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Abstract— Replacing SF6, the most potent greenhouse gas, with an 

alternative gas is a challenge faced by medium-voltage load break 

switches (MV-LBS). Air is a possible alternative, but there are 

some challenges regarding low dielectric strength leading to high 

arcing time and dissipated energy. Therefore, understanding the 

switching processes for both interruption and making operations 

in air MV-LBS is crucial to designing efficient compact switchgear. 

This work focuses on making operations in air MV-LBS. A 

synthetic test circuit and a model switch are designed based on the 

standards to simulate making operations under fault conditions 

similar to a real test. The test condition is set to achieve high pre-

strike arcing time and energy. The results show that the most 

destructive impact of the making short-circuit current occurs in 

the first half-cycle of the load current when the pre-strike arc is 

formed. With an average short-circuit current with a peak of 22 

kA and a breakdown voltage of 20 kV, the switch failed to re-open 

due to the arcing contacts welding after four successive making 

operations without main contacts and seven successive operations 

with main contacts. It has been shown that the total arcing contact 

mass loss occurs mainly during the pre-arcing time. Increasing the 

closing speed could be a possible solution to minimize the impact 

of arcing.  

 
Index Terms—medium voltage (MV), load break switch (LBS), 

making operations, contacts erosion, arcing contacts, main 

contacts, arc erosion.  

I.  INTRODUCTION 

ystem and component development are the prerequisites for 

evolution in future distribution networks. A high number of 

successful and reliable operations is required for gas-insulated 

switchgear (GIS), while the use of SF6 has been or is going to 

be banned because of its environmental impact. The California 

Air Resource Board (CARB) has planned to start SF6 phase-out 

in 2025, and European countries have aimed to cut the F-gas 

emission by two-thirds by 2030 compared to 2014 [1].  

So far, SF6 has been the most efficient insulation gas for arc-

based switchgear because of its high dielectric strength and its 

superior thermal properties leading to an outstanding arc 

quenching performance. SF6 alternatives should be chosen to 

lead the switch design to be compact and efficient at an 

affordable price. CO2 is one of the alternatives in a mixture with 

N2, F-Ketones, or F-Nitriles, providing reasonable interrupting 
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performance [2-5]. However, this is still not as good as SF6 

based interrupters. Air and air mixtures are considered as other 

solutions [5, 6]. Air as a cost-efficient alternative to SF6 has a 

dielectric strength of approximately one-third of SF6 at 

atmospheric pressure, which needs a larger interrupter with a 

higher gas pressure for a successful interruption performance. 

Therefore, a total change in the design of SF6-based switchgears 

is necessary to make them compatible with air as the insulation 

gas.  

Replacing SF6 with air as insulation gas in a medium voltage 

load break switch (MV-LBS) with a compact design based on 

SF6 features is challenging. According to IEC 62271-200 [7], 

medium voltage is generally applied to voltages above 1 kV up 

to 52 kV. The most common rated operation voltages for MV-

LBS are 12 kV, 24 kV and 36 kV. MV-LBS at the rated 

operation voltages should be designed to successfully interrupt 

load currents up to 1250 A and withstand short-circuit currents 

of tens of kiloamperes in the making operation. Evaluating the 

performance of air-based MV-LBS is essential to reach a 

practical and cost-efficient design. A number of studies have 

been performed on interruption performance. Ablation-assisted 

current interruption and investigation on airflow, contacts, 

nozzle material and geometries at different switching conditions 

have been studied to understand the process and find an 

appropriate design for a successful current interruption for air-

based MV-LBS [8-10]. In addition to load current interruption, 

the switch should be able to withstand different fault conditions.  

Short-circuit current levels could be increased by the 

reinforced network structure. Furthermore, a reduction in 

network losses leads to larger DC-time constants of the short-

circuit current, leading to larger peak values of the fault current. 

Therefore, the switch should be able to pass short-circuit 

currents of tens of kiloamperes while closing and be able to re-

open for the next operation. While the distance between the 

contacts is decreasing by closing the switch, a breakdown 

occurs at a specific distance due to the potential difference 

across the switch which results in ignition of a pre-strike arc. 

