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Abstract

Modelling of breaking arcs when they are extinguished
by current zero-crossings

Oscar Ericsson

When breaking large currents in
switching devices, arcs are created,
which continue to carry the current. It
is desirable to extinguish these in
order to break the current. In this
master thesis a model of the arcs
behavior during current zero-crossings
was made and put into a module, which is
to be used when simulating electrical AC
arcs. The module will be used when
designing switches, e.g. contactors.

When the current falls to 0 A there is
a race between the transient recovery
voltage and the dielectric strength,
which determines if the arc will
extinguish or restrike. The arc is
extinguished if the dielectric strength
is greater than the transient recovery
voltage through the whole cycle.

The transient recovery voltage is only
dependent on the circuit used. The
dielectric strength was found to mainly
depend on the arc current, gap length
and contact material. A model of the
dielectric strength was made to
determine if the arc will restrike or
not.
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Modellering av ljusbågars beteende vid nollgenomgångar 

Oscar Ericsson 

När stora strömmar ska brytas uppstår ofta problem på grund av att strömmen fortsätter att 

ledas i luften. Detta beror på att en ljusbåge skapas mellan kontakterna. Ljusbågen fortsätter 

nämligen att leda strömmen genom ett plasma som skapats när man särat på kontakterna, på 

samma sätt som en blixt leder ström genom luften. Dessa ljusbågar är, till skillnad från 

blixten, stående och måste elimineras för att strömmen skall brytas. En vanlig metod för att 

lyckas med detta är att använda strömmens nollgenomgång som uppstår i växelströmmar. 

När strömbrytaren särar på kontakterna minskas kontaktarean vilket medför att mycket stora 

strömmar leds genom en väldigt liten area. Många elektroner skall röra sig genom ett litet 

område, vilket medför att strömtätheten ökar avsevärt. På grund av friktionen som uppstår 

mellan elektronerna värms kontaktmaterialet lokalt och förångas, ett plasma bildas mellan 

kontakterna. Detta i kombination med att spänningen över kontakterna är mycket hög gör att 

en ström leds i gasen mellan kontakterna (innehållande joner och elektroner). Allteftersom 

kontakterna dras isär fortsätter gasen att joniseras, mediet mellan kontakterna förblir därför 

strömledande. 

Vid strömmens nollgenomgång dör ljusbågen ut, men när spänningen över kontaktgapet 

sedan ökar riskerar den att återtända. En spänningshållfasthet byggs upp under tiden 

ljusbågen slocknat, det vill säga den spänning kontaktgapet kan utstå utan att ljusbågen 

återtänder. När strömmen byter polaritet ligger positiva joner kvar vid den nya anoden på 

grund av att de är mycket tyngre och svårare att flytta på jämfört med de lätta elektronerna. 

Jonerna ligger som en mur och blockerar elektronerna. För att elektronerna skall tränga 

igenom denna mur krävs en viss spänning över kontakterna. Spänningen som denna mur kan 

motstå utan att en ljusbåge återtänder kallas för den initiala spänningshållfastheten och byggs 

upp på bara några få mikrosekunder. När ljusbågen dör börjar även plasmat kylas ned. Denna 

nedkylning bidrar också till en ökning av spänningshållfastheten, men byggs istället upp över 

hundratals mikrosekunder. För att kylningen skall medföra en ökning av 

spänningshållfastheten krävs att temperaturen sjunker så pass lågt att gasen mellan 

kontakterna avjoniseras. Detta sker ungefär vid 5 000 K och tar cirka 10 mikrosekunder eller 

mer beroende på strömstyrkan och kontaktgapsavståndet. 



 

Man skulle kunna tro att en ökad ljusbågslängd skulle leda till en högre spänningshållfasthet 

eftersom resistansen då ökar, men kylningen av gasen blir väsentligt mycket effektivare vid 

korta kontaktgap eftersom volymen som skall kylas minskar. Kylningen är den dominerande 

faktorn, vilket gör att minskat kontaktgapsavstånd istället ökar spänningshållfastheten.  

