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Abstract

:

Along with global efforts to reduce the carbon footprint, electrification of powertrains is occurring in various applications, certainly including transportation systems. One of the most important components is an electric energy storage system, i.e., a battery pack. Regardless of battery form factors, such as cylindrical, pouch and prismatic type, it is critical to maintain the safety of the battery module/pack by monitoring the conditions of each and every battery cell of the battery pack. It becomes even more critical as the battery cells are used over many charging and discharging cycles. Thermal runaways of the battery packs can even be triggered by a single faulty battery cell which degrades in an unexpected manner and speed compared to the neighboring battery cells, resulting in extreme fire hazards. Typically, this faulty cell with an abnormally increased internal resistance can be detected using a voltage sensor or a temperature sensor. However, in this study, instead of depending on those sensors, activities of cell balancing switching devices are used to identify a degraded cell compared to other cells in a relative manner. A currently proposed faulty cell detection algorithm was developed through multiple simulations with Matlab Simulink®, then, a simple BMS prototype was built and tested as a proof of concept.
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1. Introduction


The development of lithium-based battery technology has attracted more and more attention due to the strong demands for green energy, and one of the main applications is the electrification of transportation using rechargeable lithium-ion batteries [1,2,3,4]. Along with the demand increase in battery cells for electric vehicle (EV) applications, yet another major market for batteries, energy storage systems (ESSs) for renewable energy generation is surely expected to grow solidly, where the ESS contributes to the regulation of generated electricity from irregular renewable energy generation devices [5,6], as green energy policies around the world will prevail eventually. Consequently, all these demands for energy storage systems have brought great opportunities for lithium-ion battery manufacturers and final application system manufactures and, at the same time, major challenges in regard to the safety of the battery systems. More specifically, as opportunities, battery modules and/or packs utilizing lithium-ion battery cells are considered to be an eco-friendly energy storage platform in various applications such as land and sea transportation systems, renewable energy distribution facilities and many more [2,4,7]. However, as one of the major challenges, huge liabilities are found be on battery cell manufacturers, battery pack system integrators and final product manufacturers, yet it is still hard to define the lines of responsibilities among them clearly. One of the most critical issues is the thermal runaway, which is near un-extinguishable in fire incidents. This fatal incident can be triggered by various reasons such as inherent cell defects from cell manufacturers, irregular cell aging among cells from the charging and discharging process of the application systems and more. As a way to address this critical problem, a battery management system (BMS) is used for monitoring each and every battery cell in the system. The BMS maintains the battery cells within optimal conditions to ensure safety and issues warnings and alarms when it detects presets of dangerous conditions from any cell in the battery pack. As a result, the BMS is considered to be the most crucial element of the battery pack system in order to maximize the safety of the system by monitoring the battery status, such as voltages, currents and temperatures of every cell in real time [6,7,8,9,10]. There are many algorithms to detect various abnormalities of cell behaviors, especially the cell imbalances, as discussed in various research papers [9,10]. In the current research, a straightforward approach is proposed, as it requires near minimal resources and process time to detect faulty cells among neighboring cells. The idea was developed through simulations, and then, a concept-of-proof experiment was conducted to obtain the initial results.




2. Battery System Modeling for Development of Faulty Cell Detection Algorithm


2.1. Simulation of Battery Module with a Battery Management System


The simulation model was developed to mimic a three-cell lithium-ion battery module with a simple battery management system, as shown in Figure 1. In order to concentrate on the development of a faulty cell detection algorithm, a passive cell balancing function and an over-charging/over-discharging protection function were closely investigated.



The passive balancing process is one of the balancing techniques. The idea is to set a maximum voltage of the cells as an upper bound for the protection of the cells in the module. During the charging process, when a weak cell, typically with a higher internal resistance, reaches the upper bound, the BMS connects the weak cell to a resistor using an electronic switching device. By completing the energy dissipative circuit through the resistor, the cell voltage of the weak cell comes down to a safe level, allowing the charging process for all the cells to resume [11,12,13,14]. This seemingly simple technique is widely used in various applications due to its low cost and simplicity. In this study, the simulations were carried out using Matlab Simulink®, and the experiments were conducted focusing on the development of a faulty cell detection algorithm using a simple BMS without additional sensors.




