180°, so the PWM signals were complementary. The circuit worked in the in-group Flyback Mode. The current and voltage waveforms on the bidirectional switch are shown in Figure 10: the working frequency was 100 kHz, the rated output power was set to 4.5 W, the efficiency was set to 85%, the duty cycle was set to 45%, the calculation process of the primary magnetizing inductance and leakage inductance were as processed in Equation (19), the transformer leakage inductance was estimated to be 5% of the magnetizing inductance, and the copper loss resistance of the primary winding was set to 25 m∙Ω.


      P  i n   =    P o   η  =   4.5    W    0.85   ≈ 5.3   W      I  a v e r   =    P  i n      V  min     =   5.3   W   3.7    V    ≈ 1.43   A      I  p r i _ p k   =    I  a v e r     0.5   D   =   1.43   A   0.5 ∗ 0.45   ≈ 6.36   A      L  p r i   =    V  i n    T  o n      I  p k     =   3.7   V ∗ 10   μ s ∗ 0.45   6.36   A   ≈ 2.62   μ H      L  l e a k a g e   =  L  p r i   ∗ 0.05 = 2.62   μ H ∗ 0.05 ≈ 0.131   μ H     



(19)







According to the simulation results in Figure 11, it is clear that the equilibrium time is 731.7 s. By Equation (20), the balancing efficiency of this equalization is about 82.1%. The simulation results show that the topology proposed in this paper can realize the balancing mode of MODE 1, and the balancing efficiency and equalization speed meet the expectation:


   P =   S O  C  B 1 _ e n d   + S O  C  B 3 _ e n d     S O  C  B 1 _ b e f o r e   + S O  C  B 3 _ b e f o r e       



(20)







(2) In order to verify the MODE 2, B1 was chosen as the source battery, and B2 as the target battery. B1 and B2 are in the same side of the battery group. The initial SOC of B1 was set to 99%, and the initial SOC of B2 was set to 30%. At this time, the gate drive waveforms of the corresponding MOSFET in the balancing circuits of B1 and B2 are shown in Figure 12. It can be seen that the phase difference between the two is 0°, so that they are in-phase PWMs. The circuit works in the In-groupForward Mode. The current and voltage waveforms on the bidirectional switch at this time are shown in Figure 13. MODE 2 requires that the battery voltage difference exceeds the threshold, so at this time, the equalization time is completed at 1006.3 s by Figure 14. After balancing, the SOCs of B1 and B2 are 61.45% and 61.67%, respectively. Compared with the in-group flyback mode, it takes a longer time. The balancing efficiency of this calculation is 95.4% according to Equation (21):


   P =   S O  C  B 1 _ e n d   + S O  C  B 2 _ e n d     S O  C  B 1 _ b e f o r e   + S O  C  B 2 _ b e f o r e       



(21)







(3) This paper then verified MODE 3, in the in-group passive balancing mode. This mode requires that the SOC difference between the battery cells is less than 150 mV. The SOCs of four batteries are set to 80.4%, 80.2%, 80%, and 78.2%, respectively. At this time, the corresponding battery voltages are 3.465, 3.463, 3.459, and 3.443 V, and the maximum voltage difference is 22 mV, which exceeds the threshold of passive equalization. The SOCs at the final termination are 78.19%, 78.21%, 78.23%, and 78.18%, respectively. The entire balancing process takes 531.3 s. The SOC change curve in the process is shown in Figure 15.



(4) MODE 4 is the between-group bidirectional flyback mode. In Figure 16, taking the power supply system composed of four battery groups as an example, the energy exchange between the entire power supply system and one of the battery groups is used to achieve a balanced effect.



The between-group balancing should wait until the end of in-group balancing. Each battery group in the power supply system is equivalent to a large-capacity battery cell. Because the battery group is connected in series, the capacity of the equivalent battery group is equal to the sum of the capacities of all the batteries in it, and the voltage of an equivalent battery group is equal to the sum of the voltage of all the series batteries in it. G1, G2, G3, and G4 are used to represent four battery groups in the power supply system, each of which has a rated voltage of 13.2 V.



