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Abstract

:

Wind and solar energy are examples of clean energy that are widely developed and utilized in order to achieve the goal of carbon neutrality. Higher requirements for the safety and reliability of the power grid are put forward after they are connected to it. In the case of disconnectors, as the power system’s protection equipment, their arc interruption characteristics are closely tied to the safety and reliability of the power system. In addition, a disconnector is required to be able to break the DC arc in the photovoltaic power generation system. Therefore, this paper focuses on the arc evolution characteristics in disconnectors. A magnetohydrodynamics (MHD) model of disconnectors was built. In this model, not only are the coupling of the electromagnetic field and the airflow field considered, but also the characteristics of the external circuit. Therefore, not only can arc evolution characteristics be obtained through this simulation model, but the breaking performance will also be directly obtained. The temperature, pressure and velocity distribution are obtained to analyze the evolution process. The curve of current versus time is calculated to analyze the breaking performance. The evolution characteristics of AC and DC arcs in the disconnector are analyzed by calculation and comparison. This provides theoretical guidance for the optimal design of DC disconnectors through simulation analysis.
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1. Introduction


The development and utilization of clean energy has become a focus and key point of energy development under the goal of global carbon neutrality. Photovoltaic and wind power are effective forms of clean energy, and their power generation is increasing year by year [1,2,3]. This provides a challenge for the existing power system to absorb clean energy. Therefore, in energy storage systems, an AC/DC hybrid distribution network will be vigorously developed. Access to clean energy puts forward higher requirements for the safety and reliability of the power system [4,5,6]. As an important safety protection device for power distribution systems, a low-voltage disconnector is required to have a capacity for breaking the load current. Therefore, effectively interrupting the arc is an important capability of the disconnector [7].



AC disconnectors are widely used in the traditional power distribution system, and the rated voltage is lower than 690 V. The rated voltage of disconnectors continues to increase with the development of the power distribution system [8]. In addition, the disconnector is required to be able to break the DC current in the photovoltaic power generation system and increase the rated voltage to 1500 V or even higher. Therefore, the arc-breaking capacity of the disconnector is faced with greater challenges, especially the breaking capacity of high-voltage DC arcs [9,10]. Research on DC disconnectors is usually through optimization and improvement on the basis of existing AC products. With this method, it is difficult to meet the market demand for new DC disconnectors with higher voltages. Moreover, the cost of research is relatively high through these experimental methods. Nowadays, MHD arc simulation technology has become an important aid for the optimization design of switch appliances [11,12,13].



There are many studies on the evolution characteristics of air arcs [14,15,16,17]. However, most of them focus on low-voltage circuit breakers, which rarely involving disconnectors. In addition, the arc evolution process was mainly analyzed by the MHD model in previous studies, and the external circuit equations were ignored [18,19,20,21]. In the simulation, the arc current needs to be known and used as an input parameter. Thus, the arc current and arcing time that characterize interruption characteristics need to be obtained through experiments. Therefore, the interruption characteristics cannot be analyzed by simulation. In this paper, the MHD model and the external circuit equations are coupled and a field–circuit coupling calculation model is established. In the MHD model, the motion process of moving contact is also considered. The evolution characteristics of the AC arc and DC arc are analyzed, respectively.



Through this model, not only is the arc evolution process analyzed, but the interruption performance of the disconnector can also be studied. The arc temperature and pressure can be obtained by simulation. In addition, both the arcing time and arc current can be directly calculated by this model. Based on these parameters, the arc evolution process and interruption characteristics are analyzed. In addition, the interruption capacity of the AC and DC arcs are compared and analyzed. In the end, the programs for improvement of the arc-extinguishing chamber in a high-voltage DC disconnector are proposed. The method established in this paper combines the diagnosis methods of microscopic parameters and macroscopic parameters, which not only provide guidance for the design of the arc-extinguishing chamber, but also provide a theoretical method for the analysis of the interruption performance.




2. Simulation Model and Method


The MHD model and the external circuit equations were coupled and a field-circuit coupling calculation model was established. The arc evolution characteristics were calculated and the interruption capacity of the AC and DC arcs were compared and analyzed.



2.1. Simulation Model


A simulation model was built according to the key features of the existing AC disconnector product. The actual arc-extinguishing chamber model of the disconnector product is shown in Figure 1. It can be seen from Figure 1 that multiple basic arc-extinguishing chamber structures were used in series to achieve high-voltage arc interruption. The basic arc-extinguishing chamber was established in simulation. The simulation model is shown in Figure 2.



