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Abstract

:

Electric vehicle battery systems are easily deformed following bottom or side pillar collisions. There is a knowledge gap regarding the fault features of minor mechanical deformation without ISC, which can be used for early warning of mechanical deformation. In this study, the fault features of a lithium-ion battery module under different degrees of mechanical deformation were studied from the perspective of voltage consistency. The results show that the capacity of the battery module declines with an increase in indentation depth, consistent with the capacity degradation of the indented cell. During the charging and discharging processes, the voltage of the indented cell deviates to a lower value compared to the other normal cells. At the end of the discharging process, the voltage sharply declines and exhibits a significant deviation from the other normal cells. The Mean Normalization (MN) method is employed to quantitatively describe the voltage consistency. The results indicate that the MN value of the indented cell’s voltage is distributed at the lowest during the charging period and sharply declines below −0.06 at the end of discharging. In the future, a fault detection method for mechanical abuse will be established based on these features.
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1. Introduction


To mitigate problems arising from global warming, environmental pollution, and depletion of fossil fuels, electric vehicles (EVs) have been widely adopted and developed worldwide. Recently, lithium-ion batteries (LIBs) have become the main energy source for EVs due to their advantages of long cycle life, high energy density, and zero emissions. However, the low thermal stability of active materials in LIBs makes them prone to failure, including thermal runaway, when subjected to abusive conditions [1]. As the number of EVs on the road increases, there has been growing concern about battery-related accidents caused by battery failures [2].



These abusive conditions can be categorized into three types: mechanical, electrical, and thermal [3,4]. Mechanical abuse includes penetration, compression, and crashes [5]; thermal abuse includes exposure to high external temperatures and fire impingement [1]; electrical abuse involves external short circuits, overcharging, over-discharging, etc. [4,6,7]. However, these three types of abuse often occur in combination, interacting with and promoting each other. For example, in most situations, mechanical abuse leads to electrical abuse, and the electrical abuse is often accompanied by heat generation, which can even potentially trigger thermal abuse. Penetration and severe deformation can cause internal short circuits (ISC) within the battery. The ISC generates a large amount of heat at the point of short circuit, resulting in a localized temperature increase known as a hot spot. Electrical abuse accelerates the development of thermal abuse, eventually leading to thermal runaway [8].



To prevent battery failures caused by these abusive conditions, timely fault diagnosis and prognosis are essential for ensuring the safe operation of EVs [8,9]. These approaches can be classified into three categories: threshold-based, model-based, and data-driven methods [10]. Zhu et al. [11] employed a threshold-based method to diagnose overcharge faults by detecting whether the voltage, temperature, and rate of voltage change exceed predefined thresholds. Xiong et al. [7] proposed a model-based method to detect external short circuits by comparing the measured voltage with the predicted value using an equivalent circuit model. Wang et al. [12,13] proposed data-driven methods that utilize sample entropy, Shannon entropy, and Z-score to monitor the health status of batteries. While many methods have been proposed for fault diagnosis, most of them rely on abnormal variations in external parameters such as voltage and temperature. Among the three categories of abusive conditions, thermal and electrical abuses exhibit clear voltage and temperature signals, which can be easily used for fault diagnosis through the aforementioned methods. In situations involving mechanical abuse, a sharp drop in cell voltage and a rapid increase in local temperature occur when the cell experiences deformation-induced ISC [14,15]. However, when the deformation is minor, the resistance of the internal short circuit may be too high to cause significant voltage deviation. Qiao et al. [16] proposed a quantitative diagnosis method for ISC using the incremental capacity method, which measures the excess power consumption during the charging and discharging processes. When the deformation is too small to trigger ISC, it can be challenging to monitor the fault diagnosis signals. However, the potential risks associated with minor mechanical deformation should not be overlooked. For instance, the explosion of Samsung cell phones in 2016 was a typical incident caused by compression at the corner of the battery [17]. In April 2019, an NIO ES8 caught fire at a service outlet. The investigation revealed that the accident was caused by significant mechanical deformation of the battery pack and cooling plate resulting from a previous impact two days earlier [18]. The delayed occurrence of accidents due to mechanical deformation poses potential safety hazards, emphasizing the need to study the fault characteristics of batteries under mechanical deformation for early fault detection.