The between-group balancing proposed in this paper adopts different control strategies for two different situations. First, the average voltage value of the four battery groups is obtained, and the number of battery groups that are lower than the average value and higher than the average value are obtained through comparison. If the number of battery groups higher than the average value is greater, the entire power supply system is used to charge the battery groups that are lower than the average value. On the other hand, a higher-voltage battery group is used to charge the entire power supply system to achieve balance. The termination conditions of the two equalization methods are set such that the absolute value of the difference between the voltage values of all battery groups and the average voltage of the entire power supply system is less than 180 mV. The top-level active equalization simulation is carried out using the circuit diagram shown in Figure 8, which only needs to reasonably set and modify the voltage of the battery, and one bottom-layer group is composed of four cells, its nominal voltage being     V  g _ n o m   = 3.7   V   . The nominal voltage of the entire top layer group is     V  t o t a l   = 4  V  g _ n o m   = 59.2   V   , the top group side is defined as the primary side, the turn ratio is set to 4:1, the output power of the flyback converter between groups is set to 40 W. The efficiency is calculated at 85%, the switching frequency is set to 100 kHz, the leakage inductance of the primary winding is estimated as 5% of the magnetizing inductance, the calculation process of the transformer parameters are expressed as Equation (22). The following will verify this mode:


      P  i n   =    P o   η  =   40   W   0.85   ≈ 47   W      I  a v e r   =    P  i n      V  min     =   47   W   59.2    V    ≈ 0.8   A      I  p r i _ p k   =    I  a v e r     0.5   D   =   0.8   A   0.5 ∗ 0.45   ≈ 3.6   A      L  p r i   =    V  i n    T  o n      I  p k     =   59.2   V ∗ 10   μ s ∗ 0.45   3.6   A   ≈ 74   μ H      L  l e a k a g e   =  L  p r i   ∗ 0.05 = 74   μ H ∗ 0.05 ≈ 3.7   μ H     



(22)







	(a)

	
CASE 1: The entire power supply system charges a single battery group.







Considering the practical application, the experiment uses the voltage of the battery group as the variable of the between-group balancing. The initial voltages of G1, G2, G3 and G4 are set to 14.345 V, 14.320 V, 13.961 V and 14.292 V, respectively. At this time, the average voltage of the entire power supply system is 14.230 V, and an equalization strategy for charging the battery group G3 by the entire power supply system should be adopted.



At this time, Q31, Q32, Q43, and Q44, shown in Figure 17, are controlled by two complementary PWMs, respectively, and the circuit with the same structure as Q31 and Q32 is hereinafter referred to as a bidirectional switch. The turns ratio of the transformer is selected as 4:1. Since the secondary group is charged for the primary group at this time, the side where Q31 and Q32 are located can be defined as the primary side. Correspondingly, the side where Q43 and Q44 are located is the secondary side. At this time, the driving waveform of the bidirectional switch corresponding to the primary side and the secondary side is shown in Figure 17, The primary side bidirectional switch is composed of Q31 and Q32 in Figure 16, and the secondary side switch is composed of Q43 and Q44, and the corresponding voltage and current waveforms of bidirectional switch are shown in Figure 18. The battery group SOC change curve during the equalization process is shown in Figure 19. After balancing, the voltages of G1, G2, G3, and G4 are set to 14.213 V, 14.243 V, 14.251 V and 14.260 V, respectively. The entire process takes 877.8 s. The equalization efficiency can be calculated according to Equation (23).


   η =    P o     P  i n     =    U  2 n d r m s    I  2 n d r m s      U  1 s t r m s    I  1 s t r m s       



(23)







    U  1 s t r m s      is the effective value of the voltage on the primary side, and     I  1 s t r m s      is the effective value of the current on the primary side.     U  2 s t r m s      is the effective value of the voltage on the secondary side, and     I  2 s t r m s      is the effective value of the current on the secondary side. The above four quantities are calculated as Equation (24).


      U  1 s t r m s   =    1 T     ∫ 0 T    u  1 s t  2  ( t ) d t           I  1 s t r m s   =    1 T     ∫ 0 T    i  1 s t  2  ( t ) d t           U  2 n d r m s   =    1 T     ∫ 0 T    u  2 n d  2  ( t ) d t           I  2 n d r m s   =    1 T     ∫ 0 T    i  2 n d  2  ( t ) d t          



(24)







After calculation, the equilibrium efficiency is    η ≈ 87.3 %   .



	(b)

	
CASE 2: One battery group charges the entire power supply system.







In the power supply system, the initial voltages of G1, G2, G3, and G4 are set to 14.253 V, 14.275 V, 15.191 V, and 14.287 V, respectively. At this time, the battery group G3 with the highest voltage should be used to charge the entire power supply system. Q31, Q32, Q43, and Q44 shown in Figure 20 are controlled by two complementary PWMs, respectively. Since the entire power supply system is charged for the battery group at this time, Q31 and Q32 are located in the primary side, and Q44 is on the secondary side. At this time, the driving voltage waveforms of the primary side and secondary side MOS driving voltages are shown in Figure 20, and the voltage and current waveforms are shown in Figure 21. The battery group voltage change curve is shown in Figure 22. After the balancing is completed, the voltages of G1, G2, G3, and G4 are 14.260 V, 14.284 V, 14.262 V, and 14.293 V, respectively. The entire process takes 803.8 s. According to Equations (20) and (21), the equilibrium efficiency is    η ≈ 83.4 %   .