2.2. Key Parameters of a Proposed Faulty Cell Detection Algorithm


In general, battery cells with an increased internal resistance and abnormally higher temperature due to any defects are detected using temperature sensors [15]. However, in the current study, a newly proposed algorithm detects a faulty cell within the module simply by counting the switching actions during the passive cell balancing process. One of the distinct features of a faulty cell is that the voltage rises faster than normal healthy cells during the charging process due to the increase in internal resistance, resulting in a shorter charging time than those of normal cells [16,17]. Based on this characteristic, the key parameters are selected, as shown in Table 1, and they are traced for each and every cell through the simulations and the proof-of-concept experiments. The balancing time is measured from a point when the first balancing initiates its switching action until the charging is complete. The balancing count is a number of switching device operations during the balancing process.




2.3. Battery Module Setup


The battery module consists of three cells in series for its simplicity. While the increase in parallel connections of cells reduces the impact on internal resistance relative to serial connections, the additional sensors to measure voltages and current imbalances between each cell in the module due to parallel connection characteristics increase the system cost [10]. Thus, the simulations and the corresponding experiments were prepared using the serial connection in which voltage imbalance is deepened, along with battery degradation. In order to mimic the different aging characteristics realistically, cell impedances are given differently based on measured values from actual battery cells, as shown in Table 2.




2.4. Simulation of Cell Balancing Process


A number of simulations of the dissipative cell balancing process were conducted following the flowchart displayed in Figure 2. The battery module specification used in the simulation is provided in Table 3. The simulations were carried out with a typical charging process, where 1 C-rate (2.6 A in the current setup) current was applied up to 12.6 V following the CC–CV (Constant Current–Constant Voltage) charging protocol. During charging, when the voltage reached its balancing voltage (4.2 V), the balancing processes were initiated and the time and the count of the switching device operations for each cell were traced, respectively.




2.5. Simulation Results


A representative result of voltage versus time from the number of simulations is illustrated in Figure 3, and the key parameters such as balancing time and count collected during the corresponding simulation are provided in Table 4. As shown in Figure 3, cell #3 with the highest internal resistance reached the balancing voltage first, as expected [18,19,20,21,22,23]. As soon as the voltage hit the maximum set voltage, the BMS routine initiated the passive balancing process following the flowchart sequence illustrated in Figure 2. As the balancing process continued its function, the balancing count was traced, monitoring the switching device actions for the connection of the corresponding dissipative balancing circuit. As mentioned earlier, the passive cell balancing processes were performed in the order of the cell with the highest internal resistance first, then, sequentially, down to the cell with the lowest internal resistance. Consequently, the cell with the highest internal resistance generated the highest number of balancing counts. The result of the balancing count for the corresponding simulation is shown in Table 4.





3. Experiments


3.1. Experimental Setup


The experimental setup was designed to go along with the simulation setup shown in Figure 1. A schematic diagram of the overall experimental setup is depicted in Figure 4. In addition, the cell balancing process was programmed following the same algorithm illustrated in Figure 2. Experiments were carried out at an ambient temperature of 25 °C. A battery module of three cells in series was connected to and monitored by a BMS. For the investigation of the behavior of the cell balancing parameters during charging, a programmable power supply was used. The balancing parameters selected to detect faulty cells in the module were measured by the BMS. For convenience, a measurement interval for each balancing parameter was set to one second. Three different battery modules were prepared with different cell combinations, as listed in Table 5. Experiments were conducted using three different modules, where each module consisted of cells with different degradation levels, expecting to obtain reasonably robust results from various configurations, if not perfect. Finally, the BMS used in the experiments was built rather simply to concentrate on the development of the proposed algorithm and the proof-of-concept results, respectively.




