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Abstract

:

Applications of rechargeable batteries have recently expanded from small information technology (IT) devices to a wide range of other industrial sectors, including vehicles, rolling stocks, and energy storage system (ESS), as a part of efforts to reduce greenhouse gas emissions and enhance convenience. The capacity of rechargeable batteries adopted in individual products is meanwhile increasing and the price of the batteries in such products has become an important factor in determining the product price. In the case of electric vehicles, the price of batteries has increased to more than 40% of the total product cost. In response, various battery management technologies are being studied to increase the service life of products with large-capacity batteries and reduce maintenance costs. In this paper, a charging algorithm to increase the service life of batteries is proposed. The proposed charging algorithm controls charging current in anticipation of heating inside the battery while the battery is being charged. The validity of the proposed charging algorithm is verified through an experiment to compare charging cycles using high-capacity type lithium-ion cells and high-power type lithium-ion cells.
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1. Introduction


The trend of wider diffusion of mobile electronics, such as mobile phones and laptops, and the increasing demand for high performance devices have led to growth of both the battery industry and the information technology (IT) industry. Consumers need mobile devices that can be used for long periods of time on a single charge, even with short battery charging time. This has motivated research on rapid charging technology and improving the energy density of batteries. Furthermore, the growth of the electric vehicle (EV) market has given rise to the new issue in the battery industry of managing the battery’s state-of-health (SOH). Unlike small mobile devices, which are often replaced within two to three years, EVs are relatively expensive products and their batteries, which generally have a life expectancy of more than eight years, account for the largest cost among all parts. As a result, batteries in the automotive industry must be capable of maintaining battery capacity for a considerable period of time, and many studies have been conducted to manage the battery’s SOH.



The cycle life of batteries that generate electricity through chemical reactions is determined by various external factors [1,2,3,4,5,6,7,8]. First, battery charging operation in low temperature conditions reduces the chemical reaction rate of lithium ions. This causes the accumulation of lithium-ion metals in the anode layer, which reduces the capacity and in turn is directly linked to the battery’s lifetime [1]. Second, high C-rate charging and high depth of discharge (DOD) range result in loss of active material and the formation of a thick layer of solid electrolyte interphase (SEI) at the surface of electrodes. This increases internal impedance and reduces the capacity of the battery [2,3]. Third, overcharge battery operation causes unwanted heating inside the battery. This results in cracking of the SEI and loss of active area inside the battery, which reduces the total capacity of the battery [4,5]. Fourth, over-discharge of batteries also reduces the number of ions participating in electrochemical reaction, which causes capacity loss [4]. Fifth, battery cycle life can be shortened by charging/discharging operation at high temperatures. Electrolytes and the binders of the battery are destroyed during the charging/discharging operation at high temperatures and this reduces the capacity of the batteries [6,7]. In addition to the aforementioned reasons, the battery SOH is affected by various factors and many of these factors are related to the charging conditions. Thus, the aging of batteries can be mitigated by developing the charging algorithm.



Recently, various battery charging algorithms have been investigated to extend the battery cycle life and reduce restrictions on battery use [7,8,9,10,11,12,13,14,15,16,17,18,19]. Most of these studies focused on developing charging algorithms and profiles to reduce the battery charging time by adopting a high C-rate current. One of the most common fast charging algorithms is the CC-CV, constant current-constant voltage, charging method [8,9]. Batteries are charged with constant current until the maximum acceptable battery voltage is reached; after that charging is continued with a fixed charging voltage, and charging is completed when the charging current reaches a preset small value. The multi-stage constant current (MCC) charging method is another well-known fast charging method. Unlike the constant-current charging method, charging current is divided into several levels in the MCC method to reduce the charging time and heat generated inside the battery during charging [8,13]. Generally, the charging current is controlled in a direction where the size of the charging current decreases as the charging time progresses. The constant power (CP) charging method maintains charging power during the charging operation [7]. High charging current is induced at the beginning of charging and it is gradually decreased as the battery voltage increases. The boost charging method is also one of the basic fast charging methods based on the CC-CV charging profile [8,17]. It adopts a high current charging period at the beginning of the CC-CV charging profile to reduce the charging time. Figure 1 shows the various battery charging profiles.