4. Experimental Verification


In this section, the simulation verification of the entire battery equalization system is completed, which proved the feasibility of the scheme. Based on the scheme, we produced a physical circuit system. The transformer used is a planar transformer with a small volume, and the coil is made of a multilayer printed circuit board (PCB). The multilayer PCB increases the apparent power of the transformer. The actual battery balance system consists of three STM32 series microcontrollers as the control core, the microcontroller models are STM32F103C8T6, STM32F030C8T6, STM32F407ZET6, respectively. The three balancing control boards communicate with each other through the CAN bus version 2.0B. The feasibility of the scheme is further verified by the physical circuit system, the battery parameters, key switching devices and transformer parameters, which are listed in Table 4 and Table 5, the calculation process of the theoretical value has been deduced in the previous chapter, so it is only listed here. The prototype is shown in Figure 23.



As shown in Figure 24a–c, the experimental equilibrium data of MODE 1, MODE 2 and MODE 3 are obtained, which are basically consistent with the simulation results in Figure 11, Figure 14 and Figure 15, respectively. Experimental results show that the proposed hybrid equalization strategy is effective.



As shown in Figure 25a,b, the experimental equilibrium data of CASE 1 and CASE 2 in MODE 4 are obtained, respectively, which are basically consistent with the simulation results in Figure 19 and Figure 22, respectively. Experiments further verify the effectiveness of the proposed hybrid equalization strategy.



The following is an analysis of the balance process between the battery strings of other lengths. Taking a battery string composed of 20 cells as an example, the imbalance state is shown in Table 6.



The unbalance conditions introduced above include unbalance within groups and unbalance between groups. The overall balance process is shown in Figure 26.



According to the process shown in Figure 26 above, after the execution is completed, the gap between the batteries can be reduced to within the threshold range. This proves that the topology mentioned in the article has the ability to balance longer battery strings. As shown in Figure 27, different colors represent different battery packs; the batteries imbalance condition is shown in Table 6, according to the control strategy in this article, and this is the balancing process of five battery groups, a total of 20 battery cells.




5. Conclusions


In order to solve the problem of the inconsistent battery cell of the lithium battery group more effectively, this paper proposes a novel topology for hybrid lithium-ion battery cell balancing, and introduced the structure and working principle of the topology. We verify it by MATLAB 2018b /Simulink, and made an actual circuit system based on this topology. The experimental results show that the topology proposed in this paper has high equalization efficiency and fast equalization speed in the experiment. The experimental results confirm that the proposed hybrid equilibrium scheme has a certain improvement in the equilibrium speed compared with the full active equilibrium scheme. It used the passive equilibrium scheme to reduce the waiting time of the final stage of equilibrium, and it has a higher practical application value. The proposed topology achieved an excellent result, the proposed scheme has been verified by the simulation and experiment, but the top-layer equilibrium topology only realizes the energy exchange between the top-level group and any bottom-layer group, This topology can theoretically realize energy exchange between any bottom layer group, but more switches will pass through energy transmission, which leads to increased control logic complexity and switching loss will increase. This part of the function needs to be optimized in subsequent work.
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Figure 1. Classification of active equalization methods. 
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Figure 2. Overall battery equalization circuit topology. 
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Figure 3. Three in-group-pack equalization circuit modes: (a) MODE 1; (b) MODE 2; and (c) MODE 3. 
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Figure 4. Control signal: (a) MODE 1; and (b) MODE 2. 
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Figure 5. Schematic diagram of the bidirectional flyback converter in inter-pack, (a) Energy transfers from the group G1 to the top layer group, (b) Energy transfers from the top layer group to group G1. 
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Figure 6. The adjacent batteries’ balancing topology. 
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Figure 7. The efficiency curve. 
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Figure 8. The simulation circuit diagram of in-group equalization. 
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Figure 9. The waveform of PWM_G1_1 and PWM_G1_3 in MODE 1. 
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Figure 10. The current and voltage waveform of MODE 1. 
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Figure 11. The state of charge (SOC) curve during balancing in MODE 1. 
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Figure 12. The driver waveform of PWM_G1_1 and PWM_G1_2 in MODE 2. 
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Figure 13. The current and voltage waveform of MODE 2. 






Figure 13. The current and voltage waveform of MODE 2.



