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Abstract

:

Aiming at the electrical safety problem of a high-voltage lithium-ion battery system caused by an arc, and based on the establishment of a battery arc fault experimental platform, the evolution law of safety caused by an arc in the negative terminal of a battery system under different working conditions is discussed. On this basis, a battery arc evolution model based on magnetohydrodynamics is established to analyze the arc’s electro-thermal coupling characteristics to further obtain the distribution of the arc’s multi-physical field. The results show that the arc generated by the high-voltage grade battery pack will break down the cell’s shell and form a hole, resulting in electrolyte leakage. When the loop current is 10 A, the evolution law of arc voltage and current is basically the same under different supply voltages, charges, and discharges. The accuracy of the battery arc simulation model is verified by comparing the simulation with the experimental results. The research in this paper provides a theoretical basis for the electrical safety design of lithium-ion batteries caused by the arc, fills the gaps in the field of battery system arc simulation, and is of great significance for improving the safety performance of arc protection.
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1. Introduction


Lithium-ion batteries are crucial for smoothing out the intermittency of renewable energy generation due to their high energy density, serving as vital electrochemical energy storage devices [1,2,3]. However, safety concerns related to lithium-ion batteries used in energy storage applications are not uncommon, especially in high-voltage energy storage systems where numerous battery cells and modules are interconnected via series and parallel connections [4,5,6]. During the cyclic use of battery systems, the aging-related expansion or mechanical stress of batteries can lead to issues such as the loosening or breakage of solder joints at the connections between batteries, potentially resulting in arc formation [7,8]. In extreme cases, high-voltage arcs sustain discharge, resulting in temperatures within the arc exceeding 6000 K [9,10]. Therefore, the intense energy impact accompanying the evolution of the arc can lead to severe electrochemical corrosion issues on battery poles and connecting tabs. This poses a significant threat to the battery’s lifespan and to the safe and stable operation of the battery system, with potential risks of thermal runaway and fire hazards [11,12,13].



Currently, research on battery system arcs primarily involves extracting arc characteristic information (arc sound, arc light, voltage, current, etc.) from arc data and then proposing reasonable arc detection methods. This method of arc fault detection, which relies on historical arc data, exhibits a detection delay that trails the occurrence of the arc. Within this detection interval, the arc may have already compromised the routine operation of the battery system [14,15]. Therefore, early-stage research on battery system arcs has only focused on the mechanism detection of arcs, neglecting the impact of arcs on the safety performance of the battery system.



Due to the formation of arcs involving multiple interdisciplinary fields such as electromagnetics, heat transfer, fluid dynamics, and plasma physics, it constitutes a highly complex multi-physics coupling process [16]. In arc simulation studies, the relevant literature primarily focuses on alternating current arcs [17,18], direct current arcs [19,20], arc furnaces [21], and neural network models of fault arcs [22]. Huang et al., based on the magnetohydrodynamics theory, established a three-dimensional arc model coupled with an inductive load circuit. They observed a notable movement phenomenon at the root of the arc and deduced the impact of the contact separation speed and magnetic field on the behavior of the arc plasma [23]. Cao et al. investigated the motion of arcs under different external magnetic fields, varying silver vapor concentrations, and the addition of longitudinal insulating grates. They obtained the arc root movement curves [24]. Jiang et al. established a simulation model for medium-frequency vacuum arcs under a longitudinal magnetic field and analyzed the reignition phenomenon of the arc [25]. Rong et al. established a three-dimensional magnetohydrodynamic model of air arc plasma, considering the coupling effects of the airflow, temperature, electromagnetic field, and radiation. They analyzed the distribution of the temperature, pressure, and arc voltage in the arc zone. Wu et al. established a steady-state numerical model of direct current fault arc heat transfer based on magnetohydrodynamics. They revealed the changing patterns of the maximum arc temperature and the heat transfer rules of the arc heat source on the internal temperature of the electrode [26]. Qin et al. investigated the temperature field variations of direct current arcs under different minimum gap distances and electrode materials [27]. Huang et al. demonstrated that during the direct current interruption process, the ion pressure, ion density, and ion temperature decrease with the reduction of the arc current, while the ion velocity gradually increases [28]. In summary, these studies have analyzed the motion characteristics and temperature of the arc, but few in-depth studies have been conducted for the simulation modeling of the arc in the battery system, and little is known about the effects of arc faults on the battery system.



