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Abstract

:

Lithium-ion batteries which are used in electric vehicles cannot be charged to their maximum capacity at the end of the charging period, a situation which is caused by inconsistency between the battery cells. This paper takes the 18650 ternary lithium battery as the research object and proposes an alternate equalization control system in the charging process. This system takes SOC consistency to be the equalization variable. Through controlling the relay, this system realizes the alternate recombination between different batteries in order to form a series battery group for charging, which achieves the goal of SOC equalization of the entire battery group. The simulation result of charge equalization, based on Matlab/Simulink, shows that at the end of the charging simulation, the SOC inconsistency of the battery group reduced from 10% to 1%. Finally, an experimental platform was built in order to verify the experiment. During the charge balance experiment, the maximum SOC inconsistency between the batteries reduced from 1.542% to 1.035%. The SOC inconsistency at the end of charging reduced from 1.214% to 0.8%, which represents an improvement of the equalization effect of the control system. The experimental results are consistent with the simulation results, which proves the effectiveness of the system’s ability to control the battery SOC balance during the charging process.
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1. Introduction


Lithium-ion batteries have the advantages of a high energy density, low self-discharge, and long cycle life and have been widely used in various energy storage devices [1]. However, single cells form battery packs in series and in parallel to increasing the voltage and energy requirements of the energy storage system [2]. Due to the differences in manufacturing processes and working environments, there are inconsistencies between batteries [3]. This inconsistency can expand with the use of batteries, resulting in a “Barrel Effect” between battery packs, which seriously affects the power supply capacity and service life of the battery packs [4,5]. Battery equalization technology is an effective method to solve the inconsistency of battery packs [6].



According to different energy transfer modes [7], battery equalization technology can be divided into passive equalization and active equalization. Passive equalization means that high-power batteries dissipate excess energy in the form of heat through dissipating components [8,9]. This method’s structure and control strategy are straightforward, but the passive equalization does not make the most of the energy, resulting in a waste of energy. Active equalization is an equalization method that transfers power from a high battery to a low battery through electronic components such as capacitors, inductors, and transformers. This method can significantly reduce the energy loss of the battery system [10]. Based on the balance technology of switched capacitors, the state of the corresponding switches is controlled by comparing the voltages of the single cells. The energy storage characteristics of the capacitors are used to realize the transfer of power between adjacent batteries and achieve the effect of battery power balance. Although this method is easy to control and implement, the equalization speed is slow. It is greatly affected by the voltage difference between the batteries, and the equalization efficiency is low. Shang Y et al. [11] proposed an optimized mesh-structured SC equalizer (MSSCE) to balance the equalization performances and size, as well as cost. The system realizes the rapid equalization between any single cell in the battery pack, and the equalization efficiency is high. Singirikonda S et al. [12] proposed a new optimized active cell voltage balancing method based on a closed-loop switched-capacitor structure (CLSCS). This method can obtain the shortest path between batteries in the battery pack. Therefore, this method can improve the equalization speed and overall efficiency of the battery pack.



Active equalization based on inductance uses inductance as an energy transfer carrier in order to transfer energy between batteries or battery packs. However, the inductance-based equalization is only suitable for energy transfer between adjacent single cells, and the efficiency is low. Chen Y. et al. [13] developed a bi-directional active equalization method using an inductor with multiple balancing paths. This method can directly transfer energy from any battery, improving the equalization speed, reducing the energy conversion time, and effectively preventing the battery from being undercharged or overcharged. Transformer-based active equalization uses the transformer as an energy carrier to store part of the energy in the battery pack in the windings. It is mainly divided into single-winding transformer topological structures and multi-winding transformer topological structures. The balanced structure of the single-winding transformer is simple, but the balance efficiency is low. The balanced structure of the multi-winding transformer has high equalization efficiency and a fast equalization speed, but the design difficulty and cost are relatively high, and the application occasions are less.



Zhang K. et al. [14,15] used a balanced topology of a multi-winding transformer and a flyback converter to realize the two-way flow of energy between single cells and battery packs. This method has a high equalization efficiency. However, due to the large size of the transformer, it is not easy to miniaturize, and the cost is very high. Liu W. et al. [16] proposed an active topology of a bidirectional DC/DC converter and switch array based on a forward converter. The switch matrix is used to balance the specified battery cells. The circuit is small in size, the current output pulsation is slight, and the load characteristics are good. The above single equalization method has its shortcomings. Many researchers have studied the combination of passive equalization and active equalization. Gao M. et al. [17] proposed a hybrid equalization method that combines active and passive equalization. This strategy uses the concept of hierarchical balance, with the top layer using inter-group balance and the bottom layer using intra-group balance.



