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Abstract

:

This paper proposes a fast cell-to-cell balancing circuit for lithium-ion battery strings. The proposed method uses only one push-pull converter to transfer energy between high- and low-voltage cells directly for a fast balancing speed. The switch network for selecting a certain pair of cells is implemented using relays to achieve a low cost. The control circuit is composed of a battery-monitoring IC and a digital signal processor (DSP) to monitor the cell voltage and to protect the batteries. In order to prove the validity of the proposed method, a prototype circuit is built with twelve lithium-ion batteries in a string. The experimental results show that it takes only 50 min to balance twelve lithium-ion batteries during the charge with 89.5% maximum efficiency. The outstanding performance of the proposed cell balancing circuit is verified through its comparison with other methods in terms of several factors, such as the balancing time and the implementation cost.
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1. Introduction


Nowadays, lithium-ion batteries are being used increasingly for automotive applications. A battery string with a large number of cells connected in series and in parallel is necessary for many applications that require high power and high voltage, such as electric vehicles (EVs), hybrid electric vehicles (HEVs), and energy storage systems (ESSs) [1]. For example, the battery in the Tesla Roadster contains 6831 Li-ion cells arranged in 69 strings, with each string including 99 cells [2]. However, all the cells in a string may not have the same characteristics due to subtle differences in the manufacturing process and working conditions. The difference in the characteristics of the cells results in a difference in the cell voltages, and it tends to grow as the charge and discharge cycle repeats. As battery cells in a string are connected in series, the performance of the string is limited to the performance of the weakest cell and, hence, the capacity of the battery string will be reduced. During normal operation, the weakest cell undergoes overdischarge and undercharge and eventually reaches failure. In the meanwhile, the normal cell may experience overcharge because the charge operation continues until the string voltage reaches the nominal value. In this case the voltage of the normal cell may exceed the maximum charge voltage and it may cause an early failure due to the accelerated degradation [1]. Therefore, the cell balancing circuit is crucial for the battery strings or modules [3].



So far, many kinds of cell balancing topologies have been proposed and developed [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26]. They can be classified as active methods and passive methods [4]. The passive methods that use resistors to discharge the overcharged cells are useful for lead-acid batteries and NiMH batteries. However, they are disadvantageous in that the temperature of the system rises because the power is dissipated by the heat.



Active cell balancing methods can be categorized into four different kinds according to the charge-transfer method such as pack-to-cell method, cell-to-pack method, cell-to-cell method, and cell-to-pack-to-cell method. A comparison of the balancing methods in terms of component count and characteristics is shown in Table 1. It is clear that most of the balancing methods require lots of photo-couplers or pulse transformers to drive the switches and the balancing speed is low.



The cell-to-pack method can be implemented by using a transformer [5] or multiple transformers [6]. As the method requires a lot of MOSFETs and gate drivers, it is high in cost and low in balancing speed. The pack-to-cell method can be implemented by using a multi-output transformer [7] or multiple transformers [8] with a lower number of switches compared to the cell-to-pack method, but it requires a higher number of transformers. Hence, it is complex in design and high in cost. Although the cell-to-pack-to-cell method [9], which is a combination of two methods, exhibits a faster balancing speed, it is not preferred. As it needs a lot of photo-couplers to drive the bidirectional switches and two DC–DC converters, it is complex and expensive to implement.



The cell-to-cell methods can be a preferable option in terms of cost, complexity, and balancing speed. There are several topologies developed based on the cell-to-cell balancing method [10,11,12]. They include two kinds of method―the adjacent cell-to-cell method and the direct cell-to-cell method. The adjacent cell-to-cell method transfers the charge between two adjacent cells through the capacitors [10,11,12,13,14], the inductors [15,16,17], or a combination of the two [18] as a resonant tank. As the bidirectional switches are driven using pulse transformers or photo-couplers, the method is high in cost and complex in implementation. The direct cell-to-cell method is developed to transfer the charge directly from any cell to any cell to get high efficiency. In this method, because the single switched capacitor [19] or single switched inductor [20,21] is used as a media for the charge transfer, the method is easier to implement but has a longer balancing time. The cell-to-cell LC resonant topology in [22] can achieve higher efficiency due to the soft-switching operation but the balancing speed is not fast enough and a large number of switches and gate drivers are required to implement the bidirectional switches. The coupled inductor topology in [23] and the multi-winding transformer topology in [24] use only one core and one transformer for the charge transfer, respectively. Although both methods are advantageous in terms of cost, they are complex to implement.