Therefore, to investigate the changes in the safety performance of high-voltage energy storage battery systems caused by arcs, this study, based on the construction of a simulated battery arc fault experimental platform, conducted battery arc experiments under charging and discharging conditions with different power supply voltages. The aim was to analyze the electrothermal characteristics and hazard features of the arc. At the same time, a numerical model of the battery arc was constructed to simulate the multi-physics coupling characteristics of the arc.




2. The Mechanism of Arc Generation in High-Voltage Lithium-Ion Battery Systems


An arc is a phenomenon of gas discharge. When there is a sufficiently high electric field strength between two electrodes, the free electrons between the electrodes begin to move. Through collisions with neutral molecules or atoms in the air, energy exchange occurs, causing them to ionize and release more charged particles, further enhancing the electric field strength. Under the continued influence of the electric field, electrons collide with the anode, while positive ions collide with the cathode. If the energy of the positive charge can liberate new electrons from the cathode and emit intense glow, an arc is formed [29,30].



The direct current arc can be divided into three parts: the cathode region, the arc column region, and the anode region [31], as shown in Figure 1. In typical situations, the cathode region and the anode region, collectively referred to as the arc column region, complete the transition from a solid with constant electrical conductivity to a gas with variable electrical conductivity. This region has a relatively short length, typically ranging from 0.02 to 0.1 mm. The cathode process is crucial to the generation of the arc, where electron emission from the cathode leads to the accumulation of positive charges. A high electric field strength is a necessary condition for arc generation. The influence of the anode on the arc process is relatively small; it receives electrons from the arc column, but the electrons often cannot fill the entire space of the anode region, resulting in a decrease in the electric field strength compared to the cathode region [30]. The arc column region, located between the cathode and anode regions, is a collectively electrically neutral high-temperature plasma, approximately cylindrical in shape. The voltage of the arc column region increases with the lengthening of the arc [32]. The electric field strength in the arc column region is influenced by the electrode materials, gas type, and current magnitude, but overall, it exhibits a uniform distribution and is lower than the electric field strength in the arc column region [33].




3. Computational Model of Arc Generation and Results Analysis


3.1. Geometric Model and Assumption Conditions


Based on the assumption that the arc plasma is axially symmetric, we established a two-dimensional axisymmetric arc model in this study, as illustrated in Figure 2. The computational domain is a rectangle with the dimensions of 55.4 mm in length and 20 mm in width. In the model, ‘a’ represents a copper electrode with a pointed end and a radius of 5 mm, ‘b’ denotes the 1 mm thick steel shell of a 21,700 cylindrical battery, ‘c’ is a custom material representing the battery’s core, and ‘d’ signifies the region outside the electrode and battery, representing the surrounding air. The individual physical property parameters of the materials in the numerical model are shown in Table 1.



To ensure better convergence in the numerical model calculations and reduce the complexity of the simulations, some ideal assumptions are introduced during the construction of the numerical model:




	(1)

	
The initiation process of the arc is not considered.




	(2)

	
It is assumed that the solved arc plasma is in a state of equilibrium, satisfying the local thermodynamic equilibrium.




	(3)

	
The plasma density, electrical conductivity, thermal conductivity, specific heat at constant pressure, and dynamic viscosity are dependent solely on the temperature.




	(4)

	
The impact of the arc on the contact erosion and the sheath layer near the electrode is neglected.




	(5)

	
The arc plasma is assumed to be a stable, non-rotational, and incompressible ideal fluid.










3.2. Control Equations


Based on the above assumptions, the arc in freely stable combustion in air can be described by the magnetohydrodynamics (MHD) equations. The plasma of the arc involves a complex interaction of electric, magnetic, and flow fields. Therefore, simulating the arc involves computations of the flow, magnetic, and electric fields, with strong coupling between the equations [26,34]. As we assume the plasma of the arc to exhibit two-dimensional axisymmetric flow in this simulation, its control equations can be expressed as:




	(1)

	
Equation for energy conservation:











      𝜕 ( ρ  c p  T )   𝜕 t   +  1 r   𝜕  𝜕 r   ( r ρ h  v r  ) +  𝜕  𝜕 z   ( ρ h  v z  ) =      j r   2  +    j z   2   σ  +  Q  rad   +      1 r   𝜕  𝜕 r   (   r k    c p      𝜕 h   𝜕 r   ) +  𝜕  𝜕 z   (  k   c p      𝜕 h   𝜕 z   )  5 2     k B   e  (  j r    𝜕 T   𝜕 r   +  j z    δ T   δ z   )    



(1)







In Equation (1), ρ is the density; cp is the specific heat at constant pressure; T is the temperature; h is the surface heat transfer coefficient; υr is the radial velocity; υz is the axial velocity; jr is the radial current density; jz is the axial current density; σ is the electrical conductivity; Qrad is the overall volume radiation coefficient; k is the thermal conductivity; kB is the Boltzmann constant; and e is the elementary charge.