The short-circuit current flows through the arc column before 

contacts being fully closed. The dissipated arc energy could be 

partly absorbed by the contacts’ surfaces, resulting in the 

contact surfaces melting and evaporating. Subsequently, the 

contacts with melted surfaces could be welded in the closed 
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position when the majority of fault current passes through them, 

preventing the switch from re-opening [11]. Since air as an 

insulation gas alternative to SF6 has lower dielectric strength, a 

higher arcing and larger dissipated energy in the pre-strike arc 

are expected. Therefore, the impact analysis of making 

operation for air-based MV-LBS is crucial for optimizing the 

switch design and estimation of its lifetime. Although there are 

several studies on electrical contacts erosion as a consequence 

of arc [12-14], there is still a research gap in understanding the 

erosion mechanisms of sliding contacts under short-circuit 

conditions. Pre-strike arcing between the contacts sliding 

through each other with molten surfaces while passing short-

circuit current of kiloamperes represents a complicated case, 

which has not been investigated thoroughly in the literature. 

This is not only the case in MV-LBS, but also in earthing 

switches used in power switchgear. Therefore, understanding 

the switch behavior during making operation is crucial to avoid 

switch failure because of contacts welding. 

The erosion of electrical contacts exposed to an arc has been 

shown to be dependent on the contacts material, structure, and 

geometry. Composite contact materials tend to have higher 

erosion than pure material due to problems regarding the 

processing technique, grain size, and impurities [12, 15, 16]. 

Understanding the mechanism responsible for the increase in 

erosion requires investigating the switching processes under 

different test conditions. The purpose of this article is a 

laboratory assessment of the air-based MV-LBS in making 

operations for different fault conditions. A synthetic test circuit 

is established, and a test object similar to the commercial model 

is designed. The analysis of the switching behavior is presented, 

including the role of arcing and main contacts in switch failure 

due to erosion/welding at different short-circuit current levels 

and closing speeds. The ohmic losses when the contacts with 

molten surfaces are sliding though each other are also evaluated 

to extend the results to longer short-circuit.  

II.  EXPERIMENT METHOD 

In this section, the method and technique for evaluating the 

switch behavior under fault conditions are described.  

A.  Synthetic test circuit 

The experiments are designed to achieve the highest level of 

arc energy to investigate the effect of pre-strike arc on the switch 

malfunction. The switch could be subjected to different arcing 

times, depending on the moment of closing. In real-world 

applications, the switch could be closed at each phase of the 

power-frequency voltage. Figure 1 shows current and voltage 

waveforms in a real making operation at three different closing 

moments. If the switch closes when the applied voltage is zero, 

an asymmetrical network frequency current passes through the 

switch, shown in Figure 1 (a). In this case, the arc energy is 

negligible, but the largest current amplitude flows through the 

switch, this is called high current case. In contrast, if the 

breakdown occurs at the peak of the applied voltage, a 

symmetrical network frequency current passes through the 

switch. In this case, the largest possible arc energy is dissipated 

between the contacts, this is called high-energy case (see Figure 

1 (c), where u is the network voltage, and i is the making 

current). The pre-strike arc burns in the time interval between t0 

and t1; the breakdown occurs at t0, and the switch is closed at t1. 

Figure 1 (b) shows a random moment of closing operation. The 

current waveshape is between the cases shown in Figure 1 (a) 

and (c), so that the maximum current is less than case (a), and 

the maximum energy is less than the case (c).  

To simulate the real-world making operation in laboratory, a 

synthetic test circuit for the making operation according to IEC 

62271-101 is established [17]. In this case, the high energy test 

is performed, which corresponds to the largest energy 

dissipation in the making switching arc. The schematic of the 

synthetic test circuit is shown in Figure 2. The circuit consists 

of two parts, the high current circuit and the high voltage one. 

The high current part includes a high-power transformer which 

can supply network frequency short-circuit currents of tents of 

kiloamperes. The high voltage circuit subjects the test object to 

the operation voltage by energizing the charged capacitor. The 

capacitor is charged to the operation voltage by the DC high 

voltage power supply. Once charged, switch S1 is disconnected. 