Shang et al. [18] proposed a control strategy based on the BUCK-BOOST active hierarchical equalization circuit that used simultaneous balance between groups and within groups. The battery pack equalizer based on the Cuk chopper circuit studied by Liu H. [19] is based on an inductance and capacitance combined equalizer circuit, and is then improved. Liu Y. et al. [20] proposed an active equalizer for lithium-ion battery packs of electric vehicles based on cell-to-pack-to-cell topology. The proposed equalizer comprises a switch array and a single-ended forward bidirectional DC-DC converter, which is efficient and reliable. However, the circuit structure and control algorithm is more complicated. Under the above equalization methods, the topological structure has problems, such as a slow equalization speed, low equalization efficiency, and low energy utilization. Therefore, there is room for improvement in the balanced topology. Yang H. et al. [21] provided a comprehensive introduction to the equalization system. They mainly elaborated on mainstream equalization strategies. In particular, in selecting equalization variable optimization and advanced control algorithms, they proposed a cloud control method and a hybrid equalization system, equipped with thermal management. This method is considered to be the future development direction of lithium-ion battery equalization technology.



This paper proposes an equalization circuit and its equalization control strategy based on a battery and power switch (the battery refers to a single battery in the following): the Alternating Equalization Control System (AECS). The system takes the SOC to be the equalization variable. The principle of AECS is that during the charging process, the battery continuously reorganizes to form a battery group for charging, thereby achieving the balance of the battery SOC.




2. Design of AECS for Lithium-Ion Cells


2.1. Short-Circuit Equalization Circuit


As shown in Figure 1, the short-circuit equalization circuit (SCEC) proposed in this article consists of 5 single cells and ten power switches. The lower row of switches are called connection switches (S1–S5), and the upper row of switches are called short-circuit switches (S6–S10). The connection switch and short-circuit switch states corresponding to the same battery are mutually exclusive. Thus, each module of SCEC is composed of a battery and two power switches, which have the advantages of high energy utilization, a simple structure, and robust scalability.




2.2. Equalization Control Strategy


2.2.1. Equalizing Parameter


	(1)

	
Equalization: SOC can reflect the energy change of the battery. This paper selected SOC as the equalization control variable [22,23].




	(2)

	
Equalization judgment threshold: This article compares the maximum difference between the SOC of each battery with the judgment threshold and controls the maximum difference within the judgment threshold. The formula is as follows:








   φ =   SOC  h  −   SOC  l   (  h = 1 , 2 … 5 ; l = 1 , 2 … 5  )        



(1)





In the formula, φ is the maximum difference of SOC in the battery group, and   S O  C h    and   S O  C l    are the highest and lowest values of SOC in the battery group, respectively. By comparing the value of φ and α (α is the threshold of equalization judgment), different equalization control strategies are implemented for the battery group according to the results of comparison. This paper chose α = 1% as the threshold of equalization judgment.



	(3)

	
Battery performance parameters: 18650 lithium-ion battery has the advantages of good consistency, mature production technology, and low cost. Therefore, this article is based on the 18650 lithium-ion batteries for research, and its parameters are shown in Table 1.








2.2.2. Charging Control Method


According to the requirements of industrial protections for batteries, the discharge cut-off SOC is 10% and the charge cut-off SOC is 100%. In a 5-battery group, four batteries are charged in series, and the other is used as a balancing battery. During the charging process, when the short-circuit switch is turned on, the connection switch of the battery with the highest energy is turned off, and a balanced battery is replaced to form a new battery group for charging. Thus, all batteries are continuously and alternately reorganized to form a battery group composed of four batteries for charging and a five battery SOC equalization. The charge balance control strategy is shown in Figure 2.



The balance control strategy includes the balanced judgment of the battery group. The specific steps are as follows:




	(1)

	
When a battery’s SOC reaches 100%, and if the number of batteries with 100% SOC is greater than or equal to two, the battery group will stop charging; if there is only one battery with a SOC value of 100%, this battery should be disconnected and other batteries left to continue charging.




	(2)

	
When the SOC value of all batteries is lower than 100%, and if the value of φ is greater than or equal to the threshold α, the balanced battery will replace the battery with the highest SOC value to form a new battery group; if the value of φ is less than 100%, the threshold α is charged in series by the first n batteries.