The size of each structure in the simulation model is consistent with the actual product. The maximum break distance was 22 mm. The motion process of moving contact was simulated by moving mesh technology.




2.2. Simulation Method


The air gap was broken down after the moving contact was opened, and the arc was ignited. The evolution process of the arc is a complex dynamic process coupled with multiple physical fields: electromagnetic field, airflow field, and temperature field [22,23]. The MHD method was used to calculate it. The equations were solved as follows [24]:



Mass balance equation:


    ∂ ρ   ∂ t   + ∇ ⋅ ( ρ  V →  ) = 0  



(1)







Momentum balance equation:


    ∂ ( ρ  v k  )   ∂ t   + ∇ ⋅ ( ρ  v →   v k  ) = ∇ ⋅ ( η ∇  v k  ) −   ∂ p   ∂  x k    +   (  J →  ×  B →  )  k   



(2)







Energy balance equation:


    ∂ ( ρ h )   ∂ t   + ∇ ⋅ ( ρ h  V →  ) = ∇ ⋅ (  λ   c p    ∇ h ) +  S h   



(3)






   S h  = σ  E 2  −  q  rad   +  q η   



(4)






   q  rad   = 4 π  ε n   



(5)




where   ρ   is the mass density, t is the time,    v →    is the velocity vector,  η  is the dynamic viscosity, p is pressure,    J →    is current density,    B →    is magnetic flux density, h is enthalpy, cp is specific heat,  λ  is thermal conductivity,   σ  E 2    is Joule heat, and    ε n    is net emission coefficient.



The electrical field was calculated by user-defined scalar:


  ∇ ⋅ ( σ ∇ ϕ ) = 0  



(6)




where  ϕ  is electrical potential.



The physical parameters and transport coefficients of air plasma are functions of temperature and pressure [25,26].



In the calculation, the external circuit was also taken into account. In order to simplify the calculation, the external circuit is equivalent to an RL series circuit. The circuit equation is as follows:


  U = R i + L   d i   d t   +  U  arc    



(7)




where U is the voltage of system, R is the equivalent resistance of external circuit, L is the equivalent inductance of external circuit, and Uarc is the arc voltage of disconnector.



The simulation software was ANSYS Fluent. Secondary developments were carried out to complete the solution of external circuit equations and electromagnetic field equations. The arc voltage can be calculated by this MHD method. The AC and DC arc evolution processes and interruption characteristics were analyzed by simulation.





3. Analysis of Results


The temperature distribution, pressure distribution, and velocity were obtained by simulation. In addition, the arc current and arc voltage were calculated. The arcing time can be obtained by arc current curve. The arc evolution process was analyzed by the temperature and pressure distribution, and the interruption characteristic was analyzed by arc current and arc voltage curves.



3.1. Arc Interruption Characteristic of AC Current


The system voltage was 1000 V and the rated root-mean-square current was 200 A, according to the performance of the actual product. The power factor was 0.65. The equivalent resistance and inductance of the circuit were 2 Ω and 4.78 mH, respectively.



The temperature distribution is shown in Figure 3. The pressure and the velocity distribution are shown in Figure 4 and Figure 5.



It can be seen from the arc temperature distribution that the arc evolution process can be divided into the following stages: (1) The arc column spreads and elongates with the movement of the moving contact; (2) The arc column is squeezed by the splitter plate; (3) The arc enters the splitter plate region and the arc column is elongated; (4) The arc is cut by the splitter plate and short arcs are formed.



The arc moves to the contact region, especially at t = 2.4 ms and t = 4.8 ms, as shown in Figure 3. The main reason for this is that the pressure near the splitter plate region is higher than the contact region as shown in Figure 4. In addition, the air vortex is formed in the splitter plate region as shown in Figure 5, which leads to the stagnation of the arc. It is not conducive to the cooling of the arc and the increase in the arc voltage. This means that it is difficult for the arc-extinguishing chamber structure to improve the breaking capacity of the disconnector.