Although various fast charging technologies are being studied through many different approaches to reduce the charging time while minimizing capacity loss, they cannot reflect the characteristics of changes in internal impedance, which depends on changes in state-of-charge (SOC) or SOH. As a result, the battery’s life expectancy, which is determined by the available power rating and total remaining capacity, is rapidly deteriorated with use of the fast charging method. Therefore, the conventional CC-CV charging profiles are still widely utilized in applications where the battery price is a significant factor in relation to the overall price and/or the battery’s characteristics have a significant impact on the performance of the product.



In this paper, the aging characteristics of the battery with use of the CC-CV method are analyzed and a new charging method that minimizes battery degradation is proposed. The proposed method controls the charging current by considering the difference in internal impedance caused by SOC changes in order to minimize the heating of the battery during charging. To verify the effectiveness of the proposed charging method, the battery aging characteristics when the proposed charging method is applied are compared with those observed with use of the CC-CV method.




2. Equivalent Circuit Model for SOH Estimation


Various physical and chemical changes occur within the battery as battery cells age [20,21,22,23,24,25]. Physically, the structure of electrodes is changed and this reduces the capacity of the battery; chemically, the loss of active material causes capacity reduction, and unwanted chemical reactions within the electrolyte prevent circulation of internal active ions. These aging characteristics typically result in a change in electrical properties, such as reduced capacity of the battery or increased internal resistance (Rint.), which in turn undermines the output power characteristics of the battery.



Figure 2 shows the conventional equivalent circuit model (ECM), which is widely used in the electrical analysis of batteries. SOH estimation using the ECM offers the advantage of a relatively simple calculation while expressing the change in characteristics of the battery. The characteristics of batteries are explained in the ECM by the open circuit voltage (OCV), which represents the battery capacity, the internal ohmic resistance (Ri), which denotes the resistance of the electrolyte, and the internal diffusion resistance (Rdiff.)–capacitance (Cdiff.) network, which represents the charge diffusion/transfer characteristics. The applied voltages to Ri and Rdiff.-Cdiff. network are represented as Vohmic and Vdiff., respectively. VBATT in Figure 2 shows the voltage across the terminals of a battery. The characteristics of batteries that vary with the SOC and SOH can be expressed through changes in the internal resistance, which is determined by the sum of Ri and Rdiff., and capacitance values in the ECM [20]. Therefore, for accurate prediction of the operating characteristics and SOH of batteries using the equivalent circuit model, it is necessary to clearly identify the variation in the internal resistance parameters according to the condition of the battery and to measure the parameters of the equivalent circuit periodically. Figure 3 illustrates the hybrid pulse power characterization (HPPC) method for measuring the resistances in the ECM. The HPPC method obtains the internal parameters of the ECM by monitoring the change in the internal voltage of the battery while varying the charge current and discharge current within the range of operation of the battery [26,27].




3. Effect of Internal Heat on SOH of Batteries


A number of factors affect battery aging including temperature inside/outside the battery, SOC, depth of discharge (DOD), etc., [4]. Among these, temperature, which has a direct effect on the rate of chemical reaction of batteries, is one of the most influential factors in the aging of batteries. According to the Arrhenius Equation (1), which describes a chemical reaction, the rate of chemical reaction and temperature have a linear relationship of logarithmic scale. Therefore, in the case of batteries, which charge and discharge energy through chemical reactions, temperature management is considered to have a significant effect on battery aging.


r=A×e(EakT),



(1)




where r is the reaction rate, k is Boltzmann’s constant, A is the frequency factor, Ea is the activation energy, and T is the absolute temperature.