3.2. Experimental Results


The experimental results from the three different modules with difference cell combinations are shown in Figure 5, Figure 6 and Figure 7. In addition, the balancing time and the balancing count from each cell in the corresponding modules are listed in Table 6, Table 7 and Table 8. As shown in the figures and tables, the faulty cells with a higher internal resistance compared to the other neighboring cells can be identified quite quickly. For the case of module #1 which consisted of a relatively aged cell #1 and a normal cell #2 and a normal cell #3, the results clearly demonstrate the effectiveness of the proposed algorithm by checking the balancing counts from each cell, as shown in Table 6. Furthermore, tracing the voltage rise among the cells also revealed that the aged cell #1 reached the charging voltage limit faster compared to the other normal cells, as shown in Figure 5. For the case of module #2, which consisted of a normal cell #1 and a relatively aged cell #2 and another relatively aged cell #3, the results effectively show the usefulness of the proposed algorithm by considering the balancing counts, as provided in Table 7. Just as for the case of module #1, by tracing the voltage rise among the cells, it is also revealed that the aged cell #2 and cell #3 reached the charging voltage limit quicker compared to the other normal cell, as shown in Figure 6. Finally, for the case of module #3, which consisted of a normal cell #1, a normal cell #2 and a normal cell #3, the results exhibit somewhat ambiguous results, as expected, due to the cell configuration in module #3. Since the three cells in module #3 are all reasonably normal cells, not like the previous cases, it seems quite normal and expected that none of the balance counts were distinctively notable. Based on the current observations, it is clear that the relatively weaker cell can be quickly identified through the proposed algorithm, which is extremely simple to embed in terms of hardware and software implementation. It is also very valuable to find similar results between the simulations and the experiments. This means that the numerous simulations with different configurations can be executed without too many concerns about the numerical results. The various configurations can certainly include different numbers of cells in series and/or in parallel configurations.





4. Discussion


Based on the experimental results, a correlation between the balancing time and the balancing count was analyzed through Equation (1), indicating the Pearson correlation coefficient.   CoV  (  X ,    Y   )    is a covariance of  X  and  Y , which can be expressed as Equation (2), where    μ X    and    μ Y    are the mean of  X  and    Y   ,  E  is an expectation,    σ X    is a standard deviation of  X  and    σ Y    is a standard deviation of  Y . The Pearson correlation coefficient is a measure of two variables being linearly correlated with each other. If it is close to −1 or 1, it is determined that there is a strong correlation, and if it is close to 0, it can be identified as very little or no linear correlation.


   ρ X  ; Y =   CoV  (  X ,    Y   )     σ X   σ Y    =    σ  XY      σ X   σ Y    , − 1 ≤ ρ ≤ 1    



(1)






  CoV  (  X ,    Y   )  = E  [   (  X −      μ   X   )   (  Y −      μ   Y   )   ]   



(2)







The Pearson correlation coefficient between balancing counts and balancing time is shown in Table 9, which shows strong correlations for each and every case where the balancing count and the balancing time were obtained. In general, internal resistance is a factor that has a large influence on battery voltage swing during the charging and discharging process [22,23]. Moreover, for the case of a faulty cell typically with yet higher internal resistance, even larger voltage swings are expected than that of normal cells. Thus, it is reasonable to claim that the faulty cells will most likely experience heavier cell balancing processes as they age over and over. Obviously, it becomes critical to monitor this undesirable degradation of cell properties before it reaches the level where it can trigger and propagate the thermal runaway situations. With the proposed faulty cell detection algorithm, it is clear that cells with abnormally high internal resistance can be identified just by monitoring the balancing counts, at least in relative terms, with minimal hardware and software burdens.



While the algorithm was initially developed and tested with a proof-of-concept experimental setup, it nicely demonstrated the applicability of the idea. During the conceptual development of the faulty cell detection algorithm, an important assumption was implied. As usually practiced in the manufacturing process, cells are presorted and allocated with similar characteristics, meaning similar internal resistances. Therefore, during the early stage of battery module operations, balancing counts behave just like the case of module #3. However, as cells are recycled over and over, a few cells start to deviate from other neighboring cells. As the degradation becomes more obvious, the proposed detection algorithm can set off the alarm signal for the system level response to take care of the dangerous situations accordingly.