The arc current curve and arc voltage curve are shown in Figure 6 and Figure 7. It can be seen that the decrease rate of arc current is small before 5 ms. The main reason is that the arc voltage is lower as shown in Figure 7. The di/dt is positively related to the difference between the system voltage and the arc voltage. Therefore, the higher the arc voltage, the better the current-limiting performance. After 5 ms, the arc enters the splitter plate region, and the arc voltage starts to increase due to the near-electrode voltage drop. Therefore, the arc current drop rate increases according to the Equation (7). The arc voltage dropped repeatedly, which also explains the instability of the arc entering the grid area. The reason for this is that the arc exits the splitter plate and moves to the contact area due to the action of the airflow field. In other words, there is a back-side breakdown phenomenon. The arc temperature gradually decreases due to the decrease in Joule heat (arc current). The arc current crosses zero at 8.52 ms and the arc is extinguished. There is a very obvious sudden increase in arc voltage at 8.52 ms. This is mainly because the arc current crosses zero and the input of Joule heat is 0, but the arc energy is continuously dissipating. Therefore, the arc rapidly cools and the arc resistance increases suddenly.




3.2. Arc Interruption Characteristic of DC Current (200 A)


The high-voltage DC interruption requirements were put forward for the disconnector with the development of photovoltaic power generation. The DC arc was more difficult to extinguish than the AC arc due to the fact that the DC arc had no natural zero-crossing point. The DC arc evolution process and interruption performance were analyzed by simulation. Finally, the optimized design scheme of the arc chamber was proposed according to the simulation results.



In this model, the rated voltage is DC 1500 V and the rated current is 200 A. The time constant is 7.5 ms. The equivalent resistance and inductance of the circuit are 3.75 Ω and 28.125 mH, respectively, by calculation.



The temperature, pressure, and velocity distribution were obtained. They are shown in Figure 8, Figure 9 and Figure 10, respectively. It can be seen that the arc stays in the contact region for a long time, and does not enter the splitter plate region until 9 ms. The formation of an air vortex in the contact area, as well as the smaller gas pressure, causes the arc to stagnate in the contact region, as shown in Figure 9 and Figure 10. The pressure in the contact region is small before 9 ms, as shown in Figure 9. Therefore, the direction of the pressure gradient is from the splitter plate region to the contact region, which causes the arc to move to the contact region, as shown in Figure 8. Comparing and analyzing the arc temperature and pressure distribution, it can be seen that the airflow field plays a major role during the arc movement. The main reason for this is that the Lorentz force is small at I = 200 A.



The pressure in the contact region is small during the entire arc movement due to the smaller space in the contact region. The air vortex is easy to form when the break length is small, as shown in Figure 10. The air vortex is also formed near the pressure outlet. This directly leads to the slow speed of the arc as it enters the splitter plate.



The parts of the splitter plates are used to cut the arc when the arc enters the splitter plate region, as shown in Figure 8. The splitter plates on both sides are not effectively used. On the one hand, the distance is small. On the other hand, the airflow is obstructed by static contact. These hinder the increase in arc voltage and extinguishing of the DC arc. The arc current and arc voltage were also calculated, and are shown in Figure 11 and Figure 12.



The arc voltage has a sudden increase at about 9 ms, mainly because the arc enters the splitter plate and is cut by the splitter plate. The near-electrode voltage drop increases. The arc voltage increases by about 120 V. This is because the arc column is effectively cut by four splitter plates, thus increasing to four pairs of near-electrode voltage drops (each pair of near-electrode voltage drops is about 30 V). This result can also be seen from Figure 8. The fluctuation in the value of the arc voltage is mainly due to the phenomenon that the arc exits the splitter plate after the arc enters the splitter plate. This is not positive for the extinguishment of the high voltage DC arc.



It can be seen from the current curve that when the arc current drops to 13 A at 28 ms and the arc temperature drops to 7000 K, the arc tends to be extinguished. However, the arcing time exceeds 28 ms. The DC arc is difficult to extinguish in a short time due to the value of the arc voltage being small. Therefore, the arc chamber needs to be further optimized for the DC disconnector.



Comparing the arc evolution characteristics under AC and DC situation, the arcing time of the DC arc is obviously longer than the AC arc. This is because the AC current has a natural zero-crossing point, and the rate of decrease in the DC current is completely dependent on the ratio of the system voltage to the arc voltage. If the ratio of the system voltage to the arc voltage is less than 1, the smaller current will cross zero faster, and the arc will be easier to extinguish according to the Equation (7). In addition, for the AC situation, the arc is not completely cut by the splitter plate. This is mainly because the current drops faster in AC than in DC, and at the same time, the Lorentz force is smaller. Therefore, the arc moves more slowly.