Efter nollgenomgången stiger spänningen över kontakterna upp till nätspänningen. För att 

ljusbågen ska bli eliminerad (och därmed strömmen bruten) krävs att spänningshållfastheten 

alltid är större än spänningen över kontakterna. Man kan se det som en tävling mellan 

spänningshållfastheten och spänningen över kontakterna, där spänningshållfastheten alltid 

måste ligga först. 

Vid utveckling av strömbrytare, till exempel kontaktorer, saknas idag en modell som 

beskriver ljusbågens beteende vid nollgenomgången. I detta examensarbete har en modell 

skapats för att simulera ljusbågens nollgenomgång och därmed kunna avgöra om strömmen 

bryts eller ej. Alla ljusbågsvillkor har blivit implementerade i en komponent som ska 

användas vid ljusbågssimuleringar. Komponenten simulerar den initiala 

spänningshållfastheten som funktion av tid, temperaturförloppet av gasen mellan kontakterna 

samt gastemperaturens bidrag till spänningshållfastheten som funktion av temperaturen. 

De faktorer som i huvudsak har visat sig påverka spänningshållfastheten är strömstyrkan, 

kontaktgapsavståndet, elektrodtjockleken och elektrodmaterialet. I det här arbetet har 

modellen för spänningshållfastheten gjorts empiriskt och genom uppskattningar. En ökad 

strömstyrka leder till ett varmare plasma. Blir temperaturen tillräckligt hög kommer 

elektrodmaterialet att skicka ut elektroner till plasmat även när ljusbågen dött ut, vilket 

försämrar spänningshållfastheten. Ett minskat kontaktgap ökar spänningshållfastheten på 

grund av den underlättade kylningsprocessen. En tjockare elektrod underlättar 

värmetransporten från plasmat in i elektrodmaterialet. Elektrodmaterialvalet visade sig ha en 

påverkan för kontaktgap runt 10 mm, i det här examensarbetet studerades bara gap runt 1-3 

mm där materialvalet visade sig ha en mindre betydelse. 

Examensarbete 30 hp på civilingenjörsprogrammet 
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1. Introduction 

Electrical arcs, i.e. current flowing through air, are created when two contacts (leading 

electricity) are separated. In switching devices it is desirable to extinguish the arcs in order 

for the current to be interrupted. A common method to extinguish the arc is to prevent it from 

restriking after the normal current zero-crossings (I = 0) that occur in AC currents. After the 

current zero-crossing the dielectric strength starts to increase. This is the voltage the gap 

between the electrodes can withstand without the arc restriking.  Since the voltage drop over 

the electrode gap will start to increase as well, there will be a race between the voltage and 

the dielectric strength, which determines of the arc will restrike or not. 

The medium between the electrodes is extremely hot, making the atoms ionize. A 

(conductive) plasma is formed. During the current zero-crossings the medium between the 

electrodes is cooled and becomes less conductive, preventing the current from flowing. By 

forcing the arc into arc splitter plates, the arc is split up into several shorter arcs. This 

enhances the electrodes cooling on the medium. 

The physics that control the arcs behaviour during zero-crossings are known but there is not 

any good model to be used when developing new products. There is no problem to extinguish 

the arcs, but the easiest needed setup is unknown (e.g. current, dimensions etc.).  

It is of high interest to make devices breaking the currents as small as possible to minimize 

material consumption, leading to a cheaper device, as well as making them easier to handle 

and cheaper to transport. 

The idea behind this master thesis was to create a model of the arcs during zero-crossings and 

the systems where they occur. The model will be used in product development of contactors 

and particularly for designing breaking chambers. 

2. Literature study 

2.1.  Arc plasma 

The arc current is flowing through a plasma. The gas (in this plasma), if as an example made 

of only nitrogen, must have a temperature above 5,000 K for the atoms to start to lose one 

electron and ionize. When the plasma reaches 20,000 K almost all of the atoms are ionized, 
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the plasma is said to be fully ionized. If the temperature continues to rise the atoms will start 

to lose a second electron, but this is not of interest in this thesis since the arc occurring 

between electric contacts in switching devices has a temperature range of approximately 

6,000 K to 20,000 K. [p. 436, 2]. In the vicinity of the zero current passage the gas is cooled. 

If the medium between the contacts is cooled below the ionization temperature, ionization 

will cease and the plasma will be less conductive. 

