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Abstract

:

This paper covers the active voltage balancing method of secondary batteries. The number of applications using secondary batteries is increasing, and the batteries are normally connected in series/parallel to increase discharge cycle and power. The problem is that when there is a voltage imbalance between the cells or modules of a battery, there is a risk of an accident in the near-sighted way, shortening the life of the battery cells. Although this risk was prevented through passive balancing, this approach has limitations, including heat generation, long balancing time, and in the case of a battery that needs to be balanced between modules (or between stacks), its effectiveness decreases. Therefore, in this paper, an active cell balancing method that can overcome the limitations mentioned before is proposed. The proposed method uses a multi-winding transformer, and to increase the power density, the magnetizing inductance is decreased, and an auxiliary circuit is added. The validity of the proposed circuit was verified through mode analysis and simulation. In addition, waveforms showing the balancing performance under various conditions and the comparison results between conventional and proposed methods are given.
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1. Introduction


As interest in the environment increases and demand for eco-friendly energy increases, interest in energy storage devices is also increasing. Energy storage systems can be divided into mechanical energy-based and electro-chemical energy-based energy devices, according to the storage method and so on [1]. The method that is widely used in the industry is the electro-chemical energy-based energy storage system using a secondary battery [2]. Among many types of secondary batteries, lithium-ion batteries are especially widely used due to the advantages of high energy density and low self-discharge rate [2,3]. In general, secondary battery cells or modules (stacks) are connected in series or in parallel to increase the output power and discharge cycle of the energy storage device [4].



However, since the battery uses chemical energy, there are variations in charge/discharge characteristics, and due to this feature, each battery cell exhibits a voltage/SOC (state of charge) imbalance in repeated charge and discharge cycles [5]. The imbalance is a major factor deteriorating the performance and reliability of the energy storage system, and it may lead to an accident due to a reduction in battery capacity and overcharging. In order to prevent imbalance, an SOC-based balancing method based on the SOC estimation, as previously published in Ref. [6], and voltage-based balancing method can be adopted. Of the two methods, especially for lithium-ion batteries, a relatively simple voltage equalization circuit is being studied to overcome the voltage imbalance between battery cells. Voltage equalization methods are classified into two categories: passive balancing methods and active balancing methods.



In the passive balancing method, a resistor and a switch are wired to each battery cell and the energy of the battery cell having a relatively high voltage is dissipated as heat. This method has disadvantages in terms of efficiency [7,8], and it also takes a long time to complete the balancing due to the current limitation of the voltage-sensing IC (integrated circuit).



To overcome this loss problem, an active balancing method can be considered. Unlike the passive balancing method, the active balancing method equalizes the voltage of the battery cells by transferring charges from the high-voltage battery cells to the low-voltage battery cells [9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27]. This method is divided into a charging shuttle method and a multi-winding transformer method. In the charge shuttle method, energy is stored in a capacitor or inductor through switching operations, which transfers the charge to the low-voltage cell [8,9,10]. This method involves a simple circuit configuration. However, since energy transfer is possible only between adjacent cells, it has the disadvantage that the balancing speed is slow.



As an alternative to this, the multi-winding transformer method sharing one magnetic core allows direct energy transfer between non-adjacent battery cells [12,13,14,15,16,17,18,19]. Studies in the literature [12,13,14,15] have proposed a method of selectively transferring the energy stored in the magnetizing inductor of a multi-winding transformer to a battery cell requiring charge equalization. In Ref. [16], a sensorless method was proposed in which all switches are turned on and off at the same time to achieve voltage balance. In addition, a method with an additional auxiliary circuit (for fast balancing) and a high-efficiency method with soft switching have been proposed [17,18]. The multi-winding transformer method requires a large magnetizing inductance to limit the balance current to the allowable charge/discharge current of the battery cell [20,21,22,23,24]. To obtain a large magnetizing inductance, it is necessary to increase the cross-sectional area of the core and the number of turns of the multi-winding transformer. This type of transformer has increased leakage inductance, which makes it difficult to design and maintain symmetry between windings. Moreover, it also increases prices and lowers power density.