4. Proposed Charging Method for Minimizing Battery Degradation


As mentioned earlier, the life cycle estimation method using equivalent circuit models is widely employed in many applications due to its advantages of being simple and quite accurate in calculation [28]. The internal resistances in the equivalent circuit are measured periodically using the HPPC test method and the measured values of an aged battery cell are compared with those of a fresh cell, and the differences in the parameter values are used to calculate the life of the battery. This paper proposes a variable battery charging current algorithm (VCC) that controls the charging current in a way that minimizes heating inside the battery when charging. This is done using the characteristics of internal resistance change in batteries, which depend on the SOC and the relationship between heating and aging of the battery.



Figure 4 shows the measured internal resistance values of batteries in accordance with the SOC at intervals of 10 cycles using INR 18650 25R cells of Samsung SDI (Yongin-si, Korea). As shown in Figure 4, the internal resistance of a battery varies significantly with the SOC and the life cycle. In particular, the Figure 4 shows that changes in internal resistance do not have a linear relationship with changes in the SOC. The internal resistance shows a proportional decrease in the resistance to the SOC in the range where the SOC decreases from 100% to 40%, whereas below 40% it shows an increase in resistance as opposed to SOC reduction, as can be seen in Figure 4. Given that heating inside the battery is ultimately determined by the value of the current flowing into the resistor, it can be expected that the temperature of the battery will continue to change during the charging process and heat generation will increase in the low and high SOC range, if the CC-CV method, which is the most popular battery charging algorithm, is applied. Therefore, this paper proposes a variable charging current algorithm that changes the amount of charging current according to the SOC, taking into account the internal resistance of the battery in order to slow the aging of battery cells according to the charging power. The proposed charging algorithm is a method to minimize internal thermal variation of the battery in the charging process and thereby prevent fluctuation of the charging power loss (PLoss), which directly affects the heating of the battery while the battery is being charged. Since the internal resistance of a battery generally shows characteristics that vary with the SOC condition, a method of controlling the charging current of the battery according to the changing resistance value is required, and the charging current value (ICharge) is achieved using Equation (2) in the present study. To verify the effectiveness of the proposed charging algorithm, two types of batteries, high-capacity lithium-ion cells (INR 25R) and high-power lithium-ion cells (INR 29E), were compared with use of the conventional CC-CV charging method and the proposed VCC method.


PLoss(W)=ICharge2×Rint., ICharge(A)=PLoss/Rint.



(2)








5. Experimental Configuration of the Proposed Algorithm


Two different types of batteries were used in the experiment: a battery with a high output power characteristic, INR 25R, which is composed of nickel cobalt aluminum oxide (NCA) and a battery with a high energy density characteristic, INR 29E, which is composed of nickel manganese cobalt oxide (NMC). Table 1 presents detailed specifications of each battery. The experiment was conducted in a temperature chamber set to be maintained at a temperature of 25 °C and the experiment proceeded as follows.



Step 1: Measure the exact capacity of each battery.



To measure the capacity of the battery, first it was fully charged up to 4.2 V using the CC-CV charging method using 0.5 C charging current. A 0.5 C discharge current was then applied to discharge the battery to the cut-off voltage and the capacity of the battery was calculated using the discharge time. After each capacity calculation process, one hour of rest time was given to the battery to complete the internal chemistry reaction.



Step 2: Measure the internal resistance of the battery.



The HPPC test method was applied to measure the internal resistance of the battery using 0.5 C charging/discharging current. The resistance was measured by lowering the SOC by increments of 5% from 100%. Figure 5 shows the experimental procedure used to measure the internal resistance.



Step 3: Derive the charging current.