A direct cell-to-cell method using a DC–DC converter is proposed and discussed in [25,26]. A low-cost balancing circuit is proposed by using relays in [25]. The proposed circuit in [26] achieves better performance but has a higher cost. Based on the previous study, in this research a new cell-to-cell balancing circuit for lithium-ion battery strings is proposed to overcome the drawbacks of the conventional cell balancing methods. In the proposed topology, the charge is transferred from a high-voltage cell to a low-voltage cell directly by using a push-pull converter. The control of the proposed method is simple and easy to implement. As the relays, which can be driven by the transistor array, are used as cell selection switches, the cost of the balancing circuit can be significantly reduced. The balancing speed can be increased by suitably designing the voltage gain of the push-pull converter such that the balancing current is not decreased much when the voltage difference between two cells becomes smaller. This paper is composed of four sections. In Section 2, all of the details about the proposed method and operating principle are presented. In Section 3, experimental results to show the superiority of the proposed method are presented. In the Section 4, the conclusion is given.




2. Proposed Cell Balancing Circuit


2.1. Structure of the Proposed Cell-to-Cell Balancing Circuit


Figure 1 shows the proposed cell-to-cell balancing circuit composed of three main blocks. The first one is the switch network for connecting a battery cell to each terminal of the converter for the charge transfer. The second one is the push-pull converter for transferring the charge from a high-voltage cell to a low-voltage cell. The third one is the control circuit composed of a monitoring IC for updating the cell voltage and a digital signal processor (DSP) to control the converter and the switch-network operation.



The switch network has two strings of relays. One string of relays, Ra_1 to Ra_n, are used to connect the battery cell to the primary side of the converter via the DC bus, DCa_1 and DCa_2, while the other string of relays, Ra_1 to Ra_n, are used to connect the battery cell to the secondary side of the converter via the DC bus, DCb_1 and DCb_2. It is possible to transfer the charge from any one cell to any other cell in a string.



Unlike the other topologies in [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25], which use lots of photo-couplers or pulse transformers to drive the switch, the proposed topology does not require any expensive gate driver circuits. As only a cheap transistor array IC is required to drive the relays on each DC bus, the cost of the system can be significantly reduced. In addition, the IC can share the power supply with the controller, thereby reducing the system cost further.



The isolated push-pull converter is selected for the charge transfer due to its simple structure, easiness of the control, and good efficiency [27]. If the components of the converter are ideal, the turns ratio of the transformer, Np/Ns, can be selected as 1:1 because the voltage deviation among the cells in a string is typically considered less than 0.2V. However, the converter needs to be designed to step up the voltage by considering the voltage drops across the components. In this research, the transformer turns ratio is selected as 1:1.2. As the ripple voltage and current are strictly limited for the lithium-ion batteries during the charge/discharge, the duty cycle of the converter is 0.5 to get a small input/output ripple.



The voltage monitoring IC measures the cell voltages of the string and transmits them to the DSP through I2C (Inter-Integrated Circuit) serial communication. The balancing current is measured by a current sense resistor in the primary side. The current at the secondary side can be calculated with the turn ratio and the efficiency of the converter.




2.2. Considering Transient Voltage Due to The Balancing Current


The internal impedance affects the balancing current and the terminal voltage of the battery. Therefore, it should be considered during the design process of the system. Several battery models have been proposed by several different studies, as shown in [28,29,30,31,32]. A Thevenin equivalent circuit model of the Li-ion battery is widely used to represent the battery impedance, as shown in Figure 2. It is composed of the open circuit voltage (OCV), the polarization resistance, Rp, and ohmic resistance, Ro, and the equivalent capacitance, Cp.