In order to overcome this problem, in this paper, a multi-winding active voltage balancing circuit with a small magnetizing inductance that satisfies the allowable charge/discharge current value of a battery cell is proposed. The proposed circuit includes an additional diode and an inductor. When the main switch is turned on, the battery discharge current flows through the diode and the auxiliary inductor to reduce the size of the magnetizing inductor, and therefore power density is increased. By adopting this method, the allowable charging and discharging current values of the battery cells are limited by the auxiliary inductor. As such, the flexibility of the multi-winding transformer design is improved.



The reason why active cell balancing has not been widely applied despite various advantages and technological improvements is the increase in volume and cost. However, as the cost of cell replacement due to battery cell voltage imbalance continues to increase, the active balancing technique is becoming more significant. In particular, cell balancing needs to be re-considered. Therefore, this paper proposes a method with less power density reduction than the conventional method in order to lower the barriers against adopting battery cell balancing, and examines its feasibility. For the sequential explanation, this paper describes the balancing method that was previously proposed, analyzes the circuit and operation mode of the proposed method, and verifies its effectiveness through simulations based on the model derived from the frequency sweep results of battery.




2. Conventional Methods


2.1. Passive and Charge Shuttling Method


The battery voltage balancing method is classified into passive balancing and active balancing methods. In the passive balancing method, a resistor and a switch are wired to each battery cell and the energy of the battery cell with a relatively high voltage is dissipated as heat. This method has a circuit configuration in which switches (SW1 ~ SW4) and resistors (Rbal1 ~ Rbal4) are connected to each battery cell (B1 ~ B4), as shown in Figure 1.



This method works as follows. When charging battery modules connected in series, a battery with a high voltage may rise to a maximum allowable charging voltage, and a battery with a relatively low voltage may not increase to an allowable charging voltage. In order to fully charge the battery with a low voltage, the switch connected to the battery with a high voltage is turned on to dissipate energy through a series-connected resistor. That is, in order to equalize the voltage of all batteries, a switch connected to a battery cell with a relatively high voltage is turned on, and energy is dissipated as heat. Eventually, all batteries are charged up to the maximum allowable voltage. However, since excess energy is dissipated through the resistor, there is a disadvantage in that energy loss occurs, which can be as much as the voltage difference. In addition, there is the problem that loss increases when balancing between modules or stacks in this method. An active balancing method is a way to solve this limitation.



Unlike the passive balancing method, the active balancing method transfers energy from a high-voltage battery to a low-voltage battery with minimal energy loss. This method can be classified into charge shuttling and multi-winding transformer methods.



Figure 2 shows an inductive charge shuttling circuit. SW1 ~ SW4 represent switches, Lbal1 and Lbal2 represent balancing inductors and B1 ~ B3 represent battery cells [10]. In this method, energy is stored in an inductor through switching operations. The method has the advantage that it can be implemented with a simple circuit structure and a simple control operation, but has a disadvantage in that the balancing speed is slow because energy can be transferred only between adjacent battery cells. The method for overcoming this disadvantage is the multi-winding transformer method. The multi-winding transformer method directly transfers energy from a high-voltage battery to a low-voltage battery, so that voltage balancing is achieved at a faster rate compared to the charge shuttle method.




2.2. Multi-Winding Transformer Method


Figure 3 shows the voltage sensorless method, one of the multi-winding transformer methods. For the simple analysis, the battery is simplified into a model consisting of a voltage source (eB1 ~ eBn) and internal resistance (RB1 ~ RBn). In this method, the switches (S1 ~ Sn) connected to each battery cell (B1 ~ Bn) are turned on at a constant duty cycle, and a balancing operation is implemented by moving charges due to the voltage difference between cells, where Llkg is the leakage inductance, Vp is the transformer tap voltage, Lm is the magnetizing inductance, iReset represents the reset current to prevent the saturation of the magnetizing inductance of the transformer, and Dsn and D are the body diodes of the switches and the diode on the secondary side of the transformer [16,17]. This method has the advantage that voltage sensing is not required, but it has the disadvantage that when the voltage difference decreases as the balancing operation proceeds, the balancing current decreases and the balancing speed becomes slow. As a method to overcome the disadvantage of the balancing speed, there is the method of storing energy in a magnetizing inductor and selectively transferring energy to a battery cell with low voltage. Figure 4 shows one of these (the method of adding the auxiliary switch Sn+1) [12,13,14,15].