Charging current values for each SOC were derived in this step using the resistance values obtained from the previous step. In order to maintain a constant amount of heat inside the battery generated during the charging process, a constant value of charging loss was set and the charging current was calculated. Considering the tendency of the internal resistance of the battery to increase as the SOC becomes lower, the loss value when 0.5 C charging is applied was taken as the reference value at 50% of the SOC. Table 2 shows the charging current and internal resistance at each SOC. Only the DC internal resistance (DCIR), which indicates the effect of DC current on the battery is considered in calculating the charging current. The resistance is widely used value when comparing the performance of the battery and also has the characteristics of large variation on the SOC [29,30,31].



Step 4: Aging test using the VCC method.



The battery aging experiment was carried out by repeating the charging cycle using the charging current value obtained in Step 3. The SOH of the battery was checked by measuring the internal resistance of the battery at every 10 charging–discharging cycles.



To compare the aging of batteries according to the charging method, the degree of aging of the batteries with application of the existing CC-CV charging method was measured using the same two types of batteries as applied during the VCC algorithm aging test. The battery aging condition was compared after 60 cycles of the charging test were carried out in different ways to compare the degree of aging according to the charging algorithm.




6. Experimental Results


Figure 6 shows the results of measuring the internal resistance variation of the battery by the SOC according to each charging method by applying the proposed VCC method and the conventional CC-CV charging method. The battery charging with the VCC method shows less variation in internal resistance, and this is more visible in high-power battery cells. The difference in the increase in resistance of a battery resulting from the batteries having different charging algorithms can be seen, similarly to the tendency of capacity reduction due to the aging of the battery. Figure 7 shows the variation of the capacity of each battery as the charging cycle repeats and Table 3 shows the comparison result of the capacity degradation rate on each method. As shown in this Figure 7, there is less capacity change in the battery cell with the proposed charging algorithm. Figure 8 shows the results of the change in charging time following the aging test. In the proposed method, a resistance value at a 50% SOC, which has the lowest internal resistance, and a current value of 0.5 C were used to obtain the charging power loss, and the power loss value is used to calculate the charging current due to the change in resistance. As a result, as the test progresses, the difference in charging time was reduced or reversed depending on the battery type because the charging time is longer with the proposed charging method than with the conventional CC-CV charging method at the beginning of the charging test, but with aging this difference becomes smaller. This is ascribed to a slower aging process and smaller internal resistance characteristics in the proposed charging algorithm when compared to the conventional method of charging [32].




7. Conclusion


This paper proposes a variable charging current charging algorithm to minimize the aging characteristics of batteries generated by repeated charging/discharging operation. The proposed method is to manage heat inside the battery that occurs when charging the battery to minimize the battery aging caused by repeated use of the battery. For heating management of batteries, the charging current is varied at each SOC level depending on the internal resistance value of the battery to maintain the power loss inside the battery. The effectiveness of the proposed charging algorithm was then compared with that of the conventional CC-CV charging algorithm. By applying the proposed algorithm, a battery with repeated charging would have a slower aging effect compared to a battery with the conventional charging method. Also, the effects of the proposed algorithm vary depending on the chemical composition of the battery and the proposed algorithm was found to be more effective in high-power battery cells. Based on the results of this experiment, the variable charging current battery charging algorithm proposed in this paper is an effective charging method that slows down the aging of the battery, and is expected to achieve better results in applications where the product has a long life cycle and battery replacement is difficult. Further research to compare the results of battery aging through long-term charging cycle testing and to adjust charging current to reflect the changes in capacity due to aging of batteries should be carried out.
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Figure 1. Battery charging profiles: (a) Constant current-constant voltage (CC-CV) charging method; (b) Multi-stage constant current (MCC) charging method; (c) Constant power (CP) charging method; (d) Boost charging method. 
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Figure 2. Configuration of the equivalent circuit model. 
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Figure 3. Hybrid pulse power characterization (HPPC) parameter calculation method: (a) Charging-discharging profile; (b) Parameters estimation method. 
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Figure 4. Measured internal resistance of INR 25R battery as it aged: (a) Internal ohmic resistance, Ri; (b) Internal diffusion resistance, Rdiff. 
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Figure 5. Experimental procedure used to measure the internal resistance. 
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Figure 6. Hybrid pulse power characterization (HPPC) parameter calculation method: (a) DCIR of cell with NCA material (CC-CV); (b) DCIR of cell with NMC material (CC-CV); (c) DCIR of cell with NCA material (VCC); (d) DCIR of cell with NMC material (VCC); (e) comparison of internal resistance (NCA); (f) comparison of internal resistance (NMC). 
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Figure 7. The discharging capacity by cycle number: (a) cell with NCA material; (b) cell with NMC material. 
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Figure 8. The charge time by cycle number: (a) cell with NCA material; (b) cell with NMC material. 
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Table 1. Specifications of batteries used in the experiment.
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	Characteristics
	INR 25R
	INR 29E





