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Abstract

:

It is effective to open the bus-coupler circuit breaker in case of a short-circuit fault. A fast vacuum circuit breaker (FVCB) is an ideal bus-coupler circuit breaker due to its high velocity. The objective of this study was to develop and test a 252 kV/2500 A-40 kA multi-break bus-coupler FVCB. The 252 kV FVCB contained 12 FVCB units. Each phase consisted of four FVCB units connected in series. Each FVCB unit had an electromagnetic repulsion mechanism with an average opening velocity reaching 6.5 m/s. Test results showed the opening time was 1.11 ± 0.08 ms. The capacitance of the voltage grading capacitor of each break was determined to be 10 nF. The prototype 252 kV bus-coupler FVCB passed all partial test duties according to the IEC 62271-100: 2008 and IEC 62271-1: 2007 standards, which include an insulation test and a terminal fault test among others. A 252 kV/2500 A-40 kA multi-break bus-coupler FVCB can be used to quickly cut off a short-circuit fault and effectively limit a short-circuit current.
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1. Introduction


The rapid growth in electricity consumption and increased interconnection of power grids have resulted in high fault currents. In regions with large-scale energy systems and intensively distributed loads, the fault current reaches or exceeds the withstand capability of the power networks and equipment [1]. As a result, there is considerable interest in developing a fast and effective method to limit fault current.



Whether a short-circuit fault can be removed in time is the most critical factor in the reliability of a power system. Therefore, much research and testing have been done on current-limiting methods and equipment [2,3,4]. In terms of the grid structure, the transmission voltage level can be improved by splitting the lower-level grid into operations, such as multi-bus split operation or segmented operation. This is a very effective and feasible short-circuit current limiting measure, which has been widely used in power systems at home and abroad. Some European countries are studying the use of neutral point ungrounded or neutral point low resistance grounding method, and the network unlooping operation to limit the short-circuit current. However, this measure directly affects the economy and reliability of the system and requires an increase in the reserve capacity of the entire system, so it should be considered unless necessary. Some power grids adopt measures such as series reactors or high impedance transformers. But it will increase the system impedance in the normal mode, resulting in an increase in network loss. As a new type of fault current limiting technology, the fault current limiter can effectively limit the short-circuit capacity of the power grid and ensure the safe and stable operation of the power grid. However, the high cost, complex triggering and control, and large operating losses limit the further development of fault current limiters. So cutting off the parallel bus quickly is the most effective method to limit a fault current at present. Figure 1 shows the process of isolating a short-circuit fault by breaking a busbar circuit breaker. When the power system is in normal operation, Bus 1 and Bus 2 are connected in series through a bus-coupler circuit breaker. Once a short-circuit fault occurs, both power sources S1 and S2 contribute to a high-amplitude short-circuit current. Next, when the bus-coupler circuit breaker is disconnected, the fault current is limited to the fault side. This not only narrows the fault scope but also reduces the amplitude of the short-circuit current. The speed of the circuit breaker determines the limiting effect on the fault current. However, most of the existing SF6 or vacuum breakers use permanent magnet operating mechanisms, spring operating mechanisms, or hydraulic operating mechanisms. The traditional circuit breaker has the characteristics of a large inrush current and long opening time, for tens of milliseconds. This negatively affects the rapid removal of short-circuit faults. In addition, the multi-break voltage equalization problem of high-voltage vacuum circuit breakers has not been solved well at present. Therefore, in order to effectively limit the short-circuit current, it is very necessary to develop a high-voltage vacuum circuit breaker with a fast opening velocity and low dispersion.



The fast vacuum circuit breaker (FVCB) is operated by an electromagnetic repulsion mechanism. It has a shorter opening and closing time, so it is an ideal choice for breaking fault current The electromagnetic repulsion mechanism was first proposed in the 1960s [5]. It consists of three parts: the closing coil, the opening coil, and the repulsion disk. When the charging capacitor in series with the coil discharges, the repulsion disk induces eddy currents through the current in the driving coil. Then, the repulsive force generated by the eddy currents drives the repulsion disk to move up and down quickly, thus completing the opening and closing operation of the FVCB within a few milliseconds. The electromagnetic repulsion actuator is connected with the vacuum arcing chamber by an insulating tie rod. The bus-coupler FVCB combined with a fast relay system for identifying the short-circuit can quickly eliminate the short-circuit, and significantly limit the fault currents contributed by other buses. Although the FVCB is widely used in DC circuits [6,7,8,9], it also performs well in AC circuits [10]. With a higher opening speed and shorter opening time, the FVCB will be the best choice for a bus-coupler circuit breaker in the future.