However, to adopt this method, it is necessary to increase the magnetizing inductance value to satisfy the allowable charge/discharge current value of the battery. As can be seen from Equation (1), since the magnetizing inductor is proportional to the number of turns N and the cross-sectional area Ac of the transformer core, it leads to an increase in the number of N and the use of a core with a wide Ac, where μ0 denotes magnetic permeability of free space, μr denotes relative permeability and l denotes core length. If the number of windings increases, it is difficult to manage the leakage inductance and symmetry between windings, which increases the difficulty of transformer design. In addition, due to the large number of N and the wide Ac of the core, the volume of the transformer and of course the volume of the system are increased. In other words, it has the disadvantage of lowering the power density and increasing the cost.


   L m  =    μ 0   μ r   N 2   A c   l   



(1)









3. Proposed Method


3.1. Circuit Configuration and Operation Principle


In order to overcome the limitations of the aforementioned methods, in this paper, a novel multi-winding transformer voltage balancing circuit that prevents the excessive charge/discharge current of battery cells while using small magnetizing inductance by adding an auxiliary circuit is proposed. By adopting the proposed method, it is possible to increase the power density because an auxiliary inductor is used instead of a transformer’s Lm. Actually, to design the transformer, it is necessary to consider multiple windings. When increasing the magnetizing inductance of the transformer, the cross-sectional area of the windings and the window area of the transformer core must be considered. Moreover, the size of the magnetic core does not increase in linear size. As such, the decrease in power density is further intensified as the magnetizing inductance increases. However, in the case of the auxiliary inductor, there is no related issue as regards the above problems.



Based on the cell selective voltage balancing method, the proposed circuit undergoes circuitry modification by adding an auxiliary circuit that includes a diode and an inductor. When the switch Smain is turned on, the discharge current of the battery connected in series flows to the auxiliary inductor instead of the magnetizing inductor of the multi-winding transformer. Therefore, the magnitude of the discharge current of the battery cell is determined by the auxiliary inductor, and the flexibility of the multi-winding transformer design is increased.



Figure 5 shows the proposed multi-winding transformer circuit based on a flyback DC–DC converter. Each of the open-circuit voltages VB1 ~ VBn of the lithium-ion battery cells B1 ~ Bn is expressed by an electrical equivalent model, in which the voltage sources eB1 ~ eBn and the internal resistors RB1 ~ RBn are connected in series. Vpack represents the battery pack voltage. The charging and discharging currents of the battery cells are denoted as iB1 ~ iBn. The discharging and charging currents are denoted by idis and i1 ~ in, respectively. In addition, iaux represents the current flowing to the auxiliary inductor. The magnetizing inductance and the leakage inductance of the multi-winding transformer are represented by Lm and Llkg1 ~ Llkgn, respectively, and the voltages are represented by VLm and Vlkg1 ~ Vlkgn. The windings N1 ~ Nn are all the same, and the voltages applied to the windings are represented by Vp1 ~ Vpn. These windings, located in the battery cells, are connected to cell switches S1 ~ Sn for selecting the low-voltage battery cells that require balancing. The winding Nn+1, located in the battery pack, is connected to an auxiliary circuit that consists of an inductor Laux, which stores energy, and a diode Daux, which limits the direction of the magnetizing inductor current iLm. The main switch Smain applies the battery pack voltage Vpack to the auxiliary inductor Laux; all switches have an anti-parallel diode Dn, and the forward voltage of the diode is indicated by VDn.



Figure 6 shows the flowchart depicting the operation of the proposed circuit. ‘n’ denotes the number of battery cells connected in series; it is assumed that four battery cells are connected in series. VBand denotes a predetermined voltage range, which is used to judge the completion of voltage equalization. When the voltage equalizing operation is started, all the switches are turned off and the open-circuit voltages VB1 ~ VB4 are detected. When the voltage-detecting procedure is completed, the total average voltage      V B   ¯    and the errors Verr1 ~ Verr4 are calculated as expressed in (2) and (3), respectively.



If the error of the corresponding cell is greater than VBand, the main switch and the cell switch of the corresponding cell are PWM (Pulse Width Modulation) - operated to perform the balancing operation. Alternatively, if the error is smaller than VBand, the corresponding cell switch is turned off. Finally, when the errors Verr1 ~ Verr4 are smaller than VBand, achieved through the balancing operation of the circuit, the main switch Smain is turned off to complete the balancing operation.