The Vcell and Icell are the terminal voltage and the current of the battery, respectively:


   I  c e l l   =  I L  +  I  ( b a l a n c e _ i n / b a l a n c e _ o u t )    



(1)







As shown in Equation (1), the current of the battery, Icell, includes two parts. One is the load current of the battery pack, IL, and the other is the balancing current, I(balance_in/balance_out). The load current of the battery pack is a negative value when the battery pack is discharging or a positive value when the battery pack is charging. The balancing current just flows through two cells when the balancing operation is being performed. At the input of the converter, the balancing current, Ibalance_in, flows to discharge the high-voltage cell and it is measured by the resister, Rsense. At the output of the converter, the balancing current, Ibalance_out, flows to charge the low-voltage cell, and it is calculated by Equation (2).


   I  b a l a n c e _ o u t   =    I  b a l a n c e _ i n    n   



(2)







Figure 3 shows the current and voltage of the battery during the pulse charge test. A charge current pulse equal to 5% of the battery capacity is applied and the battery rests for three hours to get the OCV. The test is repeated until the battery is fully charged. The voltage transient during the balancing operation is attributed to the internal resistance of the battery. The direct current internal resistance, RDCIR [31], is defined by the sum of two resistances and can be represented by Equation (3).


   R  D C I R     =  R o  +  R p   



(3)







As shown in Figure 4, the transient voltage, ΔVt, can be calculated from the voltage difference caused by the current pulse and the value of RDCIR can be calculated by Equation (4).


   R  D C I R   = Δ  V t  / I  



(4)







Therefore, the transient voltage caused by the balancing current during the balancing process can be calculated by Equation (5).


  Δ  V  b a l a n c e _ i n   =  I  b a l a n c e _ i n   +  R  D C I R    



(5a)






  Δ  V  b a l a n c e _ o u t   =  I  b a l a n c e _ o u t   +  R  D C I R    



(5b)







During the balancing process, the transient voltages of two balancing cells are calculated by Equation (5) to estimate the OCV voltage so that all the cells are balanced at the same voltage.




2.3. Operation Principle of the Proposed Balancing Method


Figure 5 shows the balancing algorithm of the proposed method. Firstly, the controller reads the voltages of all cells. If all of them are in the allowable range of the voltage, the controller finds the cell with the lowest voltage, VBmin, and the cell with the highest voltage, VBmax. Then, at the input side, the relay, Ra_max, is closed to connect the cell with VBmax to the input of the converter. Similarly, the relay, Rb_min, is closed to connect the cell with VBmin to the output of the converter. Then, the balancing operation between these two cells starts immediately.



When the selected cells have been balanced, the controller continuously updates all the voltages and the balancing current, and the average voltage of all the cells is calculated again. When one of these two cells reach the average value of the voltage, both relays, Ra_max and Rb_min, are turned off. After that, the next two cells that have the highest and lowest voltage are found and balanced. The balancing process continues until all the cell voltages are balanced.



In Figure 6, the structure of the proposed cell balancing circuit is shown when a certain pair of cells is connected to the converter for the balancing operation. In this case, cell number Bn-1 represents the cell with the highest voltage, and cell number B1 represents the cell with the lowest voltage. Therefore, cell B1 is connected to the output of the converter by turning on relay Rb_1 and cell Bn-1 is connected to the input of the converter by turning on relay Ra_n-1, respectively. All other relays remain turned off. Then these two cells start to become balanced immediately by the operation of the push-pull converter.





3. Experimental Setup and Results


A prototype circuit was implemented for twelve lithium-ion batteries to prove the validity of the proposed balancing method, as shown in Figure 7. A TI DSP TMS320F28335 was used for the control and a TI Bq76940, which can measure from 9 to 15 cells, was used to monitor the voltages of the twelve battery cells. The transistor array and the relays were implemented on the PCB to connect a pair of cells to the push-pull converter. The component list of the proposed system is shown in Table 2. The experimental setup for testing the balancing operation with twelve lithium-ion batteries in a string is shown in Figure 8.