3. Charging Simulation of AECS


3.1. Simulation Parameters


The feasibility of the equalization circuit and equalization control strategy proposed is verified in Matlab/Simulink. The battery module is used to simulate 18650 lithium-ion batteries. The battery type is set to a lithium-ion battery; the standard working voltage is set to 3.6 V; the rated capacity is set to 3 Ah according to the actual capacity; the initial SOC is set as required; and other parameters are default values. The ideal switch module is used to simulate the power switch, which is turned on under a high-level signal and disconnected under a low-level signal. The controllable current source module is used to control the charging current. In order to reduce the frequency of switching on or off, the Transport Delay module is added, and the delay time is set to 20 s.



The battery group is charged with a constant current at a 1 C charging rate until the voltage of any single battery reaches 4.2 V; 16.8 V is then used for constant voltage charging until the SOC of more than two batteries reaches 100% and charging then stops.




3.2. Simulations under Different Working Conditions


It assumed that the SOC is less than 100% for the five batteries. If this is the case, there are two possible situations:




	(1)

	
When φ is less than the α threshold, the batteries of No.1–No.4 are charged in series, and the No. 5 battery is short-circuited, turning on the switches S1–S4 and S10. This, charges the batteries B1–B4 in series.




	(2)

	
When φ is greater than or equal to the threshold α, its equalization control strategy is shown in Table 2.









According to the above balance control strategy, the initial SOC values of 5 batteries are set to 5%, 10%, 8%, 12% and 15%, respectively. The charging simulation result is shown in Figure 3.



As shown in Figure 3, the SOC values of the five batteries increase until the end of charging. In the charging process, φ is continuously reduced from 10% to 1% and remains stable at around 1%, with the maximum being 1.528%. However, at the end of charging, the SOC values of the five single cells were 99.96%, 99.96%, 99.97%, 99.96%, and 98.97%, respectively, and the φ value was 1%, which proved the feasibility of the charge balance control system. In the constant current charging stage, the charging current is constant at 3A, the time is 20 s, and the change in SOC value in each period is 0.556%. On the other hand, in the constant voltage charging stage, the current value is continuously decreasing, the time value remains unchanged, and the change of the SOC value in each period will decrease.



As shown in the partially enlarged view (a) of Figure 3, the SOC value of battery No.1 rises linearly, while the SOC value of other batteries rises intermittently. The No.1 battery has a low SOC value and has been in a constant current charging state; other batteries have a higher SOC value and alternate recombination charging state. In this state, the single battery with the highest SOC value is disconnected and stops charging, and the SOC value remains unchanged. There is a 20 s delay after each battery group reorganization. Therefore, the change curve of the SOC value shows an intermittent upward trend. As shown in the partially enlarged view (b) in the Figure, the charging mode is changed from constant current charging to constant voltage charging. The charging current changes from a fixed value to an indefinite value, and the SOC value change trend changes accordingly from linear to non-linear. In the constant voltage charging stage, the value of φ decreases because the charging current is constantly getting smaller, but the delay time has not changed.





4. Charging Experiments of AECS


4.1. Experimental Design


The test equipment used includes a charge and discharge tester, host computer charge and discharge tester, and thermostat. The charge and discharge tester is used to charge and discharge the battery group; the host computer monitors and stores the charge and discharge data; and the thermostat simulates the working environment temperature of the battery group.



As shown in Figure 4, AECS is composed of a STC12C5A60S2 series single-chip microcomputer, relay, Hall current measurement module, voltage acquisition chip ADS1115, 18650 lithium-ion battery, power supply, upper computer, and connection harness. The specific hardware structure is shown in Figure 5. Its function is to monitor the battery group’s current and voltage, estimate the SOC of each battery, and judge the conditions of equalization control and data storage.



The best working temperature of the battery used in this study is 25–35 °C. Therefore, all experiments were carried out in an incubator with a temperature set at 25 °C. The experimental steps are as follows:




	(1)

	
According to the SOC and OCV-SOC curves of each battery required for the experiment, the corresponding open-circuit voltage is calculated in Matlab. The OCV- SOC curve is obtained by the test standard of BYD Company.




	(2)

	
Turn on the thermostat and set the temperature to 25 °C. Place all batteries in a thermostat for 2 h and then charge and discharge them until each battery reaches the corresponding open-circuit voltage. Next, connect the AECS circuit and place it in a thermostat for 2 h to stabilize the temperature at 25 °C.