	(2)

	
Radial momentum conservation equation:








       𝜕 ( ρ  v r  )   𝜕 t   +  1 r   𝜕  𝜕 r   ( r ρ    v r   2  ) +  𝜕  𝜕 z   ( ρ  v r   v z  ) = −   𝜕 P   𝜕 r   −  j z   B θ  +      1 r   𝜕  𝜕 r   ( 2 r η   𝜕  v r    𝜕 r   ) +  𝜕  𝜕 z   [ η (   𝜕  v r    𝜕 z   +   𝜕  v z    𝜕 r   ) ] − 2 η    v r     r 2        



(2)





	(3)

	
Axial momentum conservation equation:








       𝜕 ( ρ  v z  )   𝜕 t   +  1 r   𝜕  𝜕 r   ( r ρ  v r   v z  ) +  𝜕  𝜕 z   ( ρ    v z   2  ) = −   𝜕 P   𝜕 z   +      j r   B θ  +  𝜕  𝜕 z   ( 2 η   𝜕  v r    𝜕 z   ) +  1 r   𝜕  𝜕 r   [ r η   𝜕  v r    𝜕 z   +   𝜕  v z    𝜕 r   ]     



(3)





	(4)

	
Mass conservation equation:








     𝜕 ρ   𝜕 t   +  1 r   𝜕  𝜕 r   ( r ρ  v r  ) +  𝜕  𝜕 z   ( ρ  v z  ) = 0   



(4)





In Equation (4), P is the plasma pressure; jrBθ and jzBθ are the Lorentz forces; and η is the dynamic viscosity coefficient.



	(5)

	
Current continuity equation:








    1 r   𝜕  𝜕 r   ( r σ   𝜕 U   𝜕 r   ) +  𝜕  𝜕 z   ( σ   𝜕 U   𝜕 z   ) = 0   



(5)





In Equation (5), U is the potential.



	(6)

	
Maxwell’s equations:








    1 r   𝜕  𝜕 r   ( r  B θ  ) =  μ 0   j z    



(6)





In Equation (6), μ0 is the vacuum permeability.



	(7)

	
Ohm’s law:








    j r  = − σ   𝜕 U   𝜕 r   ,  j z  = − σ   𝜕 U   𝜕 z     



(7)





By utilizing the physical field control equations, the temperature field, velocity field, electric field, and magnetic field of the arc plasma can be solved. The calculation results are influenced by the model’s material parameters (electrical conductivity, density, thermal conductivity, overall volume radiation coefficient, specific heat at constant pressure, dynamic viscosity coefficient) and the selection of boundary conditions.




3.3. Boundary Conditions


According to the MHD model, the boundaries of four modules, the electric field, magnetic field, flow field, and thermal field, are set, and the numbers 1, 2, 8, and 9 are the boundaries of the battery; 3, 4, and 5 are the air domain boundaries; and 6 and 7 are the boundaries of the copper electrodes, as shown in Figure 2b. In the electric field, the entire computational domain follows the law of current conservation, with boundary 6 as the terminal coupled with the circuit module, providing it with a high potential. A voltage source and resistor are added to the circuit module to simulate a series circuit. Boundary 2 is grounded, and the other boundaries are set as electrically insulated. In the magnetic field, three-component vectors are chosen for the solved field components, with the inclusion of a fixed A-field gauge to improve the model convergence. The boundary conditions are set to be magnetically insulating. In solid and fluid heat transfer, the electrode and battery are treated as solids, and the air is treated as a fluid. Boundaries 1, 2, and 6 are set as heat fluxes with a heat flux coefficient of 15 W/m2, while the initial value temperatures of boundaries 1, 2, and 6 are set to 300 K. Boundaries 3, 4, and 5 are outlets, and 7 and 8 are boundary heat sources. Boundaries 7 and 8 represent the interface between air and the electrode/battery, set as coupled boundary conditions with an initial temperature of 300 K. For the laminar flow field, an incompressible flow is selected, with boundaries 3, 4, and 5 as outlets, and boundaries 7 and 8 set as walls. The initial air pressure is set to standard atmospheric pressure (1.01325 × 105 Pa).