5. Conclusions


In this paper, a simple and straightforward faulty cell detection algorithm was proposed to enhance the safe operation of lithium-ion battery modules/packs. As illustrated in the paper, the algorithm implementation was quite simple and required very little hardware and software resources. The simulation results and the experimental results confirm the applicability of the algorithm in the actual BMS with very little resource burdens. Through the current study, the faulty cell detection algorithm based on the balancing count can be used as an additional indicator to enhance the safety of lithium-ion battery modules/packs. Moreover, it is very important to note that the battery cells with increased internal resistance can be detected by using balancing tracking, even without temperature sensors.



In order to further develop and improve the algorithm, BMS hardware with 12 cells in series and three strings in parallel configuration is being prepared. Simulation models are ready and the preliminary results from the simulation show quite promising outcomes. As soon as the BMS is ready and the data become available, another research report will be submitted to the journal.
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Figure 1. A model with a battery module and a battery management system. 
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Figure 2. Flowchart of the algorithm. 
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Figure 3. A representative result of cell voltages versus time from a simulation. 
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Figure 4. A schematic diagram of the overall experimental setup. 
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Figure 5. Experimental results from module #1. 
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Figure 6. Experimental results from module #2. 
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Figure 7. Experimental results from module #3. 
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Table 1. Key parameters traced during balancing process.
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	Parameters
	Unit





	Balancing time
	Second



	Balancing count
	Count
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Table 2. Cell impedances for simulations.






Table 2. Cell impedances for simulations.





	Module 1
	Impedance [mΩ]





	Cell #1
	0.0695



	Cell #2
	0.0716



	Cell #3
	0.0799










[image: Table] 





Table 3. Battery module specification.






Table 3. Battery module specification.





	Specification
	Value
	Unit





	Nominal voltage
	11.1
	V



	Fully charged voltage
	12.60
	V



	Fully discharged voltage
	8.75
	V



	Rated capacity
	2600
	mAh



	Charge cut-off voltage
	12.75
	V



	Discharge cut-off voltage
	9.00
	V



	Charging method
	CC-CV
	-
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Table 4. Key parameters traced during the corresponding simulation.
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	Parameter
	Cell #1
	Cell #2
	Cell #3





	Balancing time
	0
	2534
	4063



	Balancing count
	0
	198
	257
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Table 5. Battery modules with different cell combinations.






Table 5. Battery modules with different cell combinations.





	Module
	Cell #1
	Cell #2
	Cell #3





	Module #1
	Aged
	Normal
	Normal



	Module #2
	Normal
	Aged
	Aged



	Module #3
	Normal
	Normal
	Normal
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Table 6. Balancing parameters from module #1.
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	Module
	Cell #1
	Cell #2
	Cell #3





	Balancing time [s]
	1757
	0
	0



	Balancing count
	28
	0
	0










[image: Table] 





Table 7. Balancing parameters from module #2.
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	Module
	Cell #1
	Cell #2
	Cell #3





	Balancing time [s]
	0
	1567
	1951



	Balancing count
	0
	17
	32
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Table 8. Balancing parameters from module #3.






Table 8. Balancing parameters from module #3.





	Module
	Cell #1
	Cell #2
	Cell #3





	Balancing time [s]
	3315
	5650
	6603



	Balancing count
	209
	283
	320
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Table 9. Correlation coefficient between balancing time and balancing counts.






Table 9. Correlation coefficient between balancing time and balancing counts.





	
Module

	
Correlation Coefficient

	
Cell #1

	
Cell #2

	
Cell #3




	
Balancing Time






	
Module #1

	
Balancing counts

	
0.9932

	
-

	
-




	
Module #2

	
-

	
0.9755

	
0.9495




	
Module #3

	
0.9900

	
0.9613

	
0.9694
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