	(3)

	
Download the control program to the STC12C5A60S2 single-chip microcomputer and conduct charge and discharge experiments under different working conditions to verify the feasibility of AECS.









This article regards the data measured by the charge and discharge tester as the accurate data and the data measured by the AECS as the experimental data.




4.2. Experimental Results and Analysis


In order to verify the effectiveness of the designed balance system and control strategy, the experimental design is as follows. Due to the reduction of the current and the delay time, the change of the SOC value during each reorganization period of the battery group will be reduced. Therefore, during the experiment, the delay time is shortened from 20 s to 10 s. The battery group is charged by a constant current and constant voltage charging method. The constant current charging current is 1 C and 0.5 C, and the constant voltage charging voltage is 16.8 V. When the voltage value of any battery reaches 4.2 V, constant current charging is converted to constant voltage charging. The charge cut-off condition is that the SOC of 2 or more batteries is greater than or equal to 100%. The initial SOC of the five batteries are 14.6%, 13%, 8.6%, 9.7%, and 6.0%, respectively.



4.2.1. 1 C Charging Rate with the 20 s Delay Time Charging Experiment


According to the charge balance control strategy proposed in this paper, the experimental results of charging equalization at 1 C charge rate with the 20 s delay time are shown in Figure 6.



As shown in Figure 6, during the charging process, the 5-cell SOC increases intermittently. At the end of charging, the SOC is 100%, 100%, 100%, 100%, and 99.2%, respectively, and the φ value is 0.8%. The rising rate of SOC before point a is greater than the rising rate of SOC from point a to point b, and the rising rate of SOC at point b is zero. At point a, the charging mode changes from constant current charging to constant voltage charging, and the charging current is decreasing. Before point a, the maximum value of φ when the battery group reaches an equalization state is 1.542%. After point a, the maximum value of φ is 1.214%. This shows that reducing the current value can reduce the value of φ and improve the equalization effect of the equalization control system.




4.2.2. 0.5 C Charging Rate with the 20 s Delay Time Charging Experiment


Experiments with different charging rates were set, and the charging rate was reduced from 1 C to 0.5 C, and the delay time remained unchanged. The experimental results of charging equalization at a 0.5 C charging rate with the 20 s delay time are shown in Figure 7.



As shown in Figure 7, during the charging process, the 5-cell SOC increases intermittently. At the end of charging, the SOC is 100%, 100%, 100%, 99.9%, and 98.9%, respectively, and φ is 1.1%. The maximum SOC difference of the battery group when it reaches an equalization state is 1.288%. Compared with the 1C charging rate of the 20 s delay time, the maximum SOC difference of 0.5 C charging rate of the 20 s delay time is smaller when the system reaches an equalization state. The result shows that reducing the charging rate can effectively improve the equalization effect.




4.2.3. 0.5 C Charging Rate with 10 s Delay Time Charging Experiment


Experiments with different delay times were set. The delay time was reduced from 20 s to 10 s while the charging rate remained unchanged. The experimental results of charging equalization at 0.5 C charging rate with the 10 s delay time are shown in Figure 8.



As shown in Figure 8, during the charging process, the 5-cell SOC increases intermittently. At the end of charging, the SOC is 100%, 100%, 100%, 100%, and 99%, respectively, and φ is 1%. The maximum SOC difference of the battery group when it reaches the equalization state is 1.035%. Compared with the 20 s delay time 0.5 C charging rate, the 10 s delay time 0.5 C charging rate has a minor maximum SOC difference when reaching equalization. The result can effectively improve the balance by reducing the delay time with the same charging rate effect.





4.3. Comparison of the SOC Difference under Different Working Conditions


The overall SOC difference was analyzed and compared under three other charging conditions, comparing the results as shown in Figure 9.



It can be seen from the figure that the overall SOC difference under the three different charging conditions is gradually reduced from the original SOC difference of the battery group to about 1%. According to the control strategy proposed in this paper, batteries are constantly alternately reorganized into a new battery group for charging, so that the overall SOC difference of the battery group is continuously decreasing, thus verifying the effectiveness of the equalization system. It can be seen from the figure that the charging rate is reduced from 1 C to 0.5 C while charging, while other conditions remain unchanged. When the battery group reaches the equalization state of charge, the overall SOC difference of the 0.5 C charging rate is significantly smaller than the 1 C charging rate SOC difference. It shows that reducing the charging current can effectively improve the equalization effect. Secondly, the overall SOC difference of the 10 s delay time is smaller than the SOC difference of the 20 s delay time when the delay time is reduced from 20 s to 10 s, and other conditions remain the same. The results indicate that the equalization effect can be effectively improved by reducing the delay time when other conditions remain unchanged during the charging process.