3.4. Analysis of Simulation Results


When the power supply voltage is 200 V and the circuit current is 10 A, the simulated arc voltage for gap sizes of 0.1 mm, 0.2 mm, 0.3 mm, and 0.4 mm is shown in Figure 3. For gap sizes of 0.1 mm, 0.2 mm, 0.3 mm, and 0.4 mm, the arc voltages at both ends are 15 V, 15.6 V, 15.9 V, and 16.7 V, respectively. With the increase in the gap size, the arc voltage at both ends also increases. Fitting the data reveals that the fitted curve for the arc voltage and distance satisfies: y = 5.4x + 14.45, with an R2 value of 0.958, as shown in Figure 4.



Under the condition of 200 V + 10 A, the simulation results of the electric field, temperature field, magnetic field, and flow field are shown in Figure 5. In Figure 5a, the maximum value of the electric field is 1.46 × 105 V/m. The right figure is an enlarged view of the electric field in the arc initiation region. It can be observed that the maximum electric field intensity is near the cathode. The cathode process is crucial for arc generation, as the emission of electrons from the cathode leads to the accumulation of positive charges, and a high electric field intensity is a necessary condition for arc generation. The influence of the anode on the arc process is relatively small. It accepts electrons from the arc column, and the electric field intensity is relatively reduced compared to the cathode area. The electric field intensity in the arc column region generally exhibits a uniform distribution and is lower than the electric field intensity in the cathode region. In Figure 5b, the maximum temperature of the arc is 16,043 K, and the highest temperature in the system is located at the center of the electrode gap. The temperature of the arc decreases in an arc shape toward the surroundings. Some heat is transferred to the surface of the copper electrode and the battery through thermal conduction, while the remaining majority of the heat is dissipated into the air, maintaining a higher temperature in the surrounding air area. In Figure 5c, the maximum magnetic flux density is 0.01 T at the tip of the copper electrode. In Figure 5d, the maximum flow velocity is 5.57 m/s, located at the center of the electrode gap.





4. Experimental Results and Analysis


4.1. Experimental Platform Setup


In order to investigate the generation of arcs in battery systems and their impact on battery safety performance, we established an experimental platform simulating arc occurrence. As shown in Figure 6, the main circuit section, depicted in Figure 6a, comprises an adjustable DC power supply, Hall current sensor, arc generator, electronic load, high-speed data acquisition instrument, voltage probe, thermocouple, high-speed camera, and stroke control module. Within this setup, the DC power supply, Hall current sensor, arc generator, and electronic load are connected in series to form a circuit. To ensure the safety of the experiment, a variable DC power supply is used instead of an energy storage battery pack. The DC power supply can provide a maximum variable DC voltage of 1500 V, with an output voltage error within 0.2%. The adjustable load is used to regulate the current magnitude in the main circuit and protect the circuit’s safety, with an error within 0.2%. A Hall effect current sensor is employed to measure the changes in current in the circuit, with a maximum of 25 A and an error within 0.8%. The arc voltage (Uarc), circuit current (Idc), temperature, and other parameters are recorded by an online high-speed data acquisition system, with a maximum sampling rate of 10 MS/s. A high-speed camera with a maximum frame rate of 10.00 frames/s is employed to observe the evolution of the arc behavior from the main view direction.



In the experimental platform designed in this study, the arc generator is mainly composed of a base, insulation clamp, insulation bracket, movable slider, and stepper motor, as shown in Figure 6b. The discharge arc is generated by energizing the electrode tip of the arc generator, which is in full contact with the battery. Good contact before arc generation is crucial; if there is a gap between the electrode and the battery, the circuit cannot close, preventing the formation of an arc. One end of the arc generator is fixed to the cylindrical battery through an insulation clamp, while the other end secures the electrode tip to the movable slider. The movable slider is controlled by a stepper motor, creating a gap between the electrode tip and the battery. When the conditions for arc generation are met, the air gap between the electrode and the battery will be broken through, resulting in arc discharge. The microcontroller can adjust the speed of the stepper motor to control the movement of the electrode and the distance between the electrode and the battery.



In this study, we selected Panasonic’s 21,700 cylindrical battery as the subject of investigation, and the relevant parameters are shown in Table 2.