     V B   ¯  =    V  B 1   +  V  B 2   +  V  B 3   +  V  B 4    4   



(2)






   V  e r r _ n   =    V B   ¯  −  V  B n    



(3)








3.2. Mode Analysis


The PWM operation of the proposed circuit has four operation modes, as shown in Figure 7. In addition, several assumptions are given as follows to simplify the analysis:




	
All leakage inductances of multi-winding transformers are equal to Llkg, and have very small values;



	
The internal resistance of all battery cells RB1 ~ RB4 is negligibly small;



	
The open-circuit voltages VB1 ~ VBn and the average voltage are expressed as (4),


   V  B 1   >  V  B 2   >    V B   ¯  >  V  B 3   >  V  B 4    



(4)












(1) Mode 1 (t0 ~ t1): Mode 1 starts with Smain turning on at t0. When Smain is turned on, Vpack is applied to Laux, and the auxiliary inductor current iaux cannot flow to Lm by Daux. At the same time, iaux increases linearly, as shown in Figure 8a, and the slope is determined by Laux. The discharge current idis of the battery pack is expressed as (5) through the voltage equations of Laux and Lm. The iaux from t0 to t1 is linearly increased and is expressed as (6).


     i  d i s   ( t )   =  i  a u x   ( t ) −  i  L m   ( t )      =    V  p a c k      L  a u x     ( t −  t 0  ) +  i  d i s   (  t 0  ) −  {     V  p a c k   +  V  D a u x      L m    ( t −  t 0  ) +  i  L m   (  t 0  )  }     



(5)






   i  a u x   ( t ) =    V  p a c k      L  a u x     ( t −  t 0  ) +  i  d i s   (  t 0  )  



(6)







(2) Mode 2 (t1 ~ t2): Mode 2 begins at t1 with iLm, and converges to zero. In this mode, Daux is reverse-biased, and idis is equal to iaux. The idis is expressed as (7), and the slope is determined by Laux. The iaux increases linearly in the same way as in Mode 1, as shown in (8); it has a maximum value of Imax at t2, as shown in (9) and Figure 8a.


   i  d i s   ( t ) =  i  a u x   ( t ) =    V  p a c k      L  a u x     ( t −  t 1  ) +  i  d i s   (  t 1  )  



(7)






   i  a u x   ( t ) =    V  p a c k      L  a u x     ( t −  t 1  ) +  i  d i s   (  t 1  )  



(8)






   I  max   ( t ) =  i  a u x   (  t 2  )  



(9)







(3) Mode 3 (t2 ~ t3): Mode 3 starts at t2, at which point Smain is turned off, and the lower-voltage battery side switches S3 and S4 (connected to B3 and B4) are simultaneously turned on. At t3, the charging current of the battery cells is zero. As shown in Figure 8a, iaux starts to decrease linearly at t2. The equivalent circuit in Mode 3 is expressed as Figure 9a (since the transformer has the same winding ratio). As shown in the figure, iaux is divided into a magnetizing inductor and battery cells B1 ~ B4 through a multi-winding transformer; thus, iaux in Mode 3 is expressed as (10). In this case, i1 ~ i4 are expressed as (11) to (15). Since i1 and i2 flow through the anti-parallel diodes of the switch, the current value decreases, and i3 and i4 flow through the switch; this causes the current value to increase. In addition, Vlkg1 ~ Vlkg4 can be ignored because the leakage inductance of the transformer is assumed to be very small. In the case of Mode 3, the Vaux, which denotes the voltage across the auxiliary inductor, is Vt3, which is expressed as (15).


   i  a u x   ( t ) =    V  t 3      L m    ( t −  t 2  ) +  i 1  ( t ) +  i 2  ( t ) +  i 3  ( t ) +  i 4  ( t )  



(10)






   i 1  ( t ) =    V  t 3   − (  V  B 1   +  V  D 1   )    L  l k g     ( t −  t 2  ) +  i 1  (  t 2  )  



(11)






   i 2  ( t ) =    V  t 3   − (  V  B 2   +  V  D 2   )    L  l k g     ( t −  t 2  ) +  i 2  (  t 2  )  



(12)






   i 3  ( t ) =    V  t 3   −  V  B 3      L  l k g     ( t −  t 2  ) +  i 3  (  t 2  )  



(13)






   i 4  ( t ) =    V  t 3   −  V  B 4      L  l k g     ( t −  t 2  ) +  i 4  (  t 2  )  