In this study, a 252 kV/2500A-40 kA multi-break bus-coupler FVCB was proposed and designed. A 252 kV bus-coupler FVCB prototype was built that consisted of four units. The four units in each phase of this FVCB can be opened synchronously. We also optimized the vacuum interrupter and electromagnetic repulsion actuator of the prototype. We have solved the problem of selecting the equalizing capacitor of the multi-break vacuum circuit breaker and improved the insulation recovery performance and breaking capacity of the circuit breaker. The FVCB unit passed mechanical characteristic tests, and the results showed its average opening velocity and opening time were 6.5 m/s and 1.1 ms ± 0.1 ms, respectively. Furthermore, the 252 kV FVCB passed a series of type tests, including a dielectric test, a short-time withstand current test, a peak withstand current test, and a terminal fault test. It turns out that the 252 kV FVCB has great potential to improve the characteristics of a power system.




2. Development of the 252 kV Bus-Coupler FVCB


2.1. Prototype of the 252 kV/2500 A-40 kA Bus-Coupler FVCB


Each of the four breaking units in each phase of the 252 kV/2500 A-40 kA consists of a 40.5 kV FVCB. Figure 2a shows the topology and structure of each breaking unit. For ease of installation, two FVCB units are combined into one FVCB module. Each FVCB unit is connected in parallel to a 10 nF grading capacitor and a 5 Ω damping resistor. The grading capacitor balances the voltage across the circuit. The damping resistor limits the short-circuit current. When the FVCB closes at full voltage, the presence of damping resistance prevents the grading capacitance from being short-circuited directly. Otherwise, the grading capacitor will be burned. Moreover, when the reignition occurs while the FVCB is in operation, the discharge of the grading capacitor may hinder the dielectric recovery in the contact gap. This is not conducive to the success of the breaker. The damping resistance can limit the discharge current and thus contribute to the dielectric recovery.



Figure 2b shows the overall structural design of the 252 kV FVCB. The FVCB modules are mounted on floating platforms supported by insulators. Each module consists of eight parts: a vacuum interrupter (VI), an electromagnetic repulsion actuator, a current transformer, grading capacitors, and damping resistors, a battery bank, a controller, a generator, and a boost circuit module. For FVCBs, the moving mass of the mechanism plays an important role in the average opening velocity. The FVCB mechanism is more reliable when the moving mass is smaller, and the average opening velocity is faster. Generally, the vacuum interrupter is connected with the electromagnetic repulsion actuator by an insulating rod, which accounts for one-third of the moving mass of the whole actuator. To reduce the moving mass, the floating ground is designed to replace the insulating rod as Figure 2b shows.



Table 1 shows the related technical parameters. The rated voltage is 252 kV. The rated current, the rated short-circuit breaking current and the rated peak withstand current are 2500A, 40kA and 100kA respectively. The rated short-circuit fault duration is set to 0.5 ms because the FVCB will automatically cut off the fault within 20 ms after this occurs. The rated power frequency withstand voltage and the rated lighting impulse withstand voltage are set as 460 kV and 1050 kV, respectively.




2.2. Vacuum Interrupters Used in Each Breaking Unit


Figure 3 shows the internal structure of the vacuum interrupter in the FVCB unit. The vacuum interrupter adopts cup-type axial magnetic field contacts. The contact diameter is 80 mm. The contact material is Cu50Cr50. The contact pressure of the closing position is 1800 N and is provided by the contact spring. A current of 1 kA can excite an electromagnetic field of 2.6 mT when the circuit breaker is in operation. The distance between contacts in the fully open state is 20 mm. This meets the requirement that the opening time is less than 3 ms for a 40 kA short-circuit current.



To optimize the vacuum interrupter, we simulated and analyzed the voltage distribution and electric field distribution of the FVCB unit, as shown in Figure 4. The results in Table 2 show that the electric field intensity is highest at the chamfers of the movable contact and the stationary contact, reaching 18.90 kV/mm and 20.00 kV/mm, respectively, during the operation of the circuit breaker.