A pre-strike arc ignites between the contacts due to dielectric 

breakdown while closing the switch. Immediately after the 

breakdown, a signal will be sent to the trigger vacuum switch 

(TVS) and the high current circuit injects one half-cycle of the 

50 Hz short circuit current by connecting the transformer output 

 
 

Figure 1. Three typical cases for the moment when the switch is closed; (a) 

asymmetrical making operation with negligible arc energy (b) randomly 

moment of closing (c) symmetrical making operation with high arc energy 

 
 
Figure 2. Schematic of the synthetic test circuit for performing the making 

operation. 
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to the test object. The time delay between the detection of a 

current flow caused by breakdown of the switch and connection 

of the high current circuit is less than 50 µs. Switch S2 is open 

during the making test and is closed when the test is over for the 

sake of safety. A 6015A Tektronix voltage probe together with 

TDS2014B Tektronix oscilloscope 8-bit measure the arc 

voltage. The time resolution of the measurements has been 4 µs, 

and a Rogowski coil measures the arc current. An additional 

voltage measurement is used to measure the charging voltage of 

the capacitor. The combination of both measurements is shown 

in Figure 5.  

The experiments are designed based on the third case (Figure 

2 C) at the breakdown voltage of 20 kV, equivalent to the peak 

of the rated voltage of a 24 kV MV-LBS. It has to be mentioned 

that there is some uncertainty in having the breakdown precisely 

on the peak of applied voltage because of the system 

synchronization accuracy of ±0.001 s, and the random behavior 

of arc ignition due to the eroded contact surfaces. Therefore, 

there is a slight difference in di/dt under the same test 

conditions. 

B.  Test Object 

A spring-type drive mechanism is designed as the test object. 

A schematic of the test object is shown in Figure 3. The moment 

of breakdown is adjusted by triggering the solenoid magnet to 

release the dynamic contact. A position sensor records the 

movement of the contacts. The arcing contacts include a pin 

with a diameter of 10 mm and a split tulip with an outer diameter 

of 20 mm and an inner diameter slightly less than 10 mm to 

provide full touch in the closed position. The arcing contacts are 

made of copper/tungsten (20/80), and the clamp-shaped main 

contacts are made of copper. The main contacts are fixed for all 

the tests and four pairs of arcing contacts have been examined 

for different test conditions. 

The contacts’ material and the closing speed of ~3 m/s are 

chosen for the model switch not to be too different from the 

commercial switches. A higher closing speed can shorten the 

arcing time and reduce the arc energy, while keeping the other 

design parameters constant. By adjusting the spring length, a 

higher closing speed of ~ 4 m/s is realized in order to analyze to 

what extent an increased closing speed would reduce the 

destructive effects of the making operation on the switch.   

A typical travel curve of the dynamic contact is shown in 

Figure 4. Mechanical closing of the switch without applying any 

current shows an average speed of ~ 4 m/s (blue dashed line), 

while passing the short-circuit current reduces the closing speed 

as indicated by the change in the steepness of the travel curve 

(blue solid line). The deviation is due to electrodynamics’ forces 

made by the high short-circuit current and the forces caused by 

the pressure increase due to the pre-strike arc acting against the 

switch closing.  

The making operation under a short-circuit current could be 

divided into three main intervals based on the contact 

movement. This helps to better understand the applied stresses 

on the switch at different stages of the making operation. The 

time from releasing the contact by the solenoid magnet (t0) to 

the arc ignition in between the contact (t1) is considered as a 

high-voltage interval. From the breakdown time until the arcing 

contacts touch (t2) is called the pre-arcing interval. The latching 

interval is the time from t2 when the arc seizes as the contacts 

touch to the time of full closure of the switch (t5). t3 is the 

moment when the main contacts meet. t4 is the zero-crossing of 

the short-circuit current. The time interval between t2 and t3 is 

considered a part of the latching interval when no arc exists. The 

short-circuit current passes through the arc column between the 

arcing contacts in pre-arcing interval. The arc contacts, 

however, carry a small fraction of the short circuit current in the 

main part of the latching interval (in the time period from t3 to 

t4) when the arcing and main contacts are both closed.  