The failure mechanism of mechanical abuse has been extensively investigated. Under severe conditions, mechanical deformation can cause electrolyte leakage from the release valve and result in structural failure of the battery [19,20]. The high tensile stress experienced at fold areas can induce ISC [21,22]. Wang et al. [23] disassembled compressed cells and observed the internal structure variations using an optical microscope. They found that deformed electrodes can penetrate the separator, creating direct contact between the cathode and anode electrodes, leading to ISC and even thermal runaway. Based on different contact patterns, Santhanagopalan et al. [24] categorized ISC into four types: (1) connection between active materials at the cathode electrode and the current collector at the anode electrode; (2) connection between active materials at the cathode and anode electrodes; (3) connection between the current collectors at the cathode and anode electrodes; and (4) connection between active materials at the anode electrode and the current collector at the cathode electrode. Among these types, the highest risk is associated with active materials at the cathode electrode connecting with the current collector at the anode electrode. Factors such as state of charge (SOC), depth, and width of penetration also influence the risk level [14,15,25]. In situations involving minor deformation, ISC may disappear shortly after its occurrence due to passivation of positive and negative electrode materials or isolation of positive and negative electrodes caused by separator melting. This type of ISC is referred to as “soft ISC” [26]. The corresponding battery voltage briefly declines and then recovers to its previous value. In cases of slight mechanical deformation without ISC, researchers have found that increased restraint stress in the compression area can lead to internal damage, including loss of lithium inventory and active material, resulting in decreased cycle performance [27,28,29]. The copper current collector in the compressed area may break in a “mud” shape or fracture directly, and an interface layer may form on the surface of the copper foil, leading to copper foil corrosion in the interface area and increased battery impedance [30]. Slight mechanical deformation can also cause capacity loss in lithium batteries, although larger-capacity batteries are more resistant to deformation effects and experience smaller changes in capacity. The capacity change in batteries after indentation is primarily due to the loss of recoverable lithium, which is related to fragmentation of the current collector, crushing of negative active particles, and compaction of positive active materials [27]. Cyclic tests on batteries after slight indentation have shown that the rate of capacity attenuation in the indented battery is similar to that of a normal battery in the early stage of the cycle [31]. However, accelerated capacity attenuation occurs in the late stage of the cycle, mainly due to the loss of active materials and recoverable lithium [28]. Huang et al. [32] found that slight mechanical deformation can improve the cycle performance of tested cells, but the effect becomes negative as the deformation becomes more severe. These changes can be reflected in the voltage curve, and by extracting and analyzing these characteristics, it becomes possible to provide early warning for mechanical deformation.



The aforementioned research has extensively explored the damage mechanisms and corresponding fault features of mechanical deformation, ranging from severe deformation to minor deformation. However, there is a knowledge gap regarding the fault features of minor mechanical deformation without ISC for fault detection. In this study, we investigate the fault features of batteries with slight mechanical deformation from the perspective of voltage consistency. We conducted experiments on locally mechanically deformed cells and connected them in series with normal cells for cycling tests aimed at detecting fault features in voltage consistency. The Mean Normalization (MN) method was employed to analysis the changes in voltage consistency.




2. Methodology


According to a previous study [32], the capacity of the indented cell could vary with the degree of deformation. The variation in cell capacity leads to inconsistency in the capacities between cells, which is reflected in the voltages of the cells. Therefore, in this work, the consistency of the cells’ voltages is used to analyze the fault feature of mechanical deformation. Before the indentation, six normal cells were connected in series and cycled five times. Then, one of these cells was taken out for indentation. The indented cell was continuously connected with the other five cells in series and cycled to study the influence of mechanical deformation on the capacity and voltage consistency of the battery module. The charge and discharge capacity and voltage curves before and after the mechanical deformation test were recorded to analyze the fault feature.



However, monitoring the deviation of voltage is difficult in real applications due to its susceptibility to noise interference. To quantitatively analyze the deviation of each cell in the battery module, the MN method is employed in this study. The MN value of cell voltage at ti moment is expressed as follows:


    M N   k   i   =     U   k   (   t   i   ) −   U  ¯  (   t   i   )     U   m a x   (   t   i   )    



(1)




where     U  ¯    is the mean value of the cells’ voltage in the battery module,     U   m a x     is the maximum cell voltage, ti is a specific moment in the voltage curve, and k is the number of cells. In this equation,     U   i   −   U  ¯    means the deviation of each cell’s voltage to the mean voltage of all cells. The MN value can be positive or negative. An increase in the absolute value of MN indicates a larger deviation of the cell voltage from the mean value. Unlike other error analysis methods such as root-mean-square error and mean square error, the MN value can reflect whether the estimated value is higher or lower than the mean value through the sign of the value and the degree of deviation. When the cells in the battery module operate normally, the MN value will stabilize around 0. However, if one cell experiences abusive behavior, the MN value could sharply increase or decrease. This method can effectively amplify the deviation feature for fault diagnosis. In addition, the MN method has the advantage of less computing, which can be easily used for real-time monitoring of the voltage inconsistency.