An excessive electric field leads to easy reignition, which is not conducive to the effective operation of the FVCB. Therefore, four different groups of contact chamfers were set up from 0.5 mm to 3 mm for the experiment, and the results are shown in Table 3. By comparing the maximum field intensities of the movable and stationary contacts with different chamfers, we determined the fillet of the contact peripheral to be 3 mm. The maximum field intensity of the contacts is the lowest at this value. Figure 5 shows the magnetic induction intensity distribution of the contact center clearance plane at the peak of the short-circuit current and the zero-crossing point. The length of the vacuum interrupter is 460 mm, and the short-time PF withstand voltage is 115 kV for 1 min.




2.3. Optimization of the Electromagnetic Repulsion Actuator


The electromagnetic repulsion actuator consists of a closing coil, an opening coil, and a metal repulsive disk, as shown in Figure 6. The two driving coils are charged by an accumulating capacitor in series with them. The detailed charging circuit is shown in Figure 7. For example, when the FVCB unit performs an opening operation, switch S1 closes, and the accumulator capacitor C charges the opening coil. Then the repulsive force is induced between the opening coil and the repulsive force disk, and the metal plate is pushed downward to complete the opening operation. At the end of the process, the damper increases the resistance and reduces the speed of the metal plate to prevent the actuator from being damaged by a large impact force.



Because the FVCB module does not make contact with the ground directly, its power supply becomes trouble. Therefore, a DC generator is installed on the floating platform. The generator and the motor on the ground are connected by an insulating rod. The electric energy is generated by the motor and transmitted to the generator through the insulating rod. The high-capacity battery bank is charged by the DC generator, then transmits electricity to the FVCB controller and the accumulating capacitors in series with the two driving coils through a DC/DC boost module. This can prevent the motor and the DC generator from startup and shutdown frequently.



The circuit breaker adopting the electromagnetic repulsion mechanism has a faster opening velocity. The structural parameters of the Thomson coil and repulsion disk significantly influence the opening velocity of the FVCB. The parameters are the height H, the inner radius r, the outer radius R, the number of turns N of the coil structure, and the diameter D and thickness T of the repulsion disk. This study explored the effects of these parameters to optimize the electromagnetic repulsion actuator. An orthogonal experimental design was adopted to analyze the significance of each parameter to opening velocity, and the results are shown in Figure 8. The velocity decreases with increasing coil height. Therefore, a small coil height better optimizes the actuator. Certain values of the inner radius, outer radius, and number of turns of the coil maximize the velocity. Meanwhile, the velocity increases as the diameter and thickness of the repulsion disk increase.



By comparing and analyzing the experimental results, we determined the order of significance of each parameter to opening velocity to be: discharging capacitance C > number of coil turns N > charging voltage U > coil height H > disk diameter D > air gap δ > disk thickness T > coil outer radius R > coil inner radius r. According to these results, this study selected the most appropriate parameter values to obtain the fastest velocity. Table 4 shows the parameters of the optimized electromagnetic repulsion actuator.



The optimization of the electromagnetic repulsion mechanism aims at minimizing the storage capacity of the opening capacitor. The optimized capacitance and charging voltage are determined to be 15 mF and 650 V, respectively. The average opening velocity from the contact initial position to a contact displacement of 10 mm is 6.5 m/s.



A simulation and experiment were carried out on the optimized breaking unit, and the opening travel curve of each breaking unit was obtained as shown in Figure 9. The optimized simulation results fit well with the experimental results.




2.4. Mechanical Characteristic of the 252 kV FVCB


A mechanical characteristic test was performed on each breaking unit to determine the opening travel curve and the opening time. The average opening velocity of the breaking unit was defined as the average opening velocity of the first 65% of the total stroke. The average opening velocity of the fast repulsion actuator increases with the pre-charge voltage of the driving capacitor. In the experiment, the precharge voltage was set as 1 kV, 1.1 kV, and 1.2 kV, and the corresponding average opening velocities were 4.6 m/s, 5.3 m/s, and 6.5 m/s. Figure 10 shows the opening curves of the FVCB under several conditions. The FVCB unit completed the whole stroke within 4.5 ms. It has a shorter opening time and a faster opening velocity than traditional circuit breakers. By comparing the test results, it is finally determined that the opening voltage of the electromagnetic repulsion mechanism is 1200 V.