3.1. Experimental Results of the Push–Pull Converter


The converter was designed to work at 100 kHz. The MOSFET’s Qa and Qb operated at a 50% duty cycle to transfer the charge from one cell with a higher voltage to another cell with a lower voltage. Figure 9 shows the waveforms of the push-pull converter when the input cell voltage was 3.8 V and the output cell voltage was 3.65 V, respectively.



The measured efficiency of the push-pull converter was in the range of 85.3% to 89.5%. As the proposed circuit transferred the energy directly between two cells, higher efficiency was achieved.




3.2. Experimental Results of the Cell Balancing Operation of the Proposed Circuit


The balancing circuit needs to work in three modes, such as relaxation mode, charging mode, and discharging mode for fast and high efficiency balancing.



Figure 10a shows the experimental result of the prototype circuit for the twelve cells in a battery string during the relaxation mode. At the start, after reading all of the cell voltages, the cell balancing circuit found that cell number 7 had the highest voltage at 3.78 V and cell number 4 had the lowest voltage at 3.6 V. Hence, these 2 cells were balanced first. After 19 min, cell number 7 reached the average voltage at 3.705 V. Then, the cell balancing system started to find another pair of cells with the highest voltage and lowest voltage. The controller found that cell number 6 and cell number 8 were the new highest-voltage cell and the new lowest-voltage cell, respectively. Then, these two cells were selected and balanced. The balancing process continued until all the cells in the string had the same voltage of 3.705 V with a small difference in voltage (12 mV) after 54 min.



The proposed cell-to-cell balancing method was also tested during the charging and discharging mode as shown in Figure 10b,c, respectively. As shown in Figure 10b, all of the cells were balanced at 4.15 V after 50 min during the charging mode. During the discharging mode all of the cells were balanced at the cut-off voltage of 3.05 V after 55 min, as shown in Figure 10c.




3.3. Comparison between the Proposed and Conventional Cell Balancing Methods


By transferring the charge in a cell with a higher voltage to a cell with a lower voltage directly, a charge balance in between the two cells can be achieved at the same time using the proposed cell balancing method. This can be considered as an advantage of the cell-to-cell balancing method compared to the cell-to-pack-to-cell balancing method, in which one cell is balanced at a time [9].



Table 3 shows a comparison between the proposed method and the other conventional active cell balancing methods concerning the cost, balancing speed, efficiency, complexity in control, and complexity in implementation. The proposed method has several advantages, such as lower component counts, simpler control, faster balancing speed, and higher efficiency.





4. Conclusions


In this paper, a low-cost and fast cell-to-cell balancing circuit and its control method are proposed. The cell balancing operation can be achieved by a simple control strategy and the charges can be transferred directly from one cell to another cell in a battery string by a push-pull converter. A prototype circuit was implemented for twelve lithium-ion batteries in a string and the cell balancing operation was demonstrated. The experimental results show that it takes only 50 min to achieve the cell balancing of twelve cells in a battery string during the charge operation, thereby proving the outstanding performance of the proposed method in terms of balancing time. It also exhibits fair efficiency with a maximum of 89.5% because the energy in a battery cell is transferred directly from a high-voltage cell to a low-voltage cell. The proposed cell balancing can be applied to battery management systems for electric vehicles or energy storage systems.
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Figure 1. Structure of the proposed cell-to-cell balancing circuit. 
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Figure 2. Thevenin equivalent circuit model for a Li-ion battery. 
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Figure 3. Current and voltage waveforms of the lithium-ion battery during the pulse charge test. 
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Figure 4. Transient response of a lithium-ion battery. 
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Figure 5. Balancing algorithm of the proposed method. 
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Figure 6. Structure of the proposed cell balancing circuit. 
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Figure 7. Proposed cell balancing circuit for twelve Li-ion batteries. 
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Figure 8. Experimental setup for twelve lithium-ion battery in a string. 
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Figure 9. Experimental waveforms of the push-pull converter (PWM waveforms and the balancing currents). 
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Figure 10. Cell balancing operation of the proposed circuit with twelve Li-ion battery cells. 
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Table 1. Comparison of the balancing methods.
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Balancing Method

	
Component Counts

	
Characteristics




	
Switch

	
Photo-Coupler/Pulse Trans.