3. Experimental Tests


In this study, 18,650 commercial ternary/graphite lithium-ion battery cells (DMEGC, INR18650-26E, Donghua, China) were used. The operating voltage ranges from 2.75 V to 4.2 V. The nominal capacity of all cells is 2600 mAh. The internal resistance is less than 25 mΩ. The standard charge and discharge currents are 0.5 and 1 charge rates (C-rate), respectively. The indentation tests were conducted using an electron universal testing machine (Instron, 5980, Boston, MA, USA) as shown in Figure 1. The indenter is a semi-sphere with a diameter of 12.7 mm. To ensure safety during compression, the SOC of the tested cells was discharged to 0% before indentation. The voltages of the cells and force–displacement curve during compression were recorded to estimate ISC. The cell being tested experiences ISC when the indentation depth exceeds 7 mm, so the displacements of indentation were set at 5, 6, and 7 mm to obtain the fault features of mechanical deformation before the cell experiences ISC.



To investigate the fault features of the indented cell in the battery module, cycling tests of the battery module were conducted. The experimental setup is shown in Figure 2. To obtain the features of mechanical deformation from the perspective of consistency, five normal cells and one specified cell for indentation test were connected in series and cycled by a cycle meter (Neware, CT-4002-30V60A-NA, Shengzhen, China) at room temperature. During cycling, the cells were protected by a battery management system (BMS) protector (Jikong company, JK-B1A24S15P, Chengdu, China) to prevent overcharging or over-discharging. This BMS system only enables the protection function, and the voltage of each cell in the battery module can be monitored by this system. The series-connected battery module was cycled between 17.4 V and 24.6 V. The setting of the cut-off voltages of the battery module is to limit the voltage of cells between 2.9 V and 4.1 V during charging and discharging periods. To prevent the overcharge and over-discharge of cells, 2.9 V and 4.1 V are set as the lower and upper protection voltages of cells, respectively. These limitations are that cells were charged and discharged at 1 C-rate (2.6 A) with 30 min of rest between charge and discharge periods during cycling.




4. Results and Discussion


Three cells were indented at the center of the side face with depths of displacement of 5 mm, 6 mm, and 7 mm, as shown in Figure 3. The force−displacement curves during the indentation process are illustrated in the figure. The mechanical responses of the tested cells during indentation are relatively consistent, but the difference between cells enlarges with increasing depth of indentation. It can be observed that the force−displacement curves grow exponentially. As the indentation depth increases, the deformation of the battery initially starts from the battery casing and progresses to the deformation of electrode materials near the edges. Consequently, more electrode materials become involved in the mechanical deformation process, resulting in exponential stress increase with increasing displacement of indentation. The stress values reach 2239.5 N, 3876.9 N, and 6852.7 N at displacements of 5 mm, 6 mm, and 7 mm, respectively. These values are much lower than the results reported by Liu et al. [33] and Xing et al. [34]. This difference could be attributed to the variance in mechanical deformation between cylindrical cells and prismatic cells. The cylindrical cell allows for more space for deformation, making the force−displacement curve flatter compared to that of the prismatic cell.



The indented cell was continuously connected with the other five cells in series and cycled five times. Figure 4 presents the variation in battery module capacity before and after the indentation during the charging and discharging process. Figure 4a shows that the charging capacity of the battery module is approximately 2450 mAh before the indentation test. Due to energy consumption by the BMS protector and heat generation of the batteries, the discharging capacity decreases by approximately 200 mAh. When one cell in the battery module was indented by 5 mm, it can be observed that the charge and discharge capacities decrease by 18 mAh and 27 mAh, respectively. With an increase in the indentation depth to 6 mm, the average capacity of the battery module decreases by 64 mAh during the charging period and 65 mAh during the discharging period, as shown in Figure 4b. Figure 4c illustrates that the decline in the average battery module capacity increases to 132 mAh and 143 mAh during the charging and discharging process, respectively, when the indentation depth reaches 7 mm. In our previous research [32], we found that slight mechanical deformation can elevate the battery capacity, but this effect becomes negative for the cells when mechanical deformation accumulates. The capacity of the battery module is determined by the minimum cell capacity. While an increase in cell capacity might have a limited impact on the capacity of the battery module, a decline can be directly reflected by the variation in battery module capacity. Therefore, the decline in module capacity shown in Figure 4b,c could be attributed to the capacity degradation of the indented cell.