The ionization energy for nitrogen is 1,402 kJ/mol and for oxygen 1,314 kJ/mol. Air consists 

of approximately 78 % nitrogen and 21 % oxygen. Therefore the air surrounding the arc can 

be approximated to have about the same temperature properties as pure nitrogen. 

The pinch effect forces the plasma to contract radially. The bigger the current the bigger the 

contraction force, although the plasma density and temperature will increase. The plasmas 

kinetic pressure counteracts this constriction of the plasma column, resulting in a balance 

between contraction and expansion. For this balance the plasma is given a radius, which the 

plasma mainly is restricted by [p.23, 1]. The arc diameter is approximately proportional to the 

current near current zero [p. 10, 1]. 

2.2.  Ideal AC circuit breaker 

The ideal AC circuit breaker opens the contacts precisely at current zero as this would lead to 

no arcing. However, this is not possible. There are two reasons for this. The first one is that 

the uncertainty of measurements makes it difficult to separate the contacts exactly at the 

current zero point. The second one is that in order to prevent the arc from occurring, the 

contacts would have to be fully separated instantly. This is not the case since the opening 

requires finite time leading to the existence of an arc [p.11, 1]. Therefore this method is, in 

practice, unusable when developing low cost low voltage switching devices. Instead there are 

other methods used, described later on. 

2.3.  Arc regions 

The arc can be categorized into three regions, which all carry current by electrons and ions. 

These are the arc column, the cathode region and the anode region.  

2.3.1. The arc column 

In the arc column the gas has almost equal positive and negative charge densities, i.e. 

electrons and ions. The mobility of electrons is much greater than the mobility for ions. For 

this reason more than 99% of the current in the arc is carried by electrons. Low current, free 
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burning arcs (approximately 5 A) has a gas temperature, Tg, that lies between 6,000 K and 

7,000 K, while a high current, free burning arc (approximately 1000 A) has a Tg of about 

20,000 K. The atoms with the lowest ionization potential in the gas mixture are most readily 

ionized, and since metal vapours have ionization potentials much lower than oxygen and 

nitrogen, they are more likely to be ionized if they are present in the medium between the 

contacts [p. 456-457, 2]. 

The heat produced by the arc (the energy dissipated in the arc) maintains the ionization and 

thereby maintains the conductance as long as the temperature of the plasma is high enough. 

This means that the arc persists as long as the energy from the plasma is high enough. The 

conductivity and temperature of the arc are both much higher in its core and rapidly decrease 

with its radius [p.14, 1]. 

2.3.2. The cathode region 

The cathode region is adjacent to the cathode. The cathode contact is providing the electrons, 

if the electron source would be terminated the arc would be extinguished. When the plasma, 

which is in contact with the cathode, heats the cathode (consisting of metal) the high plasma 

temperature causes the metal of the cathode to vaporize. For this reason the cathodic region 

partly consists of ions from the cathode. The width of this region depends on the arc current, 

the medium the arc is burning in and the cathode material [p. 460, 2]. 

Over a very short distance from the contact surface there is a voltage drop, called cathodic 

voltage, which ranges between approximately 8 V and 20 V. 

2.3.3. The anode region 

In analogy with the cathode region, the anode region is adjacent to the anode and consists 

partly of ions from the anode. This region can be either passive or active. In a passive mode 

this region only serves as an electron collector (collecting electrons from the arc column, 

carrying the current). A space charge region is located in front of the anode, accelerating 

electrons from the column. However, if the area between the arc column and the anode, 

called thermal boundary zone, is small enough and if the electron density gradients are high 

enough for substantial electron diffusion flow, the space charge region is insignificant. The 

voltage drop, called anodic voltage, therefore ranges from close to zero to as high as 15-20 V 

[p.461- 463, 2].  
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2.4.  Arc phases 

2.4.1. Creation of the arc 

When the current is to be interrupted the contacts are moved apart. The gap between the 

contacts is at first very short. At this point the required voltage drop across the gap is 

relatively low in order for a current to flow between the contacts. When the current starts to 

flow through the air the gas becomes ionized, making it easier for the current to flow when 

the gap distance increases. Also, when separating the contacts, the contact area decreases 

quickly. As the contact area decreases, the resistance increases significantly due to the current 

flow being more and more concentrated [p. 10, 1]. This results in the contacts locally getting 

extremely hot and thus the material melts and vaporizes, causing the metal ions to become 

part of the plasma, making it easier to continue carrying the current. 