4.2. Experimental Plan Formulation


This study designs experiments to simulate the arc fault issue caused by the loosening or breaking of battery connection tabs, aiming to explore the evolution and interactions between the battery and the arc. The positive terminal cover of the battery is selected as the location for arc initiation. Considering the factors influencing arc generation, the material of the connection tab on the negative terminal of the cylindrical battery is mainly copper. Therefore, copper is chosen as the material for the movable electrode. The movable electrode is cylindrical in shape, and one end of the electrode is polished into a pointed shape (conical), facilitating the generation of the arc. The operational steps for the experiment are as follows:




	1.

	
Circuit Connection









Connect the various devices according to the main circuit shown in Figure 6a; ensure tight contact between the pointed end of the movable electrode and the negative terminal of the battery, maintaining continuity.



	2.

	
Parameter Settings




	(1)

	
Circuit Parameters: Power supply voltage Udc, electronic load R;




	(2)

	
Arc Generator Parameters: Stepper motor moving speed v (minimum moving speed of the arc generator), separation gap L;




	(3)

	
Detection Equipment Parameters: The high-speed camera captures the evolution of the arc process at a frame rate of 1000 frames/s; the sampling frequency of the high-speed data acquisition system is 1 kHz, recording the real-time voltage, current, and temperature data; thermocouples are arranged 6 mm away from the arc initiation point (to avoid damage due to high temperatures at the arc center) and used to approximate the temperature of the arc acting on the battery core. Table 3 shows the initial operational settings for the experiment.














4.3. Experimental Results Analysis


This study investigated the interaction patterns between batteries and arcs at different levels of power supply voltage and under the same voltage level during charging and discharging.



4.3.1. Charging Conditions


Figure 7 shows the waveform of the arc voltage, circuit current, and battery voltage during the arc occurrence and extinction when the power supply voltage is 200 V and the charging circuit current is 10 A (approximately 2 C). From the figure, it can be observed that when the arc fault does not occur, the copper electrode of the arc generator and the battery are closed, acting as a conductor, and the circuit current remains constant at 9.7 A, the arc voltage is 0 V, and the battery voltage is 4.0 V. Then, when the copper electrode moves backward at a speed of 0.153 mm/s, sparks are generated first. There are upward and downward spikes in the arc voltage waveform and the circuit current waveform, indicating an unstable discharge phase with a duration of approximately 1.2 s. With the increase in the gap, it enters the arc discharge phase, where a stable arc is generated, and the arc is equivalent to a dynamic resistor. The arc voltage jumps from 0 V to the arc starting voltage, approximately 15 V. Subsequently, the arc voltage slowly increases over time, reaching 18 V. During this phase, bright sparks can be observed, lasting for 1.6 s. As the gap continues to increase, the energy in the gap becomes insufficient to maintain the stable combustion of the arc, and the arc extinguishes. During the arc extinction process, there is an overvoltage generated. Subsequently, the arc voltage becomes the power supply voltage, and the circuit current becomes 0 A. Due to the circuit being open, the power supply voltage no longer charges the battery. After the arc extinguishes, there is a decline in the battery voltage, dropping from 4.0 V to 3.4 V.



After analyzing the trends of the arc voltage and charging circuit current with the distance under various conditions where the power supply voltage is 200 V and the charging circuit current is 10 A, it was observed that, within an acceptable margin of error, there exists a linear relationship between the arc voltage, charging circuit current, and distance. In this study, under the conditions of 200 V and 10 A, a set of experimental data was selected, and a data-fitting process was performed. Figure 8a represents the fitted curve for the arc voltage and distance, while Figure 8b illustrates the fitted curve for the charging circuit current and distance.



As shown in Figure 8a, the fitting curve for the arc voltage and separation distance satisfies the equation: y = 5.65x + 14.34. According to the root mean square error formula:


  R M S E =       ∑  i = 1  n     (  X   obs , i    −  X   model , i    )  2     n     



(8)




where Xobs,i represents the actual data, Xmodel,i represents the fitted data, and n is the number of samples.



The root mean square error (RMSE) between the actual values and the fitted curve is 0.15 V for the fitted curve of the arc voltage and distance, as shown in Figure 8a. Similarly, for the fitted curve of the charging circuit current and distance, as illustrated in Figure 8b, the equation y = −0.28x + 9.26 is satisfied, and the RMSE between the actual values and the fitted curve is 0.05 A.