The experiments are designed to investigate the making 

performance of the switch at different closing speeds and levels 

of short-circuit current. The applied voltage of 20 kV is chosen 

as the breakdown voltage for all the tests, which is equivalent 

to the peak of the rated voltage for MV-LBS. All the tests have 

been repeated for four different samples to reduce the 

measurement error. To distinguish the role of arcing contacts 

and main contacts, all the tests have been repeated with and 

without main contacts. The total average arcing contacts 

(pin+tulip) are ~52 g. Therefore, the contacts mass loss is 

measured with a precise scale with accuracy of ±0.00001 g. To 

avoid the contacts being contaminated during the process, each 

pair of contacts were kept in a separate enclosure. No specific 

cleaning procedure was used in order to be close to the real 

operation. The total arc energy and effective arc energy close to 

 
 

Figure 3. Spring-type test object; (1) Solenoid magnet, (2) Contacts’ separator, 

(3) Position sensor, (4) Main contacts, and (5) Arcing contacts. 

 
 
Figure 4. Travel curve of the dynamic contact with a closing speed of ~4 m/s, 
divided into main operation intervals based on IEC 62271-101; the high-

voltage interval (t0-t1), pre-arcing interval (t1-t2), and latching interval (t2-

t5). 
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the surface of the contacts are measured for each test to evaluate 

the switch operation under the specific fault condition. 

III.  RESULTS 

 In this section the results regarding pre-strike arcing and 

contacts erosion are presented to find the interrelation between 

fault conditions, operational parameters, and the switch wear.  

A.  Arc energy 

The arc voltage and current are directly measured for each 

test. Because of the 1 ms jitter of the test object, there is a slight 

difference in di/dt for different tests under the same conditions. 

In this case, the first half-cycle of the current waveforms differs 

slightly. It is, however, negligible for the calculation of pre-

strike arc energy since the arc current does not vary 

considerably in the pre-arcing interval. Depending on the series 

inductance in the primary side of the transformer, the amplitude 

of the short circuit current can be adjusted. Figure 5 (a) shows 

half-cycle 50 Hz current waveforms considered as two short-

circuit current levels used in the experiments. Figure 5 (b) 

shows arc voltage waveforms for a series of making tests on one 

pair of arcing contacts under the short circuit current of case 1. 

All the voltage waveforms show a sharp fall from the dielectric 

breakdown voltage at 20 kV to the arc voltage, which is in the 

order of tens of volts. The first 50 µs of the voltage fall is 

neglected due to interference with electromagnetic noises 

caused by air breakdown. An increase in the arc voltage is 

recorded followed by a gradual decay in the waveform. The 

increase in the arc voltage shows the difference between static 

and dynamic arcs. As previously mentioned in pre-strike arc 

characteristics [18], the peak in arc voltage belongs to the stage 

when the pre-strike arc stabilizes in the center while the contacts 

are closing. A rapid decrease from ~ 18 V to zero is observed in 

all the voltage waveforms at the time of arc contact closure, 

which refers to the minimum arcing voltage, i.e., the anodic plus 

cathodic voltage drop for tungsten/copper (80/20) [15, 19]. The 

pre-strike arc duration is measured based on the voltage 

waveform from the moment of breakdown to voltage zero, 

 
Figure 6. Pre-strike arc energy as a fuction of arcing time for different level of short-circuit current at the touching moment of arcing contacts for two closing 

speed of (a) 3 m/s and (b) 4 m/s. 

 

 

 

 
Figure 5. Half-cycle 50 Hz short circuit current with a peak of 14.8 and 20.2 kA (a), Arc voltage measurements for seven successive tests (b). 
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equivalent to the pre-arcing interval. Since it is only possible to 

measure the arc current and voltage over the electrical contacts, 

the arc energy is estimated by the following equation: 

 

𝐸 = ∫ 𝑖𝑎𝑟𝑐 (𝑡) . 𝑢𝑎𝑟𝑐 (𝑡) 𝑑𝑡
𝑡2

𝑡1

 (1) 

A series of operations are performed for two closing speeds 

of 3 and 4 m/s for four different samples. The making test is 

repeated on each until the switch fails to re-open due to the 

arcing contacts welding. The arcing time and energy are 

calculated for each specific test. Figure 6 shows the interrelation 

between the dissipated arc energy and arcing time for different 

short-circuit current values at the touching moment of the arcing 

contacts (t2-Fig.4). It can be seen that the dissipated arc energy 

is increasing with both the arcing time and the part of short-

circuit current that passes through the arc column before the 

arcing contacts touch (pre-arcing interval). 