The voltage drop over the arc, called arc voltage, is given by 

𝑈 = 𝑈 + 𝑈 + 𝑈     (1) 

where Uc is the cathodic voltage, Ua is the anodic voltage, and Ucol is the voltage drop from 

the arc column. The arc voltage increases with decreasing current and increasing contact 

distance, see figure 1 [p. 465, 2]. 

 

Figure 1. Voltage-current characteristics for various gap distances (from [p  465, 2]). 
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2.4.2. Extinction of the arc 

The resistance of the arc near current zero increases due to the de-ionization of the plasma. 

However, it does not increase to infinity, meaning that the space between the contacts still 

has some conductance. As a voltage across the gap appears it causes the ions and electrons to 

accelerate to opposite polarities. Hence, a post-arcing current is formed across the contacts [p. 

13, 1]. 

2.4.3. Post-arcing 

For a reignition to occur the voltage across the gap and the post-arc current must be high 

enough. These criteria are discussed further on in this thesis. 

2.5.  Transient recovery voltage 

When current zero has been reached the voltage across the contacts will start to increase. This 

voltage is called the transient recovery voltage (TRV). If breakdown occurs, the TRV will 

continue to increase until a breakdown occurs, which will cause the voltage over the contacts 

to drop to the arc voltage. If no breakdown occurs, the TRV will continue to increase until it 

reaches the line voltage (depending on the circuit it may exceed the line voltage). No current 

flows between the contacts [p. 1641, 6], as shown in figure 2. 

 

Figure 2. Reignition and extinction of an ac arc (from [p. 1641, 6]). 



6 
 

2.6.  Dielectric strength 

The dielectric strength indicates which voltage is required in order for a breakdown to occur. 

The dielectric strength will, just like the TRV, start to rise after current zero crossing as a 

function of time [p. 476, 2]. This curve, according to Franken [7], is shown in figure 3.  There 

will be a race between the TRV and the dielectric strength, where the dielectric strength 

always must be greater than the TRV in order to prevent the arc from reigniting. If the TRV 

exceeds the dielectric strength there will be a breakdown, and current will start to flow 

between the contacts again, as shown in figure 2. 

The dielectric strength is characterized by the reignition voltage, i.e. the voltage needed for 

the arc to reignite. The reignition voltage is only dependent upon the contact gap parameters 

(arc current before current zero, gap length, contact material, arc chamber design, and 

ambient gas) and is independent of the circuit parameters [p. 476, 2]. 

 

Figure 3. Shows a typical curve of how the dielectric strength increases as a function of time (from [7]). 

The reignition voltage in the a-region in figure 3 is determined by the conditions at the 

electrode surfaces. The dielectric strength increases rapidly the first microseconds to as high 

as 300 V. This is the required voltage for the electrons to penetrate the wall of positive ions at 

the cathode, which occurs when the current changes direction. During the b-region and the c-

region the arc is affected by cooling. As the current gets close to zero the energy lost by the 

arc column and by the cathode and anode regions are bigger than the energy input. This 

causes the medium between the contacts to cool down and thereby, if cooled enough, to 

change from an electrical conductor to an insulator. Thus, faster cooling of the medium 

between the electrodes makes it less likely for the arc to restrike. 
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2.6.1. Important factors 

There are several techniques used to extinguish arcs. The most interesting techniques when 

creating a contactor are: 

Splitting the arc: The contact area between the electrode and the arc is decisive for the 

cooling of the arc. By making the contact area bigger, more effective cooling is achieved. So, 

by splitting the arc into several shorter arcs a bigger total contact area can be obtained. Also, 

by splitting the arc, more voltage drops will occur, and thereby the minimum voltage needed 

for breakdown is increased. 

Cooling: Intensive cooling of the plasma (e.g. from electrodes) will force the plasma ions and 

electrons to recombine, making the plasma less conductive. 

Varying the arc length: Lengthening the arc will increase the arc currents resistance. 

However the cooling provided by the electrodes becomes stronger with shorter arc lengths. 