The waveform of the arc voltage and the temperature variation at the position 6 mm away from the arc initiation point on the surface of the battery negative electrode are shown in Figure 9. From the figure, it can be observed that the initial temperature of the battery surface is 25 °C. When the arc occurs, the temperature on the battery surface begins to rise, and with the continuous duration of the arc, the temperature on the surface of the battery’s negative electrode keeps increasing. The arc lasts for a total of 2.8 s, and the temperature at the position 6 mm away from the arc initiation point on the negative electrode surface reaches its peak temperature of 90.2 °C at 3.8 s. Since the thermocouple is positioned 6 mm away from the arc initiation point, there is a 1 s heat transfer process. In locations closer to the negative electrode surface, the temperature is higher. After the arc extinguishes, with no heat source, the temperature gradually decreases. The placement of the thermocouple and the phenomena on the battery’s negative electrode surface and the copper electrode tip after the arc are marked in Figure 10. After the arc action, there is a formation of holes on the surface of the battery’s negative electrode. The formation of these holes causes the arc to lose its anode, accelerating the arc-extinguishing process. There is a high-temperature burn mark at the tip of the copper electrode (the tip of the copper electrode is in a molten state, and the arc temperature reaches the melting point of copper).



Figure 11a,b depict the waveforms of the arc voltage, circuit current, and battery voltage, as well as the wreckage of the battery, at a charging current of 10 A and power supply voltages of 300 V and 400 V, respectively. From Figure 11, it can be observed that, at power supply voltages of 300 V and 400 V, the arc voltage is around 15 V, and the arcs last for approximately 2.2 s and 2.5 s, respectively. In comparison to the 200 V power supply condition, there is more pronounced oscillation in both the arc voltage and circuit current waveforms during the arc initiation and extinction phases. However, with the increase in the power supply voltage, the duration of the arcs decreases by 0.6 s and 0.3 s, respectively. After the arc, not only are there holes formed on the negative surface of the battery, but there is also electrolyte leakage. Since there are holes formed on the surface of the battery after the arc occurs, it indicates that the temperature of the arc acting on the surface of the battery is higher than the melting point of the steel on the surface of the battery (1500 °C), and the temperature of the arc itself is much higher than 1500 °C. With the increase in the power supply voltage, the burning of the copper electrode tip becomes more intense. At a power supply voltage of 400 V, there is the appearance of melted beads on the copper electrode.



Under the conditions of 300 V and 400 V with a 10 A charging current, any set of experimental data was chosen for data fitting, as shown in Figure 12. For the 300 V and 10 A conditions, the fitting curve for the arc voltage versus distance conforms to the equation y = 5.73x + 14.51, with an RMSE of 0.17 V, as depicted in Figure 12a. The fitted curve for the charging circuit current versus distance satisfies the equation y = −0.29x + 9.4, with an RMSE of 0.08 A, as illustrated in Figure 12b. In the scenario of 400 V and 10 A, the fitted curves for both the arc voltage versus distance (y = 5.72x + 14.61, RMSE = 0.18 V, as shown in Figure 12c) and the charging circuit current versus distance (y = −0.29x + 9.55), RMSE = 0.09 A, as shown in Figure 12d) are consistent. Therefore, in the charging condition and under different levels of power supply voltage, the arc voltage and charging circuit current exhibit a similar evolutionary pattern with the separation distance, demonstrating a linear relationship.



The arc voltage waveform and the temperature variation waveform at the distance of 6 mm from the occurrence point of the arc on the negative electrode surface are shown in Figure 13a,b. As seen in Figure 13a, the highest temperature at 6 mm from the arc occurrence point on the negative electrode surface is 80.1 °C. Compared to the power supply voltage of 200 V, although the arc duration only decreased by 0.3 s, the surface temperature of the battery decreased by 10.1 °C. As shown in Figure 13b, the highest temperature is 77.9 °C, and the surface temperature of the battery decreased by 12.2 °C.




4.3.2. Discharge Conditions


The waveform diagram of the arc voltage, circuit current, and battery voltage is shown in Figure 14 under the conditions of a power supply voltage of 200 V and a discharge circuit current of 10 A. From the arc waveform, it can be observed that the minimum arc voltage during discharge is around 18 V, which is 3 V higher compared to the charging conditions. During stable arc burning, the waveform of the arc voltage and current exhibits more noticeable fluctuations.



When the arc occurs, the arc shapes captured by the high-speed camera under a power supply voltage of 200 V, both in the charging and discharging conditions, are shown in Figure 15. From the figure, it can be observed that during discharge, the negative electrode arc sparks are more intense, leading to an increased arc erosion pattern. Therefore, compared to the charging condition, the harmful effects of the negative electrode arc are enhanced during discharge.