5. Conclusions


This paper proposes a short-circuit equalization circuit and its control strategy based on 18650 ternary lithium-ion batteries and constructs the AECS topology. Through simulation analysis and experimental verification, the balance control of the battery in the lithium-ion battery group is studied. The main conclusions are as follows:




	(1)

	
An ACES topology and its charging control strategy were proposed, its working principle and advantages were studied, and a charging simulation was carried out in Matlab/Simulink. A battery group consisting of five batteries with the initial SOC value of 5%, 10%, 8%, 12% and 15% was charged. The simulation results show that during the charging process, the maximum SOC difference of the battery group is continuously reduced from 10% to 1%, which proves the feasibility of the charging control strategy.




	(2)

	
A charging experiment of the battery group was carried out. In the charging experiment, the SOC difference in the constant current charging stage dropped from 8.6% to about 1%, and the maximum SOC difference was 1.542%. In the constant voltage charging stage, the maximum difference in SOC dropped from 1.542% to 1.214% due to the decrease of the charging current. The maximum difference of SOC at the end of charging was 0.8%, which indicated that the alternating balance control system designed in this paper could realize the charging balance of the battery group.




	(3)

	
A charging experiment with a 0.5 C charging rate with the 20 s delay time was set. In the experiment, the maximum SOC difference of the battery group when it reached the equalization state was 1.288%. The result showed that, compared to the charging experiment at 1 C charging rate, the equalization effect could be effectively improved when the charging rate was low.




	(4)

	
A charging experiment at a 0.5 C charging rate with the 10 s delay time was set. In the experiment, the maximum SOC difference of the battery group when it reached the equalization state was 1.035%. The results showed that when the charging rate did not change, reducing the delay time could effectively improve the equalization effect of the equalization system.
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Figure 1. The short-circuit equalization of n is 4. 
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Figure 2. Process of charging equalization control strategy. Y=Yes. N=No. 
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Figure 3. Simulation results of charging equalization. (a) and (b) are partial enlargements. 
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Figure 4. The experimental platform of AECS. 
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Figure 5. The main hardware structure of AECS. 
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Figure 6. 1 C charging rate with the 20 s delay time charging experimental equalization result. a: Charge mode changes from constant current charge to constant voltage charge. b: End of charging. 






Figure 6. 1 C charging rate with the 20 s delay time charging experimental equalization result. a: Charge mode changes from constant current charge to constant voltage charge. b: End of charging.



[image: Wevj 12 00114 g006]







[image: Wevj 12 00114 g007 550] 





Figure 7. 0.5 C charging rate with the 20 s delay time charging experimental equalization result. 
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Figure 8. 0.5 C charging rate with 10 s delay time charging experimental equalization result. 
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Figure 9. Comparison of the SOC difference under different working conditions. 
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Table 1. Basic parameters of 18650 lithium-ion cell.
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	Order
	Name of Parameter
	Value and Unit





	1
	Size
	  ϕ    = 18.00 mm

H = 65.00 mm



	2
	Rated Capacity
	2.55 Ah



	3
	Practical Capacity
	3.0 Ah



	4
	Working Voltage
	3.6 V



	5
	Charging Cut-Off Voltage
	4.2 V



	6
	Discharging Cut-Off Voltage
	2.5 V



	7
	Maximum Continuous Discharge Rate
	3 C



	8
	Optimum Working Temperature
	  25   ~    35 °C



	9
	Working Temperature Range
	−  20   ~    60 °C










[image: Table] 





Table 2. Charge equalization control strategy when φ is greater than or equal to α.






Table 2. Charge equalization control strategy when φ is greater than or equal to α.





	The Battery with the Highest SOC
	Closed Switches
	Charging Cells in Series





	B1
	S2,S3,S4,S5,S6
	B2,B3,B4,B5



	B2
	S1,S3,S4,S5,S7
	B1,B3,B4,B5



	B3
	S1,S2,S4,S5,S8
	B1,B2,B4,B5



	B4
	S1,S2,S3,S5,S9
	B1,B2,B3,B5



	B5
	S1,S2,S3,S4,S10
	B1,B2,B3,B4
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