There are several factors that have a significant importance on the dielectric strength, such as 

current, material, gap distance and electrode thickness. These are presented in this section. 

2.6.1.1. Current 

The dielectric strength is highly dependent on the system current. As the current increases the 

initial reignition voltage decreases. This is because the temperature becomes high enough for 

thermal emission to happen during zero crossings, thus charge carriers are available 

immediately after zero crossing [p. 479-480, 2]. Chen et al. [6] made experiments to 

determine  the  dielectric  strength’s  current  dependence  the  first  microseconds.  The  results  of  

these experiments are presented in figure 4. 

 

Figure 4. Dielectric strength for various prospective currents. Gap distance of 3 mm and plate thicknesses of 1.6 mm 
(from [p. 1642, 6]). 
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A similar experiment made by Kelham [p 328-330, 5] shows the initial reignition voltage in a 

wider window and for various materials, the results are seen in figure 5. Currents of 20 A and 

90 A were tested. 

 

 

 
Figure 5. Shows how the initial reignition voltage varies for different materials. The currents are 20 A and 90 A for a 
resp. b. A 10 mm gap distance was used (from [p. 329-330, 5]). 

However, Kelham [p. 330, 5] has empirically shown that, when using a 10 mm gap, 

increasing the current leads to a greater rise of reignition voltage rate, once the initial 

reignition voltage is fully recovered, see figure 6. This may be caused by the increased 

a) 

b) 
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electromagnetic force on the arc, making the arc bend out. This increases the cooling effect 

per unit length of the arc as well as its effective length. Another reason for this phenomenon 

may be the fact that an increased current leads to a greater constriction force on the charged 

particles in the arc, leading to a current concentrated arc channel. For lower currents the arc 

channel is relatively diffuse. This leads to a larger volume requiring cooling compared to the 

arc channel for the higher current. However, this theory may have bigger impact for longer 

gap distances where the arc is able to bend out. For shorter gap distances this effect has none 

or less impact, which has been showed by Slade [p. 477, 2] when using a gap distance of 2 

mm (compared to Kelham 10 mm). Here the dielectric strength is approximately the same for 

40 A and 300 A after 4 ms. 

 

Figure 6. Reignition as a function of time with different currents. Copper electrodes where used and a 10 mm gap 
distance (from [p. 330, 5]). 

2.6.1.2. Material 

The electrode material affects the dielectric strength in several ways, two of them more 

important. First of all, the boiling point is of importance since it affects the temperature near 

the electrodes, as well as the emission of ions and electrons from the electrodes. Second of 

all, the thermal conductivity is of importance as it affects the cooling process. 

Figure 5 shows how the reignition curves differ for different materials at a gap of 10 mm. 

These curves can be compared to the curves in figure 7, which come from experiments made 
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by Tsuruta et al. [11], where a gap of 1 mm was used. For this gap distance the electrode 

material seems to have less impact on the reignition voltage. 

 

Figure 7. Reignition voltage curves for copper, aluminum and steel. An arc current amplitude of 90 A and a gap 
distance of 1 mm was used  (from [p. 562, 11]). 

2.6.1.3. Gap distance  
In order for a good cooling of the plasma to take place, the gap distance is of great 

significance. Kelham [p. 331, 5] has found the gap distance to be of great importance for the 

reignition voltage, se figure 8. As the gap distance increases the reignition voltage decreases. 

 

Figure 8. The reignition voltage’s dependence of the gap length. Copper electrodes where used (from [p. 331, 5]). 
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A similar experiment has been made by Tsuruta et al. [11] for a wider time window, shown in 

figure 9. In this experiment the current amplitude was set to 100 A and sphere-electrodes 

made of brass where used. 

 

Figure 9. The reignition voltage variation for different gap lengths (from [p. 563, 11]). 

When shortening the gap distance the plasma volume between the contacts is decreased. This 

makes it easier for the contacts or the plates to cool the plasma. Thus, a shortened gap 

distance improves the dielectric strength. In high voltage circuit breakers the cooling of the 

arc is of great importance because the TRV exceeds dielectric strength in just a few 

microseconds after zero crossing [p. 479, 2]. 