Changes in the internal properties of batteries, such as internal resistance, health, and capacity, can directly influence voltage performance. Figure 5a shows the variation in voltage consistency caused by mechanical deformation at a 5 mm depth of indentation. Prior to subjecting the cells to mechanical abuse, the voltage of all cells should be consistent. However, due to the specified cells used for the indentation test having a higher capacity than other cells, there is an intrinsic capacity inconsistency between the specified cell and the normal cells, resulting in its voltage being higher than the other five normal cells at the end of the discharging and resting periods. This is because the same energy was discharged from these cells in the same discharge time, and the specified cell with higher capacity would have higher SOC and show higher voltage than other cells. Despite this, it can be observed that the voltage of the indented cell declines to the lowest value during the charging period compared to the voltage data of the battery module before cell deformation. At the end of the discharge process, the voltage of the indented cell sharply decreases and deviates significantly from the other normal cells. The same phenomenon can also be observed in the cycle test of the battery module after loading the mechanical abuse at depths of indentation of 6 mm and 7 mm, as shown in Figure 5b,c. With an increase in indentation depth, the deviation becomes more pronounced. This is mainly due to the indentation causing a decrease in battery capacity. The decrease in capacity changes the characteristics of the battery from exhibiting a higher voltage at the end of discharge (typical for batteries with initially larger capacity) to exhibiting a lower voltage than the other cells. The reason is similar to the explanation for higher voltage of the specified cell at the end of the discharging period, that the indented cell with lower capacity has lower SOC and shows lower voltage than other cells after the discharge. According to our previous study [32], degraded capacity is positively correlated with the degree of mechanical deformation. Therefore, the variation of the indented cell with a 7 mm depth of displacement is greater than that of the indented cell with a 5 mm depth of displacement.



Though the indented cell exhibits voltage deviation at the end of the discharge period, this feature may be difficult to identify and use for early warning due to the minor variation feature being easily disturbed by other factors such as the inherent inconsistency of the battery module itself. To better extract characteristic signals, the above voltage curves are transformed into MN values using Equation (1). Figure 6 presents the enlarged MN value of the cells’ voltage in the charge−discharge cycle test of the battery module before and after indentation. These figures quantitatively describe the voltage deviation of each cell. Figure 6a shows that the MN values of the cells’ voltage are distributed around 0 with a range of 0.01 in the charging and resting periods before the indentation. However, the MN value of the specified cell gradually deviates from the other cells and increases to 0.06 in the discharging period. At the same time, the MN value of the other cells declines below 0 due to the deviation of the specified cell elevating the average voltage     U  ¯   . Figure 6b shows that the MN value of the indented cell’s voltage remains below 0 and reaches a minimum in the charging period after indentation. At the end of discharge, the value sharply declines to −0.06. Meanwhile, the MN value of the other cells increases briefly. Accordingly, the voltage deviation of the indented cells shown in Figure 5a changes from higher to lower. The same feature of the MN value of the indented cells can also be observed in Figure 6c−f, where it is close to 0 at the beginning of charging and then declines to the lowest value at the end of discharging during the cycle test after indentation.



Figure 7 presents the MN value of the battery module during cycling after loading the mechanical abuse. Clearly, there is a sharp decline in the MN value of the indented cell and an increase in the MN value of other normal cells at the end of every discharging period. The minimum MN values of the indented cells under different mechanical loading conditions are compared in Figure 8. It can be observed that the minimum MN value decreases with an increase in indentation depth and cycle number, indicating that the voltage deviation of the indented cell gradually enlarges with an increase in cycle number and mechanical loading. The absolute values of these maximum MN values are beyond 0.04, which is much higher than that of normal cells. If the MN value is used for pre-warning, the indented cells can be easily detected by the sharp decline feature at the end of discharge using a threshold of −0.04.