B.  Mass loss 

The rate of contacts’ mass loss could provide information on 

the switch service life prediction. The difference in the mass loss 

at each test and the total mass loss are measured to identify the 

erosion rate under different fault conditions. After each test, the 

arcing contacts have been removed to be weighed and reinstalled 

for the next operation. The reproducibility of the tests has been 

examined for four different samples. The making test is repeated 

on one sample until welding of the arcing contacts occurs. Some 

previous investigations considered the total arc energy involved 

in the contacts’ mass loss including cathode/anode fall energy, 

radiations, the energy of neutral atoms [15] [20, 21]. However, 

there are some other studies that presented the mass loss as a 

function of cathode/anode fall energy [12, 22]. Due to the 

complexity of distinguishing different energy components, it is 

still controversial to present each energy component 

contribution in contact wear. To perform a comparative analysis, 

both cases are evaluated with/without the main contacts. The arc 

energy close to the surface of the contacts is estimated by the 

following equation: 

 
Figure 7. The mass erosion rate as a function of pre-strike arc energy for a series of operations with (a) and without (b) main contacts. 

 

 
Figure 8. The mass erosion rate as a function of electrodes fall energy for a series of operations with (a) and without (b) main contacts. 
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𝐸𝐶/𝐴 = ∫ ∆𝑈𝑒𝑓𝑓  . 𝑖𝑎𝑟𝑐 (𝑡) 𝑑𝑡
𝑡2

𝑡1

 (2) 

where ∆Ueff is sum of the effective voltages for cathode and 

anode presented by equations (3) and (4), respectively [12]. 

∆𝑈𝑒𝑓𝑓− = ∆𝑈𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − (
5

2

𝑘𝑇𝑒

𝑒
+

𝜙

𝑒
) (3) 

∆𝑈𝑒𝑓𝑓+ = ∆𝑈𝑎𝑛𝑜𝑑𝑒 − (
5

2

𝑘(𝑇𝑝 − 𝑇𝑒)

𝑒
+

𝜙

𝑒
) (4) 

Te, Tp, and Ta are the electron, plasma, and anode surface 

temperatures. 𝜙 is the work function. Since Te ≈ (Tp - Ta), the 

effective electrode voltage is defined as: 

∆𝑈𝑒𝑓𝑓 = ∆𝑈𝑐𝑎𝑡ℎ𝑜𝑑𝑒 + ∆𝑈𝑎𝑛𝑜𝑑𝑒 ≈ 18 (5) 

The electrodes voltage fall for tungsten/copper(80/20) is 

approximately constant 18 V. A series of tests were performed 

with and without main contacts for both closing speeds to show 

the role of main contacts on reducing the rate of contacts 

erosion. The difference in mass loss versus the total arc energy 

(equation. 1) and the electrode fall energy (equation. 2) are 

evaluated for arcing contacts during making operation 

with/without main contacts in Figure 7 and Figure 8, 

respectively. For both cases, an increase in the energy leads to 

more mass loss, while the total arc energy is significantly higher 

than electrode fall energy. 

To identify the effect of main contacts on the prolongation 

of the switch life time, a series of tests were repeated on each 

sample with and without main contacts until switch failure due 

to contacts welding. Figure 9 and Figure 10 show the total mass 

loss of the arcing contacts by repeating the making test with and 

without main contacts, respectively. The mass loss varies a lot 

in some of the tests, while the average shows a meaningful 

erosion rate in the series of the experiments. The variation could 

be due to the difference in the dissipated arc energy because of 

 
Figure 9. Mass loss from arcing contacts with main contacts in the model switch for two cases of short-circuit current at a closing speed of (a) 3 m/s, and (b) 4 

m/s. The shaded parts show the tests where erosion on the main contacts is observed. 

 
Figure 10. Mass loss from arcing contacts without main contacts in the model switch for two cases of short-circuit current at closing speed of (a) 3 m/s, and (b) 

4 m/s. 
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the random arc ignition on the eroded surfaces. The total mass 

loss is measured after each test for two cases presented in Figure 

5 The average short-circuit current is higher for case 1 

compared to case 2. For the model switch, including arcing and 

main contacts at a closing speed of 3 m/s, the making test was 

repeated six times on one sample to record the first contacts 

welding for case 1. Two more samples out of the remaining 

three were welded after the seventh making test in case 1 with 

a 3 m/s closing speed. Some erosions on the main contacts have 

been observed at this step besides the arcing contacts welding. 