2.6.1.4. Electrode thicknesses 

The dielectric strength is also affected by the electrode thickness. This was shown in an 

experiment made by Chen et al. [p. 1643, 6], the results are seen in figure 10. This 

experiment was made with a current of 380 A and a gap distance of 3 mm. The thicker plates 

gave a higher dielectric strength because of the electrodes improved heat transfer abilities. 

The heat can more easily be transferred to cooler parts of the plate. The heat transferred, i.e. 

the cooling ability, is dependent on the heat capacity and heat conductivity of the plate. 
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Figure 10. The dielectric strength for two different electrode thicknesses, hs  (from [p. 1643, 6]). 

Burkhard [9] presented a guideline for the plate’s thickness for different current values. These 

are presented in table 1. This guideline is based on V-shaped iron-plates with silver and 

copper surface finishing. 

Table 1. The recommended plate thickness for different currents. 

Thickness (mm) 1.0 1.5 2.0 

Current (A) a 3 a 11 a 30 

2.7.  Arc splitter plates 

To prevent the arc from reigniting the dielectric strength must be increased. One method used 

to increase the dielectric strength, which uses the physics mentioned above, is to attach arc 

splitter plates near the contacts. If the arc is transferred into the splitter plates the arc will be 

divided into several minor arcs. However, the arc will not transfer to the splitter plates by 

itself, it needs some help. If one of the conductors is curved as in figure 11, the 

electromagnetic force applied on the arc will force it to the right. If the setup in figure 11 
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Figure 11. The current in this figure is going downwards, leading to a force applied on the arc in the right direction. 

is used and the arc splitter plates are placed to the right of the arc there will be a force 

pushing it into the splitter plates, dividing it into several shorter arcs, as shown in figure 12. 

 

Figure 12. The arc propagation into the splitter plates, where it is divided into several shorter arcs. 

If the splitter plates are made of a magnetic material (e.g. iron) this force will be enhanced 

due to the magnetic force on the arc. Also, Lindmayer [8] and Burkhard [9] has shown that if  
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Figure 13. The force Fy is enhanced by making a V-shaped plate, although the length is increased by α  (from  [9]) 

the plates are made with a V-shaped or Y-shaped opening they will enclose the arc better, 

making the force stronger. This shape will make the splitting ability increase by 75 % resp. 

110 %. The  effective  length  of  the  plate  starts  in  the  corner  of  the  “V”, this means the splitter 

plates length is increased when using this shape. This extra length is shown in figure 13. In 

figure 14 an arc on its way into the splitter plates is shown. Here the splitter plates have 

alternating Y-shaped and V-shaped plates to make the arc longer, which increases the force 

pushing the arc into the splitter plates. 
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Figure 14. Y-shaped and V-shaped plates forcing the arc to split up (from [9]). 

The  arc  splitter  plates’  position  to  each  other  can  be  varied,  resulting  in  the  arc  length  being  

modified. Greater arc length leads to higher resistance, but shorter distance leads to greater 

cooling from the plates. Since the cooling is the dominating factor a shorter gap will increase 

the dielectric strength. However, if the distance is too short the arc will not be able to split 

into the plates, or the plates could weld together. This means there is an optimal value of the 

plate distance. 

The minimum distance between the plates is highly dependent on the current. For splitter 

plates made of ferromagnetic iron, tests made by Burkhart [9] showed that the minimum 

distance between the plates is 0.3 mm up to 100 A, with current values greater than 100 A the 

minimum distance value rises linear, with a slope depending on the arcs impact velocity 

(caused by the force applied on the arc), see figure 15. The tests were made for DC current. 

The results can, however, be applied for AC currents if the instantaneous value is the same as 

or less than the DC current through the whole cycle. 
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Figure 15. Minimum required gap distance at different currents and arc velocities. a: 3.7 cm/s, b: 10c m/s, c: 56c m/s, 

d: 100 cm/s, e: 300 cm/s, f: 500 cm/s (from [9]) 

The  arc  splitter  plates’  thickness  can  also be varied. By making the plates thicker the cooling 

process (of the plasma) is improved, making it more difficult for the arc to restrike. 