	
Diode

	
Ind.

	
Cap.

	
Trans.






	
Cell-to-pack [5]

	
2N-2

	
2N-2

	
2N-2

	
0

	
0

	
m

	
Requires many steps to balance causing a slow balancing speed, especially for the low voltage cells.




	
Pack-to-cell [8]

	
N *+N/2

	
N

	
N

	
0

	
0

	
N/2

	
Requires many steps to balance causing a slow balancing speed, especially for the high voltage cells.




	
Cell-to-pack-to-cell [9]

	
2N *

	
2N

	
2

	
0

	
0

	
2

	
Faster than the cell-to-pack and pack-to-cell methods, but still takes a long time to balance the cells.




	
Adjacent cell-to-cell

	
Switched Cap. [10]

	
4N *

	
4N

	
0

	
0

	
N

	
0

	
Impossible to control the balancing current and, hence, the balancing speed is slow.




	
Improved switched Cap. [12]

	
N+2 *

	
N+2

	
0

	
0

	
N+1

	
0




	
Switched inductor [15]

	
2N

	
2N

	
0

	
N

	
0

	
0




	
Quasi-resonant [18]

	
2N

	
2N

	
0

	
2N

	
N

	
0

	
Possesses a higher efficiency due to soft switching, but the balancing speed is low because it is impossible to control the balancing current.




	
Direct cell-to-cell

	
Single Cap. [19]

	
N+1 *

	
N+1

	
0

	
0

	
1

	
0

	
Impossible to control the balancing current through the capacitor or inductor, hence the balancing speed is slow.




	
Single Ind. [20]

	
2N

	
2N

	
2N

	
1

	
0

	
0




	
LC resonant [22]

	
N+10 *

	
N+10

	
0

	
1

	
1

	
0

	
Highly efficient due to the soft switching.




	
Multi-winding [24]

	
2N *

	
2N

	
0

	
0

	
0

	
1

	
Complex in implementation for many cells.








N: number of cells, m: number of module, *: bidirectional switch, Ind.: inductor, Cap.: capacitor, Trans.: transformer.
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Table 2. Component list of the proposed cell balancing circuit.






Table 2. Component list of the proposed cell balancing circuit.





	
Parameters

	
Manufacturer






	
Push-pull Converter

	
Transformer

	
PA6383




	
MOSFET

	
AOB290L




	
Schottky diode

	
CDBA240LL




	
Gate driver

	
TLP250




	
Monitoring

	
Monitoring IC

	
Bq76940




	
Shunt resistor

	
WSR21L000FEA




	
Cell selection switches

	
Relay

	
TQ2-5V




	
Transistor array

	
ULN2803A
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Table 3. Comparison of the proposed cell balancing method for N-cells in the string.






Table 3. Comparison of the proposed cell balancing method for N-cells in the string.





	Cell Balancing Methods
	Cost
	Balancing Speed
	Efficiency
	Complexity in Control
	Complexity in Implementation





	Cell-to-pack [5]
	High
	Low
	Average
	Complex
	Simple



	Pack-to-cell [8]
	Low
	Low
	Low
	Complex
	Average



	Cell-to-pack-to-cell [9]
	High
	Average
	Average
	Simple
	Simple



	Switched capacitor [10]
	High
	Low
	Low
	Simple
	Average



	Improved switched capacitor [12]
	Low
	Average
	Low
	Average
	Average



	Switched inductor [15]
	High
	Low
	Low
	Simple
	Average



	Quasi-resonant [18]
	High
	Low
	Average
	Average
	Complex



	Single capacitor [19]
	High
	Low
	Average
	Simple
	Simple



	Single inductor [20]
	High
	Average
	Average
	Simple
	Average



	LC resonant [22]
	Average
	Average
	High
	Simple
	Simple



	Multi-winding [24]
	High
	Average
	Average
	Simple
	Complex



	Proposed method
	Low
	High
	High
	Simple
	Simple
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