The synchrony between each break is the most important to improve interruption capability for a multi-break FVCB. The 252 kV FVCB prototype developed in this paper contains twelve breaks. The opening time and the synchronicity of each FVCB unit was measured before and after the mechanical endurance test. Figure 11 shows the test results. The opening time of the prototype was 1.11 ± 0.08 ms before the mechanical endurance test and 1.15 ± 0.12 ms after 2000 operation cycles.



Therefore, the 252 kV FVCB prototype shows both a shorter opening time and better synchronization. It is very suitable as a bus-coupler circuit breaker.




2.5. Capacitance of the Voltage Grading Capacitors


To achieve a high insulation performance, voltage grading capacitors are required at each break. Each phase of the 252 kV FVCB consists of four breaks. Its equivalent circuit is shown in Figure 12. The AC power supply was set to 50 Hz/252 kV. The quantities C1, C2, C3, and C4 represent the capacitances between the moving static and the contact when the breakers are open. C10, C20, C30, and C40 represent the stray capacitances of the FVCB unit. Cjy are the voltage grading capacitors, which are connected in parallel to each break. The voltage grading capacitor at each break is the same.



The voltage grading capacitors chosen for simulation had capacitances ranging from 100 pF to 40,000 pF. The experiment used 20 combinations of different voltage grading capacitors. The results shown in Figure 13 indicate the equalizing effect improves as the capacitance of the voltage grading capacitors increases. However, when this capacitance increases to a certain level, the improvement in equalizing becomes less significant. A higher capacitance leads to easy intrinsic recovery after the backarc clearance breakdown. Therefore, we determined the capacitance of the voltage grading capacitor of each break to be 10 nF.





3. Tests of the 252 kV/2500 A-40 kA Bus-Coupler FVCB


Tests of the 252 kV/2500 A-40 kA bus-coupler FVCB were carried out referring to the IEC 62271-100: 2008 and IEC 62271-1: 2007 standards. The tests included a dielectric test, terminal fault test, short-time withstand current, and peak withstand current test, temperature rising test, mechanical endurance test, immunity characteristics test, field test, and short-circuit current-limiting capability.



3.1. Dielectric Test


In the lightning impulse withstand test, standard voltage impulses with a peak of 1050 kV were applied 15 times consecutively with both polarities. In the actual experiment, the amplitude tolerance of the lightning impulse voltage did not exceed 3%. There was no observed destructive partial discharge on the external or inner insulation during the test.



The short-time power frequency withstand test on the FVCB was carried out in phase-to-earth mode with a voltage stress of 460 kV. A single-phase voltage regulator provided a power frequency voltage lasting 1 min. The actual stressed voltage was 460.2 kV with a tolerance of less than 1%. There was still no observed destructive partial discharge on the external or inner insulation during the test.



A dielectric test of the auxiliary and control circuits on the 252 kV FVCB was also carried out in two different positions. A 2 kV voltage was applied between the auxiliary and control circuits and the outer frame of the test FVCB and was maintained for 1 min in case 1. In case 2, 2 kV was applied between each part of the auxiliary and control circuits. There was no disruptive discharge at either of the two test positions.



The dielectric test verified that the 252 kV FVCB could withstand a lightning impulse voltage of 1050 kV and a short-time power frequency voltage of 460 kV. The auxiliary and control circuits also met the requirement of the dielectric test.




3.2. Terminal Fault Test Duties T100s and T60


Terminal fault means that the short-circuit fault occurs directly at the terminal of the circuit breakers. The terminal fault test has the largest fault current compared with other interruption tests. The terminal fault test on the 252 kV FVCB was carried with a synthetic test circuit, in which the generator provided the short-circuit current, and the pre-charged capacitor provided the transient recovery voltage. A 40 kA T100a test duty was carried out two times. and a 40 kA T60 test duty was carried out once. A 50 kA T100a test duty was also carried out on the FVCB. The opening and closing times were 1.19 ms and 13.9 ms, respectively. All the test results are shown in Table 5. The 252 kV FVCB passed all the terminal fault tests. The waveforms of the 50 kA T100a test duty are shown in Figure 14. The test verified that the 252 kV FVCB had a short-circuit current-interrupting capability of 40 kA.




3.3. Short-Time Withstand Current and Peak Withstand Current Test


The short-time and peak withstand current test on the prototype was performed with a current of 40.8 kA (RMS) lasting 518 ms. The first peak of the test current was 101 kA, and the thermal equivalent was 538 ms. The resistances before and after the test were 119.4 μΩ and 117.0 μΩ, respectively. No arc spraying or contact separation was observed during the test. The FVCB prototype could be open freely on the first attempt after the test.