	Rated voltage
	3.60 V
	3.65 V



	Maximum continuous discharge current
	20 A
	2.750 A



	Rated capacity
	2500 mAh
	2750 mAh



	Cut-off voltage
	4.20 V (Charge)

2.50 V (Discharge)
	4.20 V (Charge)

2.50 V (Discharge)



	Materials
	C (Negative)

LiCoNiAlO2 (NCA)
	C (Negative)

LiNiMnCoO2 (NMC)
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Table 2. Measured internal resistance and calculated charging current in the experiment.
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SOC (%)

	
INR 25R (NCA)

	
INR 29E (NMC)




	
DCIR (ohm)

	
Current (A)

	
DCIR (ohm)

	
Current (A)






	
100

	
0.0252

	
1.2258

	
0.0349

	
1.3991




	
95

	
0.0252

	
1.2327

	
0.0349

	
1.3991




	
90

	
0.0248

	
1.2431

	
0.0349

	
1.3988




	
85

	
0.0261

	
1.2111

	
0.0364

	
1.3693




	
80

	
0.0268

	
1.1962

	
0.0380

	
1.3412




	
75

	
0.0265

	
1.2015

	
0.0384

	
1.3334




	
70

	
0.0262

	
1.2084

	
0.0377

	
1.3468




	
65

	
0.0268

	
1.1963

	
0.0379

	
1.3429




	
60

	
0.0271

	
1.1893

	
0.0388

	
1.3276




	
55

	
0.0248

	
1.2433

	
0.0384

	
1.3334




	
50

	
0.0242

	
1.2570

	
0.0356

	
1.3861




	
45

	
0.0240

	
1.2632

	
0.0349

	
1.3991




	
40

	
0.0241

	
1.2619

	
0.0344

	
1.4101




	
35

	
0.0243

	
1.2555

	
0.0343

	
1.4102




	
30

	
0.0247

	
1.2464

	
0.0348

	
1.4010




	
25

	
0.0254

	
1.2269

	
0.0351

	
1.3947




	
20

	
0.0255

	
1.2268

	
0.0356

	
1.3859




	
15

	
0.0285

	
1.1589

	
0.0367

	
1.3649




	
10

	
0.0331

	
1.0757

	
0.0400

	
1.3073




	
5

	
0.0425

	
0.9492

	
0.0473

	
1.2012




	
0

	
0.0425

	
0.9439

	
0.0473

	
1.2012
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Table 3. Comparison of the capacity degradation rate.






Table 3. Comparison of the capacity degradation rate.





	
Battery Types and Cycles

	
CC-CV Method

	
VCC Method




	
Capacity (Ah)

	
Growth Rate (%)

	
Capacity (Ah)

	
Growth Rate (%)






	
25R (NCA)

	
Original

	
2.5303

	
−4.993

	
2.5143

	
−4.804




	
60th cycle

	
2.4039

	
2.3935




	
29E (NMC)

	
Original

	
2.7781

	
−3.353

	
2.7722

	
−3.334




	
60th cycle

	
2.6850

	
2.6798
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