3.3. Arc Interruption Characteristic of DC Current (800 A)


In order to further analyze the interruption characteristics of the arc-extinguishing chamber to the DC high current, the paper calculated the arc motion characteristics at DC 800 A. The time constant was 15 ms. The equivalent resistance and inductance of the circuit were 0.9375 Ω and 14.0625 mH, respectively. The temperature distribution and arc current are shown in Figure 13 and Figure 14.



The arc enters the splitter plate in 3 ms, as shown in Figure 13. The arc current is larger than 200 A. Therefore, the Lorentz force is larger, and the movement of the arc is accelerated. In addition, at the beginning of the arc movement, the tendency of the arc to move towards the contact region is weak. It can be seen that only the middle four splitter plates are effectively used, which is consistent with the result at 200 A. The arc current is 430 A at 11 ms, and the drop rate is 33.6 A/ms. Although the current drop rate is higher than 200 A, the arcing time is longer and the arc energy is larger, which leads to the contacts becoming severely ablated. Therefore, the performance of the arc-extinguishing chamber is destroyed and the disconnector fails to operate reliably. Therefore, the dynamic and static contact structures are redesigned, and the break length is increased in order to realize the interruption of the DC arc. Moreover, the splitter plate should be increased in the DC disconnector, according to the arc chamber of low-voltage circuit breakers [11]. The dynamic and static contact structures can be designed as nozzle structures to accelerate the airflow and reduce air vortices. Thus, the arc quickly enters the splitter plate and the arc voltage is raised, finally achieving the rapid extinguishment of the DC arc.



For the DC arc, the improved contact structure is shown in Figure 15. The contact structure is similar to the nozzle structure. In the nozzle structure, the velocity contour diagram is displayed. It can be seen that the velocity of the airflow field is greatly accelerated through the nozzle structure [27].



In addition, the outgassing material can also improve arc-breaking capacity in a gas switch [28]. Therefore, outgassing materials can be added to the wall of the arc-extinguishing chamber to improve the interruption characteristics of the DC arc.



Through the above comparative analysis, the arc-extinguishing chamber structure can extinguish AC arcs, but for high-voltage DC arcs, it cannot meet the requirements of the product due to the lower arc voltage and longer arcing time. Therefore, in order to realize the interruption of high-voltage DC arcs, rather than meet the requirements by directly using AC products, it is necessary to improve or redesign the AC products.





4. Conclusions


To investigate the arc interruption characteristics of disconnectors in the new energy photovoltaic power generation system, a field–circuit coupling arc simulation model was built and arc evolution characteristics were calculated and analyzed. The interruption characteristics of AC and DC arcs were compared and analyzed. In addition, the improvement measures of the arc-extinguishing chamber were proposed for DC arc breaking. The following conclusions were obtained.




	(1)

	
The arc-extinguishing chamber structure of the disconnector shown in this paper can extinguish the AC arc, and the arcing time of the AC arc is shorter than that of the DC arc, mainly because the AC current has a natural zero-crossing point.




	(2)

	
It can be seen from the arc evolution characteristics that the lower utilization rate of splitter plates leads to lower arc voltage, which makes it difficult to extinguish the DC arc. Therefore, the dynamic and static contact structure will be redesigned and the break length will be increased in order to realize the interruption of the DC arc.




	(3)

	
The dynamic and static contact structure can be designed as a nozzle structure to accelerate the airflow and reduce air vortices in order to achieve the rapid extinguishment of the DC high-voltage arc.




	(4)

	
The arc simulation model established in this paper can be extended and applied to analyze the arc characteristics of other gas switching, and it is expected to provide theoretical guidance for the optimal design of switching appliances.




	(5)

	
The breakdown phenomenon cannot be considered in the method proposed in this paper. This work will be researched in future work.
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Figure 1. Arc-extinguishing chamber structure of disconnector. 
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Figure 2. Simulation model. 
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Figure 3. Temperature distribution. 
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Figure 4. Pressure distribution. 
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Figure 5. Velocity distribution. 
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Figure 6. Arc current curve. 
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Figure 7. Arc voltage curve. 
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Figure 8. Temperature distribution of arc (DC 1500 V). 
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Figure 9. Pressure distribution of arc chamber (DC 1500 V). 
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Figure 10. Velocity distribution (DC 1500 V). 
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Figure 11. Arc current curve (DC 1500 V). 
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Figure 12. Arc voltage curve (DC 1500 V). 
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Figure 13. Temperature distribution of arc (DC 1500 V, I = 800 A). 
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Figure 14. Arc current curve (DC 1500 V, I = 800 A). 
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Figure 15. Improved contact structure for DC arcs. 
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