The shaded regions in Figure 9 show the making tests where 

erosion on the main contacts is observed. At the closing speed 

of 4 m/s, the increase rate of the total mass loss is slower than 3 

m/s for both cases, which means the switch can withstand a 

higher number of making operations. For the model switch 

including the arcing contacts (without the main contacts), the 

switch failed to re-open upon three out of four samples after the 

fourth test in case 1, with a closing speed of 3 m/s. The recorded 

total mass loss resulting in contacts welding at closing speed of 

3 m/s is about three times higher compared to the tests under the 

same conditions at the closing speed of 4 m/s. The highest mass 

loss is recorded for case 1, with a higher short-circuit current 

compared to case 2. 

C.  Arcing contacts degradation 

By repeating the making operation on one pair of arcing 

contacts, more contact wear is observed. Higher pre-strike 

arcing time and dissipated energy lead to higher contacts 

erosion. Figure 11shows the arcing contacts’ (cathode) 

degradation for the tests with and without main contacts. The 

intermediate states after each test are shown and these ended up 

welding after four operations without main contacts and after 

seven operations with main contacts at a short-circuit current in 

case 1 and a closing speed of 3 m/s. The images illustrate rough 

and uneven surfaces with fissures and pitting. A gradual 

decrease in the pin width is observed by repeating the making 

operation. For these two cases, the total mass loss resulting in 

contacts welding with and without main contacts is reported 

831.3 and 445.1 mg, respectively.  

IV.  DISCUSSION  

For MV-LBS during the making operation under a fault 

condition, the arcing contacts erosion starts in the pre-arcing 

interval when the dissipated arc energy is partly absorbed by the 

contacts’ surfaces, resulting in their melting and evaporation. 

The results show that the probability of switch failure due to 

contacts welding increases by more erosion in arcing contacts 

where the contacts’ mass loss increases by absorbing dissipated 

arc energy during the pre-arcing interval (Figure 9 and Figure 

10). It can be inferred that the pre-strike arcing causes contact 

surface melting. However, it is controversial whether the total 

dissipated arc energy should be considered as a factor of 

contacts erosion or the energy close to the surface of contacts 

regarding the cathodic and anodic voltage fall (electrode fall 

energy). Figure 7 and Figure 8 show the variation of the total 

arc energy and electrodes fall energy with the electrodes mass 

loss. It can be inferred that the variation of total dissipated arc 

energy is more pronounced than the electrode fall energy with 

the increase in the electrodes mass loss and there is a significant 

difference between them in high rate of mass loss. The 

correlation between mass loss and total arc energy is very good 

with a non-linear correlation coefficient of 0.97. The calculated 

non-linear correlation coefficient between electrode fall energy 

and mass loss was 0.93, which indicates that this parameter can 

also be used for the mass loss determination almost as good as 

the total energy. Besides, it can be seen that the same amount of 

 
Figure 11. Arcing contacts’ degradation after repeating the making test 4 times without main contacts and 7 times with main contacts. Both in case 1 with a 

closing speed of 3 m/s. 

 
 
Figure 12. Typical current and voltage waveforms in a full making operation 

(arcing time: t1 - t2; latching time: t2 - t3). 
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total arc energy at different current levels causes approximately 

same contacts mass loss (Figure 7). The same results obtained 

for the electrodes fall energy are shown in Figure 8. However 

higher level of short-circuit current increases the probability of 

higher amount of dissipated energy, taking into account that the 

arcing time could not be longer than the first half-cycle of short-

circuit current. 

After the arcing contacts touch, the fault current continues 

to flow through the molten contacts, contributing to more 

energy dissipation. A part of current flows through the molten 

bridge between sliding contacts, which can further increase the 

dissipated energy and possibly contribute to the contact 

deterioration. While closing the switch, expansion of the molten 

zone between two sliding contacts [23] changes the contact 

resistance during latching time. 