To further explain the fault features that occur in mechanically abused cells, the capacities of indented cells were tested before and after mechanical loading through a cycle test. Figure 9a shows that the maximum capacity difference of indented cells with a 5 mm depth of indentation is 56 mAh. As shown in Figure 9b,c, the maximum capacity difference increases to 115 mAh and 163 mAh when the indentation depth increases to 6 mm and 7 mm, respectively. The average capacity degradation of indented cells at indentation depths of 5 mm, 6 mm, and 7 mm is 20 mAh, 83 mAh, and 140 mAh, respectively. It can be observed that the capacity degradation of the indented cell is similar to the capacity decline of the battery module shown in Figure 4, indicating that the capacity degradation of the indented cell leads to a decline in the battery module’s capacity. The voltage inconsistency feature, including the lowest voltage distribution and the sharp voltage decline and corresponding MN value at the end of the discharging period as shown in Figure 6, is likely caused by the capacity degradation of indented cells combined with various internal resistances. According to a resistance analysis conducted in a previous study [32], the ohmic resistance is almost unchanged after the indentation, and the polarization resistance decreases slightly. Therefore, the voltage inconsistency feature at the end of discharging should be described by the variation in capacity. During the discharging period, the indented cell with a lower capacity than normal cells is more likely to reach the cut-off voltage.




5. Conclusions


To detect and pre-warn against the mechanical deformation of abused cells, the variation in charge–discharge capacity and voltage consistency of the battery module under different degrees of mechanical deformation loading was analyzed. With an increase in indentation depth from 5 mm to 7 mm, the capacity of the battery module, with five normal cells and one indented cell connected in series, decreases by 132 mAh and 143 mAh in the charging and discharging periods, respectively. The voltage of the indented cell consistently shows the lowest voltage distribution during the charging and discharging periods. At the end of discharging, the voltage sharply declines and deviates significantly from the other normal cells. The MN value was employed to quantitatively analyze the voltage inconsistency, and the results indicate that the MN value can effectively describe the features of voltage inconsistency of cells. After mechanical deformation loading, the MN value of the voltage of the indented cell distributes at the lowest value during the charging period. At the end of discharging, the value sharply declines below -0.06, while the MN value of other normal cells briefly increases. The minimum MN value of indented cells during the cycling test decreases with an increase in indentation depth and cycle number, always staying below −0.04. This makes it suitable for the pre-warning of mechanical deformation using the MN method. The main reason for these features is due to capacity degradation after the cell undergoes mechanical deformation loading. In the future, a detailed theoretical framework and more experimental tests need to be conducted to reinforce the validity of the results. An online detection method for mechanical abuse will be established based on the features proposed in this study.
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Nomenclature




	EV
	electric vehicles



	LIB
	lithium-ion batteries



	ISC
	internal short circuit



	SOC
	state of charge



	MN
	Mean Normalization



	BMS
	battery management system



	C-rate
	charge rate



	     U  ¯    
	mean value of the cells’ voltage



	     U   m a x     
	maximum cell voltage



	ti
	a specific moment in the voltage curve



	k
	the number of cells
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Figure 1. Electron universal testing machine for indentation tests. 
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Figure 2. Experimental setup for battery module cycle test. 
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Figure 3. Force−displacement curves of tested cells during the indentation tests. 
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Figure 4. The variation in battery module charge capacity and discharge capacity before and after the indentation test (a) at 5 mm indentation depth; (b) at 6 mm indentation depth; (c) at 7 mm indentation depth. 
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Figure 5. Voltage variation of battery module during charging and discharging periods at (a) 5 mm, (b) 6 mm, and (c) 7 mm depths of indentation. 
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Figure 6. MN value of the battery voltage curves during charging and discharging cycle tests before and after the indentation test. (a) Before, (b) after 5 mm displacement of indentation; (c) before, (d) after 6 mm displacement of indentation; (e) before, (f) after 7 mm displacement of indentation. 
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Figure 7. MN value of cells’ voltage during cycling after loading (a) 5 mm, (b) 6 mm, (c) 7 mm depth of indentation. 
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Figure 8. Minimum MN value of the indented cells during cycling after the indentation tests. 
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Figure 9. Capacity change of indented cells before and after the mechanical loading at (a) 5 mm, (b) 6 mm, and (c) 7 mm depths of indentation. 
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