[image: Electronics 09 01744 g013]







[image: Electronics 09 01744 g014 550] 





Figure 14. The SOC curve during balancing in MODE 2. 
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Figure 15. The SOC curve during balancing in MODE 3. 






Figure 15. The SOC curve during balancing in MODE 3.



[image: Electronics 09 01744 g015]







[image: Electronics 09 01744 g016 550] 





Figure 16. Bidirectional flyback topology for the between-group equalization. 
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Figure 17. Driving waveform of the bidirectional switch. 
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Figure 18. Voltage and current waveforms of the bidirectional switch. 
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Figure 19. The SOC curve of CASE 1 during balancing in MODE 4. 
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Figure 20. Driving waveform of the bidirectional switch. 
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Figure 21. Voltage and current waveforms of the bidirectional switch. 
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Figure 22. The SOC curve of CASE 2 during balancing in MODE 4. 
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Figure 23. Overall effect diagram of the prototype. 
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Figure 24. The SOC curve during balancing by experiments: (a) in MODE 1; (b) in MODE 2; and (c) in MODE 3. 
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Figure 25. The SOC curve during balancing in MODE 4 by experiments: (a) CASE 1; and (b) CASE 2. 
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Figure 26. Long string battery pack balancing process. 
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Figure 27. The balancing process of five battery groups. 
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Table 1. Component quantity comparison.
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	Method
	Switch
	Resistor
	Capacitor
	Inductor
	Transformer
	Diode





	Single-trans.
	2n + 1
	-
	-
	-
	1
	1



	Multi-trans.
	2n
	-
	-
	-
	n
	n



	Multi-layer
	2n + 4m
	-
	-
	-
	n + m
	-



	Capacitor
	2n
	-
	n − 1
	-
	-
	-



	Inductor
	4n
	-
	-
	1
	-
	4n



	Passive
	n
	n
	-
	-
	-
	-



	Proposed method
	3n + 4m
	n
	-
	-
	2m
	-
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Table 2. Perfomence comparsion.
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	Method
	Speed
	Efficiency
	Condition
	Complexity
	Cost
	Suitable String





	Single-trans.
	Medium
	Medium
	Ch/disch
	Complex
	Medium
	Medium



	Multi-trans.
	Medium
	High
	Ch/disch
	Simple
	Medium
	Long



	Multi-layer
	Quick
	Medium
	Ch/disch
	Medium
	High
	Very long



	Capacitor
	Very slow
	Very high
	Ch/disch
	Simple
	Low
	Medium



	Inductor
	Quick
	Very high
	Ch/disch
	Simple
	low
	Medium



	Passive
	Very slow
	-
	Charge
	Very simple
	Very Low
	Long



	Proposed method
	Very quick
	Very high
	Ch/disch
	Medium
	Medium
	Very long
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Table 3. The battery model parameters for simulation.
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	Battery Model Type
	Lithium-Ion





	Nom-Voltage
	3.7 V



	Rated capacity
	2.8 Ah



	Internal resistance
	30 mΩ



	Nom-voltage capacity
	2.3 Ah



	Fully charged voltage
	4.1 V
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Table 4. Intra-group parameters.
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	Circuit Parameters
	Description





	Battery cell type
	Ternary polymer lithium battery



	Battery cell rated parameters
	3.7 V/2.8 Ah



	Switching frequency
	100 kHz



	Intra-group turn ratio
	4:1



	Intra-group transformer core
	EE55



	Duty cycle
	45%



	Intra-group topology power
	40 W



	Intra-group topology magnetizing inductance
	73.7 uH



	Intra-group topology leakage inductance
	4.3 uH



	Intra-group power switches
	IRF640
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Table 5. Inter-group parameters.
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	Circuit Parameters
	Description





	Switching frequency
	100 kHz



	Inter-group turn ratio
	1:1:1:1



	Inter-group Transformer core
	EE32



	Duty cycle
	45%



	Inter-group topology power
	4.5 W



	Inter-group topology magnetizing inductance
	3.54 uH



	Inter-group topology leakage inductance
	0.24 uH



	Inter-group power switches
	DMN2300UFD
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Table 6. Battery imbalance condition.






Table 6. Battery imbalance condition.





	Voltage(V)
	Group
	Cell1(V)
	Cell2(V)
	Cell3(V)
	Cell4(V)





	14.732
	G1
	3.533
	3.725
	3.612
	3.862



	14.553
	G2
	3.682
	3.564
	3.665
	3.642



	15.364
	G3
	3.847
	3.835
	3.840
	3.842



	15.286
	G4
	3.832
	3.645
	3.992
	3.817



	14.952
	G5
	3.812
	3.746
	3.802
	3.592
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