(14)






   V  t 3   =    V  B 1   +  V  B 2   +  V  B 3   +  V  B 4   +  V  D 1   +  V  D 2    4   



(15)







Assuming that iLm is 0 at t2 and that iaux is evenly distributed to each battery cell (as shown in Figure 9a), i1 ~ i4 are expressed as (16).


   i 1  (  t 2  ) =  i 2  (  t 2  ) =  i 3  (  t 2  ) =  i 4  (  t 2  ) =    I  max    4   



(16)







ΔtM3 is defined as the difference between the points of t2 and t3, as shown in (17). Considering that VB1 is larger than VB2, ΔtM3 is expressed as (18).


  Δ  t  M 3   =  t 3  −  t 2   



(17)






  Δ  t  M 3   = −    I  max    4     L  l k g      V  t 3   −  (   V  B 1   +  V  D 1    )     



(18)







(4) Mode 4 (t3 ~ t4): Mode 4 starts from t3 when both i1 and i2 are zero. Figure 7d shows the charge and discharge current waveforms of the battery cells iB1 ~ iB4, and the equivalent circuit is shown in Figure 9b. As shown in Figure 7d, the auxiliary inductor current iaux no longer flows to i1 and i2; instead, it flows only to i3, i4, and iLm. In this mode, iaux is expressed as (19), similarly to Mode 3.


   i  a u x   ( t ) =    V  t 4      L m    ( t −  t 3  ) +  i  L m   (  t 3  ) +    V  t 4   −  V  B 3      L  l k g     ( t −  t 3  ) +  i 3  (  t 3  ) +    V  t 4   −  V  B 4      L  l k g     ( t −  t 3  ) +  i 4  (  t 3  )  



(19)







Since the initial values of iLm, i3, and i4 at t3 are obtained using the value of ΔtM3 obtained in Mode 3, they are expressed as (20), (21), and (22), respectively.


   i  L m   (  t 3  ) =    V  t 3      L m    Δ  t  M 3    



(20)






   i 3  (  t 3  ) =    V  t 3   −  V  B 3      L  l k g     Δ  t  M 3   +    I  max    4   



(21)






   i 4  (  t 3  ) =    V  t 3   −  V  B 4      L  l k g     Δ  t  M 3   +    I  max    4   



(22)







Since the S3 and S4 are turned on in Mode 4, Vaux, which denotes the voltage across the auxiliary inductor, is expressed as shown in (23) using Vt4. That is, if the number of turned-on switches is ‘m’ and the total sum of the battery cell voltages connected to the turned-on switches is VB_T, the generalized Vt4 is expressed as (24).


   V  t 4   =    V  B 3   +  V  B 4    2   



(23)






   V  t 4   =    V  B _ T    m   



(24)







When Smain is turned on at t4, S3 and S4 are turned off at the same time, and the operation mode is switched to Mode 1. Eventually, VB1 and VB2 are decreased and VB3 and VB4 are increased through repeated mode operation, which leads to voltage equalization.




3.3. Selection of the Auxiliary Inductor of the Proposed Circuit


As shown in Figure 7, the auxiliary inductor current iaux is the sum of idis and iLm in Mode 1. This is also equal to idis in Mode 2. Furthermore, iaux is the sum of iLm, i1, i2, i3, and i4 in Mode 3, and iLm, i3, and i4 in Mode 4. Therefore,      i ¯    a u x    ,which is the average value of one cycle of iaux, is always greater than or equal to the average charge and discharge currents      i ¯    B 1     ~      i ¯    B 4     of the battery cell; this feature is expressed in (25), where max () means the largest value among the internal variables.


  max  (     i ¯    B 1   ,    i ¯    B 2   ,    i ¯    B 3   ,    i ¯    B 4    )  ≤    i ¯    a u x    



(25)







     i ¯   A    is the allowable average charge and discharge currents of the battery, and the circuit is designed such that      i ¯       a u x       is smaller than      i ¯   A    (as shown in (26)), and the average charge and discharge currents      i ¯    B 1    ~     i ¯    B 4     are smaller than the allowable average charge and discharge currents      i ¯   A   . This relationship is expressed as (27).