The test verified that the 252 kV FVCB prototype could withstand a short-time current of 40 kA and a peak current of 100 kA.




3.4. Temperature Rising Test


In the temperature rising test, the maximum temperature was 57.5 K, which appeared at the silver bolted connection at the stationary terminal of the vacuum interrupter. In general, the maximum temperature rise did not exceed the maximum permissible temperature rise of 75 K. The measured resistances before and after the test were 126.5 μΩ and 127.7 μΩ, respectively. Their error was less than 3%. The test verified that the 252 kV FVCB could withstand high temperatures during operation.




3.5. Mechanical Endurance Test


The mechanical endurance test was performed with a 40.5 kV prototype. The opening time was 1.1 ms both before and after the test, and the closing time was 12.7 ms before the test and 13.0 ms after the test. The operating sequence was O-60s-C-60s. The first cycle was set to run 2000 times. Both the closing and opening voltages were 15 V (DC). The resistance of the 40.5 kV prototype changed from 17.4 μΩ before the test to 17.3 μΩ after the test. The 40.5 kV prototype passed the mechanical endurance test.




3.6. Immunity Characteristic Test


The series immunity characteristics test was performed to verify the stability of the control unit of the 252 kV FVCB. The test duties included an electrical fast transient/burst immunity test, a voltage dip, short interruptions, a voltage variation immunity test, a conducted emission test, an oscillatory wave immunity test, and a test of immunity to ripples in the DC input power. The results show that the control unit had good stability and flexibility under different working conditions.




3.7. Field Test and Limiting Short-Circuit Current Effect


The field test was carried out to prove the effectiveness of the 252 kV FVCB to limit a short-circuit current. A 252 kV/2500 A-40 kA multi-break FVCB was installed in the bus-coupler circuit breaker interval of the Taole 220 kV substation of the Ningxia Power Grid. Furthermore, an artificial single-phase instantaneous grounding test was performed out on the 220 kV Taoyong line A. The test results are shown in Figure 15. The 252 kV FVCB was opened to isolate the short-circuit fault within half a cycle after fault initiation. The peak of the fault current decreased from 37.12 kA to 8.3 kA. It is obvious that the 252 kV/2500 A-40 kA multi-break bus-coupler FVCB limits a short-circuit current very well.





4. Conclusions


This paper proposes a multi-break fast vacuum circuit breaker suitable for 252 kV bus tie circuit breakers. The 252 kV/2500 A-40 kA multi-break FVCB was developed and tested. The 252 kV FVCB contained 12 FVCB units. Each phase contained four FVCB units connected in series. Compared with the traditional bus tie circuit breaker, the 252 kV FVCB has the following advantages:




	(1)

	
The FVCB modules were mounted on floating platforms supported by insulators, which greatly reduced the moving mass and increased opening velocity.




	(2)

	
The fillet of the contact peripheral was determined to be 3 mm to obtain the minimum field intensity.




	(3)

	
The FVCB unit used an optimized electromagnetic repulsion actuator. The most appropriate parameter values were selected to obtain the fastest velocity. The optimal capacitance and charging voltage were determined to be 15 mF and 650 V to minimize the storage capacity of the opening capacitor.




	(4)

	
The FVCB prototype had an applied pre-charge voltage of 1200 V and an average opening velocity of 6.5 m/s, which was much higher than other repulsion actuators. The mechanical endurance test showed the opening time was 1.11 ± 0.08 ms. Therefore, the 252 kV FVCB prototype shows both a shorter opening time and better synchronization.




	(5)

	
Multi-break vacuum interrupter voltage equalizing capacitor technology was proposed. The capacitance of the voltage grading capacitor of each break was determined to be 10 nF.









The prototype 252 kV bus-coupler FVCB passed all partial type test duties. We found that the lightning impulse withstand voltage and the short-time power frequency withstand voltage were 1050 kV and 460 kV, respectively. The auxiliary and control circuits also met the requirement of the dielectric test. The 252 kV FVCB had a short-circuit current interrupting capability of 40 kA, and it could withstand a short-time current of 40 kA and a peak current of 100 kA. In addition, the 252 kV FVCB passed the temperature rising, mechanical endurance, and immunity characteristic tests.