A closer view of the voltage waveform shows slight changes 

in the voltage after the abrupt jump associated with the arcing 

contact touch. Figure 12 shows the typical current and voltage 

waveforms for a making test where the voltage and current 

change during arcing (t1-t2) and latching (t2-t4) intervals. The 

resistance of moving contacts during latching interval is 

calculated for operations with just arcing contacts. Typical 

resistance profiles of sliding arcing contacts for successive tests 

with the current in case 1 at two closing speeds are shown in 

Figure 13. In a separate measurement, the contacts’ resistance 

in the closed position of the switch is assessed as being in the 

range of 300 - 350 µΩ without passing short-circuit current. As 

shown in Figure 13, the resistances for both closing speeds are 

less than the steady state cold resistance of the main contacts. 

This is because of the increased effective contacts area provided 

by the molten metal on the contacts’ surfaces. However, the 

deterioration of the arcing contact surfaces by repeating the 

operations makes the contacts’ surfaces rougher, and changes 

the contact diameter, resulting in an increase of the measured 

resistances.  

To evaluate the impact of energy dissipated by ohmic losses 

on arcing contacts welding, an equivalent circuit at the stage of 

arcing contacts touching, and the position where the main 

contacts approach, if this exists, is considered as shown in 

Figure 14 (a) and (b) respectively. rc is the resistance of the 

contacts’ touchpoint where the surface temperature is highest 

(and the surface is most probably molten) due to exposure to the 

pre-strike arc, and R(t) is the total resistance between the switch 

contacts. Therefore, the current flowing through the contacts’ 

touchpoint (ic) is defined as follows: 

 

𝑖𝑐(𝑡) = 𝑖(𝑡) .
𝑅(𝑡)

𝑟𝑐

 (6) 

where i(t) is the total current flowing through the switch, rc is 

the resistance of the touchpoint at t2 determined from the 

resistance profile. Consequently, the energy dissipated (Ohmic 

losses) when the arcing contacts touch is described as follows: 

 

𝐸𝑐 = ∫ 𝑟𝑐 .  𝑖𝑐
2(𝑡) . 𝑑𝑡 = ∫

𝑅1
2(𝑡)

𝑟𝑐

 .  𝑖2(𝑡) . 𝑑𝑡
𝑡3

𝑡2

𝑡4

𝑡2

+ ∫
𝑅2

2(𝑡)

𝑟𝑐

 .  𝑖2(𝑡) . 𝑑𝑡
𝑡4

𝑡3

 

(7) 

 

where R2(t) and R1(t) are the total resistance between the switch 

contacts with and without main contacts, respectively. Table 1 

shows detailed values of time intervals during arcing and 

latching stages for one of the measured series. The ohmic loss 

is calculated for each case. It can be seen by the increase in 

arcing time after each test, t2-t3 is going to be smaller, which 

indicates the arcing contacts erosion shown in figures 6, 7, and 

10. The reduction continues until t2 becomes equal to t3, which 

means the arc still burns between arcing contacts when the main 

contacts touch (if exist). That is the reason of observed erosion 

 
 
 

Figure 14. Schematic of the switch in closed position and the equivalent 

circuit with arcing contacts (a) and arcing and main contacts (b). 

 
Figure 13. Arcing contacts’ resistance in a series of operations under case 1 test 

conditions during latching time at a closing speed of 3 m/s (a) and 4 m/s (b) 
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in main contacts mentioned in section III.  B.  Figure 14 (b) 

shows the schematic circuit of the switch in closed position if 

the main contacts are involved. In this case, Rm is the resistance 

of the main contacts in closed position, which is considerably 

smaller than rc. Therefore, if the main contacts exist in the 

switch, most of the current passes through them, increasing the 

switch service life from four series of operations to seven times 

based on the obtained results. 