     i ¯    a u x   ≤    i ¯   A   



(26)






  max  (     i ¯    B 1   ,    i ¯    B 2   ,    i ¯    B 3   ,    i ¯    B 4    )  ≤    i ¯   A   



(27)







Since iaux increases linearly in Modes 1 and 2 and decreases linearly in Modes 3 and 4, the average current      i ¯       a u x       flowing through the auxiliary inductor over one period is expressed as (28), where Ts is the switching period.


     i ¯    a u x   =  1   T s     [       i  a u x   (  t 0  ) +  i  a u x   (  t 1  )  2   (   t 1  −  t 0   )  +    i  a u x   (  t 1  ) +  i  a u x   (  t 2  )  2   (   t 2  −  t 1   )          +    i  a u x   (  t 2  ) +  i  a u x   (  t 3  )  2   (   t 3  −  t 2   )  +    i  a u x   (  t 3  ) +  i  a u x   (  t 4  )  2   (   t 4  −  t 3   )     ]   



(28)







In each operation mode, the value of iaux is derived as (29) based on (6), (8), (10), and (49), where D is the duty rate, and D’ is 1-D.


     i ¯    a u x   ≈    V  p a c k     2  L  a u x     D  (  3  T s  + Δ  t  M 3    )  +  2   L m     {   V  t 4    (   D ′   T s  − Δ  t  M 3    )  +  V  t 3   Δ  t  M 3    }  +    V  t 3     2  L m     D ′  Δ  t  M 3    



(29)







Finally, by substituting (29) into (26), the auxiliary inductance value Laux, which satisfies the allowable charge and discharge currents      i ¯   A    of the battery, is obtained as (30), where ‘A’ is   A =    2   L m     {   V  t 4    (   D ′   T s    −   Δ  t  M 3    )  +    V  t 3   Δ  t  M 3    }  +      V  t 3     2  L m     D ′  Δ  t  M 3    .


   L  a u x   >    V  p a c k   D  (  3  T s  + Δ  t  M 3    )    2  (     i ¯   A  − A  )     



(30)









4. Simulation Results


4.1. Simulation Configuration


To verify the performance of the proposed circuit for voltage-balancing operations and the charge and discharge current control of the battery, according to the presence or absence of the auxiliary circuit in various situations, simulations were performed with a battery pack consisting of four battery cells connected in series.



Table 1 shows the electrical parameters used in the simulation. The battery voltage was set according to the assumptions made in the mode analysis, and the first-order model based on the equivalent capacitor and equivalent series resistance is used. In order to use a value close to the actual equivalent capacitor and resistance during the simulation, the frequency sweep result of the battery pack that consists of 4 parallel and 10 series connections of the INR18650-29E cell, manufactured by SAMSUNG SDI, was adopted. This method and the results, including the approximated ones, are mentioned in Ref. [28] as shown in Figure 10, and have been modified to reflect the characteristics of a cell. In addition, in order to perform a faster simulation, the value was adjusted to 1/100.



The allowable charge and discharge currents      i ¯   A    are set to 2 A as an example. Thus, Laux is selected to be larger than 0.13 mH by using (30). In this simulation, consequently, 1 mH was selected by considering a sufficient margin. Additionally, the values such as the magnetization inductance and leakage inductance, and the voltage drop values of the antiparallel di and auxiliary diode, are measured or referred from the datasheet, and the value of VBand is set to 1 mV.




4.2. Simulation Results and Review


Figure 11 shows the simulated operating waveforms of the proposed circuit. It can be seen from Figure 8a that the simulation results are the same as the theoretical waveforms.



Figure 12a–c show the voltage balancing simulation results of the standalone operation, and the charging and discharging status of the proposed circuit. As can be seen from the simulation result, through the balancing operation, the energy of B1 and B2, which have relatively high voltages, was transferred to B3 and B4, that is, the voltage of the entire battery was converged. The gap that occurs after convergence is the Vband value. In summary, it is shown that adopting the proposed circuit enables voltage equalization under various operating conditions.



Figure 13 and Figure 14 show the charge and discharge currents with and without the auxiliary circuit of the proposed circuit. For adequate comparison, the magnetizing inductance Lm is set to 1.1mH for the case without the auxiliary circuit (to have the same inductance as the proposed circuit). The proposed circuit has a discharge current of 1.68 A and charge currents of 0.41 A, 0.41 A, 0.73 A, and 0.76 A for each battery cell, as shown in Figure 14. Without a proposed circuit, the discharge current is 3.45 A, and the charging currents are 0.85 A, 0.85 A, 1.59 A, and 1.67 A for each battery cell, as shown in Figure 14.