Under the 200 V + 10 A discharging condition, fitting the discharge data, the fitting curve of the arc voltage and separation gap satisfies y = 7.04x + 18.08, with an RMSE of 0.21 V, as shown in Figure 16. Compared to the 200 V + 10 A charging condition, it is found that the slope of the arc voltage with respect to the separation gap increases. This is because the arc consists of the cathode region, anode region, and arc column region, with more intense reactions occurring in the cathode region than in the anode region. Under the discharging condition, the battery’s negative electrode acts as the cathode of the arc. In comparison to the charging condition, where the battery’s negative electrode acts as the anode of the arc, the reactions are more intense, leading to greater fluctuations in the arc voltage and an increased slope.





4.4. Model Verification


At a power supply voltage of 200 V, circuit current of 10 A, and gap distances of 0.1 mm, 0.2 mm, 0.3 mm, and 0.4 mm, the arc voltages were measured as 15 V, 15.6 V, 15.9 V, and 16.7 V, respectively. These values are in good agreement with the fitted curve of the arc voltage and distance in the experiment, represented by y = 5.65x + 14.34, with errors within 0.15 V, demonstrating conformity with the evolving pattern of the arc.



The simulated and experimental temperature variation waveforms at a distance of 6 mm from the arc initiation position under different voltage levels are presented in Figure 17. From the graph, it can be observed that the simulated values and experimental values of the temperature are generally consistent at different power supply voltage levels. The root mean square errors (RMSEs) are 2.01 °C, 1.98 °C, and 2.26 °C, respectively. Comparing with the experimental maximum temperatures of 90.2 °C, 80.1 °C, and 77.9 °C, the errors are 2.2%, 2.5%, and 2.9%, respectively. The temperature errors between the simulation and experiment are all below 3% at different power supply voltage levels, indicating a good fitting effect. Due to the excessively high temperature of the arc, which cannot be measured by existing instruments, the accuracy of the simulated arc temperature is demonstrated by the temperature error being less than 3% when compared with the experimental measurements on the battery’s negative electrode surface at a distance of 6 mm from the arc initiation position.



By comparing and analyzing the simulated results with the experimental data, it is verified that the error in the arc voltage at both ends is less than ±0.14 V, and the temperature error is less than 3%. This confirms the accuracy of the model.





5. Conclusions


An arc is an important factor in inducing electrical faults in battery systems, but the research on battery system arcs is still in an initial stage, and there is a lack of research on battery system arc modeling. Therefore, in this paper, we constructed a model that can reflect the generation and evolution of the battery arc, based on the arc generation and evolution mechanism and considering the actual parameters of the battery. Subsequently, a lithium-ion battery arc generation simulation experimental platform was built to further carry out battery arc experiments. The accuracy of the model constructed in this paper is verified by analyzing the experimental results. Therefore, the model proposed in this paper fills the gap in battery system arc simulation, which is of great significance in guiding the research of subsequent battery system arc experiments. In addition, the following conclusions were obtained during the arc simulation and experiment:




	(1)

	
The COMSOL 6.0 software was used to build a model of battery arc, simulate the change in the arc voltage under different gaps, and found the law that the arc voltage increases linearly with the gap. Meanwhile, it was found that the maximum value of the electric field strength was located near the cathode when the arc fault occurred, the maximum value of the magnetic flux density mode was located at the tip of the copper electrode, and the maximum value of the temperature and the flow field velocity of the arc was located at the center of the electrode spacing.




	(2)

	
Ensure that the charging current is unchanged, the arc voltage is about 15 V under different supply voltage conditions, and the arc voltage and charging current are linearly changing with the separation gap. Under the discharge current of 10 A, the arc voltage is about 18 V, and the arc voltage also changes linearly with the separation distance. However, compared with the charging condition, the arc fault under the discharging condition is more intense, and the slope of the arc voltage is increased; at the same time, the arc erosion area on the battery surface is increased. The effects of battery disasters caused by arc faults are manifested in case of breakdown and electrolyte leakage, and the main reason for these disasters is the effect of the high arc temperature.