As discussed in section II.  A.  these series of experiments 

are designed to reach the highest pre-strike arcing time, which 

occurs at a symmetrical current waveform. However, in real 

situations, the switch would be closed randomly, resulting in an 

asymmetrical current waveform. Equation 8 shows the 

destructive joule heating energy that causes switch failure in 

both forms of current waveforms (symmetrical and 

asymmetrical) includes pre-strike arc energy (Earc) and ohmic 

loss energy (EOL) which are described in detail in the previous 

sections  

𝐸𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑣𝑒 = 𝐸𝑎𝑟𝑐 + 𝐸𝑂𝐿 = ∫ 𝑖𝑎𝑟𝑐. 𝑉𝑎𝑟𝑐. 𝑑𝑡
𝑡2

𝑡1

+ ∫ 𝑖𝑐
2(𝑡). 𝑟𝑐 . 𝑑𝑡

𝑡4

𝑡2

 

 

(8) 

Referring to the results shown in Figure 6 and Table 1, Earc 

is much higher than EOL. Therefore, if no arc burns between the 

arcing contacts in the first half-cycle of the short-circuit current, 

the ohmic loss is not sufficiently high to cause switch 

malfunction. Therefore, it can be concluded that the most 

destructive impact of making operation on switch function 

occurs in the first half-cycle of short-circuit current, in which 

the pre-strike arc forms and the short circuit current flows 

through the sliding arcing contacts before the main contacts 

touch. Therefore, extending the obtained results in the present 

study to making tests combined with the rated short-time 

withstand current of 0.2 s (IEC 62271-103 [24]) is valid. 

The presence of main contacts in addition to arcing contacts 

in LBS could prolong the switch service life, as shown in figures 

9 and 10. However, it is not the final solution since the arcing 

contacts welding occurred after seven successive making 

operations (case I). Increasing the closing speed is one of the 

solutions to reduce the impact of pre-strike arc on switch failure 

in making operation. The results show a slower rate of mass loss 

and less dissipated arc energy, with increasing the closing speed 

shown in the histogram graph in Figure 15. The increase in the 

closing speed decreases the pre-strike arc dissipated energy and 

arcing contact wear. Therefore, the rate of increase in the 

resistance is slower for the higher closing speed. However, there 

are other methods to decrease the arcing time like using 

pressurized insulation gas or different types/mixtures of 

insulation gas with superior insulation properties. 

V.  CONCLUSION 

The making operation at different fault conditions is 

investigated for air-based MV-LBS. The factors and parameters 

involved in operations are evaluated based on synthetic testing, 

which is equivalent to direct testing. The following are the main 

findings of this study: 

• The higher the pre-strike arcing time and current, the 

higher the dissipated arc energy between the contacts 

while closing. 

• Arcing contacts’ mass loss is mainly dependent on pre-

strike arcing. 

• The model switch failed to re-open due to arcing 

contacts welding after four successive making 

operations without main contacts and after seven 

successive operations with main contacts with a short 

circuit peak current of 22 kA and a breakdown voltage 

of 20 kV.  

• The destructive energy responsible for the degradation 

of contacts during the pre-strike arc is much higher 

than the Ohmic losses caused by the fault current flow 

through the sliding contact 

• Having the main contacts in the model switch can 

prolong the switch service life by reducing the Ohmic 

losses between arcing contacts in the closed position. 

• The most destructive effects of the making operation 

occur in the first half-cycle of the short-circuit current 

(when the pre-strike arc burns). Hence, the results of 

this study can be extended to longer fault currents.  

• Increasing the closing speed reduces the pre-strike 

arcing time and the rate of increase of sliding contact 

resistance during the latching interval. 

 

Table 1. Making operation time intervals and Ohmic losses at two closing 

speeds (3 and 4 m/s) with arcing contacts at case 1. 

Closing 

speed 

Test 

# 

tarcing 

(ms) 

tlatching (ms) Ec  (j) ET 

(j) t2-t3 t3-t4 t2-t3 t3-t4 

3 

m/s 

1 3.4 1.15 4.35 62.9 38.7 106.8 

2 5.3 0.73 5.17 46.1 126.2 196.03 

3 6.1 -* 4.23 - 90.4 96.4 

4 6.4 -* 5.1 - 182.2 208.8 

4 

m/s 

1 3.6 0.68 5.82 29.07 131.6 171.4 

2 4.2 0.77 5.93 43.98 156.5 225.07 

3 4.5 0.32 4.98 17.15 133.7 157.7 

4 4.6 0.33 4.87 16.5 121.5 153.5 

5 4.8 -* 5.29 - 139.2 153.06 

6 4.8 -* 5.06 - 134.4 140.2 

*. at this timing, t2 would be equal to t3  

 
Figure 15. Distribution of the pre-strike arc anergy in case 1 with arcing 

contacts for closing speed of 3 and 4 m/s 
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