The simulation results show that the current peaks with or without the proposed circuit are 1.68 A and 3.45 A (i.e., a reduction of 51.3% is observed). In terms of the charging current, when comparing the peak values of each battery cell’s currents, the charging currents are reduced by about 52%, 52%, 54%, and 55%, respectively, when an auxiliary circuit is used.



In other words, the proposed circuit with the auxiliary circuit has lower charge and discharge currents than the circuit without the auxiliary circuit (under the same inductance condition); thus, the proposed circuit operates under a small magnetization inductance, which increases the design flexibility. In addition, the charge and discharge currents flowing into the battery are also within the set of allowable charge and discharge currents (i.e., 2 A), which means the value of the auxiliary inductance is properly designed.





5. Conclusions


This paper proposes an active battery voltage balancing method to overcome the voltage imbalance between cells or the modules of a battery that occurs when using secondary batteries. Although active voltage balancing has many advantages, it has not received attention so far due to its limitations in terms of cost and power density. However, with the expansion of applications for secondary batteries, securing safety and reliability is ultimately directly linked to other cost problems, and so the active balancing method is drawing attention again.



From this point of view, this paper proposes a multi-winding transformer-based battery voltage balancing circuit. The proposed circuit satisfies the allowable charge/discharge current of the battery cell even with a small magnetizing inductance through the voltage equalization operation using an auxiliary circuit. In addition, since the battery discharge current flows through the auxiliary inductor instead of the magnetizing inductor of the transformer, it operates with a small magnetizing inductance value, making it easy to manufacture the transformer, increasing the overall system power density and design flexibility.



The validity of the proposed circuit was verified through simulation. In the simulation, a comparative analysis of the conventional circuit, with a magnetizing inductance of 1.1 mH, and the proposed circuit with a magnetizing inductance of 0.1 mH and an auxiliary inductor of 1 mH was also performed. As a result of verification, the peak value of the discharge current decreased by about 51.3%, from 3.45 A to 1.68 A, and the peak value of the charging current decreased by 55% from 1.67 A to 0.76 A compared to the conventional circuit. In addition, the proposed method can be operated during charging/discharging, so it has an advantage in terms of utilization.



In addition, this method can be used for module/stack voltage balancing, and can be applied to various types of secondary batteries as well as lithium-ion batteries, so it will be used in various industrial fields.
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Figure 1. Passive balancing method. 
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Figure 2. Inductive charge shuttling circuit. 
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Figure 3. Voltage sensorless balancing method. 
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Figure 4. Voltage sensorless balancing method. 
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Figure 5. Proposed active voltage balancing circuit. 
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Figure 6. A flowchart for the proposed method. 
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Figure 7. Operation modes of the proposed circuit: (a) mode 1, (b) mode 2, (c) mode 3, and (d) mode 4. 
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Figure 8. Key waveforms of the proposed circuit: (a) operating waveforms and (b) charge and discharge currents. 
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Figure 9. Equivalent circuits of the proposed circuit: (a) mode 3 and (b) mode 4. 
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Figure 10. Measurement and approximation results of the frequency response of the battery pack at the nominal voltage: (a) measurement and (b) approximation [28]. 
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Figure 11. Simulated operating waveforms of the proposed circuit. 
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Figure 12. Simulation results of the proposed circuit in various conditions: (a) standalone condition, (b) charging condition, and (c) discharging condition. 
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Figure 13. Simulation results of the proposed circuit (Lm: 0.1 mH, Laux: 1 mH). 
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Figure 14. Simulation results without the auxiliary circuit (Lm: 1.1 mH). 
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Table 1. Simulation parameters.
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	Parameter
	Value
	Parameter
	Value





	VB1
	3.900 V
	Lm
	0.1 mH



	VB2
	3.895 V
	Laux
	1 mH



	VB3
	3.750 V
	Llkg1 ~ Llkg4
	0.59 μH



	VB4
	3.700 V
	VD1 ~ VD4
	0.8 V



	CB1 ~ CB4
	718 mF
	VDaux
	0.5 V



	RB1 ~ RB4
	34.803 mΩ
	-
	-
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