The test results showed that the 252 kV FVCB is an ideal choice for a bus-coupler circuit breaker. Finally, the field test verified that the 252 kV FVCB has an excellent ability to limit a short-circuit current.
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Figure 1. Method of limiting current by disconnecting parallel buses: (a) power networks in a normal working state; (b) short-circuit current provided by both power sources S1 and S2 in a case of short-circuit fault; (c) short-circuit current is limited by disconnecting two bus-bars through the bus-coupler CB. 
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Figure 2. Single-phase prototype of the 252 kV/2500 A-40 kA bus-coupler FVCB: (a) topology; (b) structure. 
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Figure 3. Vacuum interrupter. 
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Figure 4. Voltage and electric field distributions of the FVCB. 
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Figure 5. Magnetic induction intensity distribution of the contact center clearance plane. (a) at the peak of the short-circuit current and (b) at the zero-crossing point. 
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Figure 6. Electromagnetic repulsion mechanism. 
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Figure 7. Charging circuit of the electromagnetic repulsion actuator. 
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Figure 8. Influence of impact factors on opening velocity. 
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Figure 9. Opening travel curve. 
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Figure 10. Opening curve of the FVCB. 
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Figure 11. Opening time and synchronicity of all 12 FVCBs. 
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Figure 12. Equivalent circuit. 
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Figure 13. Equalizing effect of different voltage grading capacitors. 
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Figure 14. Terminal fault test waveforms for the 50 kA T100a test. 
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Figure 15. Short-circuit current waveform of 220 kV Taoyong line A. (a) current waveform of the 252 kV FVCB; (b) current waveform at the short circuit point. 
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Table 1. Related technical parameters of the 252 kV FVCB.
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	Technical Parameters
	Unit
	Value





	Rated voltage
	kV
	252



	Rated frequency
	Hz
	50



	Rated current
	A
	2500



	Rated short-time withstand current
	kA
	40



	Rated peak withstand current
	kA
	100



	Rated duration of short-circuit
	s
	0.5



	Rated short-duration power-frequency withstand voltage
	kV
	460



	Rated lighting impulse withstand voltage
	kV
	1050
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Table 2. Maximum electric field intensity for each part of the vacuum interrupter.






Table 2. Maximum electric field intensity for each part of the vacuum interrupter.





	Concentration of Electric Field Intensity on Each Part of the Vacuum Interrupter
	The Maximum Electric Field Intensity /kV·mm−1





	Back of the movable contact
	6.93



	Chamfer of the movable contact
	18.90



	Chamfer of the stationary contact
	20.00



	Back of the Stationary contact
	7.26



	Chamfer of the bellow shield
	6.34



	Chamfer of the main shield
	7.10
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Table 3. Maximum electric field intensity of the movable and stationary contacts with different chamfers.






Table 3. Maximum electric field intensity of the movable and stationary contacts with different chamfers.





	Chamfer of the Contact
	The Maximum EF of the Movable Contact kV/mm−1
	The Maximum EF of the Stationary Contact kV/mm−1





	0.5 mm
	18.9
	20.0



	1 mm
	15.3
	16.2



	2 mm
	12.5
	12.8



	3 mm
	10.5
	11.0
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Table 4. Parameters of the optimized electromagnetic repulsion actuator.






Table 4. Parameters of the optimized electromagnetic repulsion actuator.





	Parameters
	Unit
	Value





	Coil turns
	N
	15



	Coil height
	H
	15 mm



	Inner radius
	R
	60 mm



	Outer radius
	R
	100 mm



	Thickness of the disk
	T
	15 mm



	Diameter of the disk
	D
	200 mm



	Air gap
	δ
	2 mm



	Charging voltage
	U
	650 V



	Stored capacitor
	C
	15 mF



	Moving mass
	m
	7.5 kg
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Table 5. Results of the terminal fault test.






Table 5. Results of the terminal fault test.





	
Items

	
Unit

	
Test Duty




	
T100a

	
T100a

	
T100a

	
T60






	
Breaking current

	
kA

	
40.3

	
40.3

	
50.3

	
24.2




	
di/dt

	
A/μs

	
17.8

	
17.8

	
17.8

	
10.3




	
Recovery voltage

	
kV

	
171

	
159

	
176

	
196




	
TRV, peak

	
kV

	
−356

	
−367

	
−364

	
−383




	
DC component

	
%

	
-

	
36%

	
-

	
−3%




	
Passed or not

	
Passed

	
Passed

	
Passed

	
Passed
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