	(3)

	
By comparing and analyzing the simulation results with the experimental data, it was observed that the voltage error at both ends of the arc was less than ±0.14 V, and the temperature error was less than 3%. This validates the accuracy of the battery arc simulation model.
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Figure 1. Physical processes and voltage phenomena in the arc region. 
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Figure 2. Arc simulation model for batteries under an air gap of 0.4 mm: (a) geometric model; and (b) model boundaries. 
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Figure 3. Simulation results of the voltage field when the arc occurred under different air clearances: (a) 0.1 mm; (b) 0.2 mm; (c) 0.3 mm; and (d) 0.4 mm, with a circuit voltage of 200 V and a circuit current of 10 A. 
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Figure 4. Arc voltage and different separation gap fitting curves when the supply voltage is 200 V and the circuit current is 10 A. 
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Figure 5. Simulation results of the arc phenomenon under a voltage of 200 V and a circuit current of 10 A with a gap of 0.4 mm: (a) electric field; (b) magnetic field; (c) temperature field; and (d) flow field. 
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Figure 6. Schematic diagram of the battery arc fault experimental platform: (a) main circuit; and (b) arc generation device. 
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Figure 7. The experimental measurement results of the arc voltage, circuit current, and battery voltage under the conditions of a power supply voltage of 200 V and a charging circuit current of 10 A. 
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Figure 8. The experimental data of the arc voltage and current under the setting of 200 V + 10 A: (a) the correlation of the arc voltage and separation clearance; and (b) the correlation of the circuit current and separation clearance. 
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Figure 9. The variation of the arc voltage and the measured temperature at the position of 6 mm away from the arc generation point on the surface of the battery’s negative electrode. 
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Figure 10. Damage to the battery caused by the arc. 
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Figure 11. Arc voltage, loop current, battery voltage, and arc traces under the experiment setting with 10 A charging current and different circuit supply voltages: (a) 300 V; and (b) 400 V. 
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Figure 12. The experimental data of the arc voltage and current under different experimental settings: (a) the variation of the arc voltage with the separation distance under 300 V + 10 A; (b) the variation of the circuit current with the separation distance under 300 V + 10 A; (c) the variation of the arc voltage with the separation distance under 400 V + 10 A; and (d) the variation of the circuit current with the separation distance under 400 V + 10 A. 
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Figure 13. The variation of the arc voltage and the measured temperature at the position 6 mm away from the arc generation point on the surface of the battery negative electrode. Different circuit voltage conditions are compared: (a) 300 V; and (b) 400 V. 
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Figure 14. Arc voltage, loop current, and battery voltage under the experimental setting with a 10 A charging current and 200 V supply voltages. 
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Figure 15. Arc traces under a circuit voltage of 200 V with different current direction: (a) charging; and (b) discharging. 
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Figure 16. The experimental result of the arc voltage with the separation clearance under the setting of 200 V + 10 A. 






Figure 16. The experimental result of the arc voltage with the separation clearance under the setting of 200 V + 10 A.



[image: Batteries 10 00127 g016]







[image: Batteries 10 00127 g017] 





Figure 17. The comparison of the simulated and experimental temperature at the position of 6 mm away from the arc generation point on the surface of the battery’s negative pole. Different circuit voltage and separation distance are examined with (a) 200 V + 0.4 mm; (b) 300 V + 0.3 mm; and (c) 400 V + 0.3 mm. 
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Table 1. Parameters of each physical property of the material in the numerical model.
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	Parameters
	Numerical Values





	Copper density/(kg/m3)
	8940



	Copper thermal conductivity/[W/(m·K)]
	400



	Copper constant pressure heat capacity/[J/(kg·K)]
	385



	Copper conductivity/[S/m]
	5.998 × 107



	Steel density/(kg/m3)
	7850



	Thermal conductivity of steel/[W/(m·K)]
	44.5



	Steel constant pressure heat capacity/[J/(kg·K)]
	475



	Steel conductivity/(S/m)
	4.032 × 106



	Initial air temperature/K
	300



	Initial ambient pressure/Pa
	1.01 × 105










 





Table 2. Parameters of the battery cell.
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	Equipment
	Parameters





	Brand
	21,700



	Positive electrode material
	Ternary



	Capacity (Ah)
	4.8



	Dimensions (mm)
	21 × 70



	Internal resistance of the battery (mΩ)
	45.6 mΩ



	Top cover
	Copper



	Casing
	Steel










 





Table 3. Initial operating settings.
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	Parameters
	Preset Values



	Arc generation location
	The center of negative terminal on the battery casing



	Power supply voltage Udc (V)
	200, 300, 400



	Electronic load R (Ω)
	20–40 Ω



	Moving speed v (mm/s)
	0.153



	Separation gap L (mm)
	0.5



	Electrode separation time t (s)
	3.3



	High-speed camera frame rate (frames/s)
	1000



	High-speed data sampling frequency (KS/s)
	1
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