If the arc is split up it is of great importance that none of the minor arcs restrike. If one of the 

minor arcs should restrike, the voltage between the other plates will be affected since the 

voltage will be split up on one less part, making it more likely for them to also restrike as a 

chain reaction. Having a high voltage over the plates in the middle is very critical, since this 

is where the arc usually starts its migration into the plates (thus this area gets the highest 

temperature), leading to lower dielectric strength. 

If   the   plate’s   heat   capacity   and   thermal conductivity is too low for the plate to absorb the 

energy transmitted from the arc, thermal overload will occur, causing a relatively big part of 

the plates to melt. This risk is even bigger if the arc propagation speed is low. 

Besides helping the arc into the splitter plates, the use of ferromagnetic material has one more 

positive effect. The force from the magnetic field, Fµ, will, if bigger than the force from the 

current, Fi, make  the  arc  move  in  to  the  plate’s  centre, preventing it from getting stuck at the 

plate edge, or even worse, leaving the plate. For small currents Fµ is greater than Fi and the 

arc will stay in the  plates’  centre [p. 512, 2]. 
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Fi has a quadratic dependence on the current, therefore bigger currents will have a greater 

impact on the arc compared to small currents.  When  the  arc  reaches  the  plate’s  centre, due to 

Fµ, the arc will be accelerated towards  the  plate’s  edge by the force from Fi. Here, hopefully 

(if big enough), Fµ becomes dominant again, slowing down the arc. 

Since currents will flow through the plate, its dimensions are of great importance. If the plate 

is big, longer conductors will occur, making Fi bigger. For this reason bigger plates will 

prevent the arc from staying in the splitter plates. Burkhart [9] showed that the currents in the 

plates have less influence if the plate has a length that is the double width. Burkhart also 

showed that the propagation velocity of the arc is dependent on the contact material.  

3. Theory 

3.1.  Slepian theory 

An approximation of the reignition voltage as a function of time has been derived by Slepian 

[p. 1400-1401, 4] 

𝑉(𝑡) = 1.9 ∙ 10 ∙ ( ) ∙ 𝑡      (2) 

where T is the temperature in Celsius at the cathode surface. A reasonable approximation of 

this temperature is the boiling point of the cathode material. 

However, this theory does not take into account the facts that the reignition voltage varies 

with current strength, gap length and has neglected the initial reignition voltage. 

3.2.  Cassie theory 

If the TRV is greater than the voltage drop across the space charge sheath (the ion barrier), 

the excess voltage will appear across the plasma. This will lead to the electrons, liberated 

from the new cathode, being accelerated by this voltage drop across the plasma. This causes 

the column to heat up again. This is called thermal reignition. 

A theory has been made by Cassie [p. 322, 5] that treats the reignition as thermal reignition. 

Thermal reignition is, unlike dielectric reignition, not dependent upon the voltage curves, but 

by the race between the electrical power input to the arc column and the energy losses 

(cooling) of the arc column. If the energy losses are bigger than the energy input the 

conductivity will decrease and the arc will be extinguished. 
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Cassies theory considers the arc as a uniform cylinder and is therefore more appropriate for 

long arcs, since the phenomena adjacent to the electrodes are less important compared to 

those of the arc column. 

3.3.  Temperature decay of gas 

A model of the gas temperature decay after arc extinction has been made by Tsuruta and 

Ebara [10]. In this model the arc is approximated as a sphere. The result of this modeling is 

= 𝑒 ( )     (3) 

where Ta is the ambient gas temperature, T0 is the initial temperature at current zero-crossing 

and τ is a time constant that is given by 

𝜏 =       (4) 

where Cp is the specific heat per unit mass, ρ is the mass density, r is the radius of the sphere 

and h is the heat transfer coefficient given by 

= 2 + 0.392 ∙ 𝐺      (5) 

where d is the diameter of the sphere, kf is the coefficient of thermal conduction and Grf is a 

coefficient called Grashof number given by 

𝐺 = ( )      (6) 

where g is the gravity, B is the volume coefficient of expansion, for ideal gases given by 

𝐵 = = ,  and  ν  is  the  kinematic  viscosity. 

Cp,   ρ,   kf and   ν   are   all   temperature   dependent, therefore   τ(T) is a temperature dependent 

parameter. 
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4. Method and Results 

Because the method and results are close related in this thesis they have been written together 

in the same section. 

4.1.  Arc column temperature 

The initial gas temperature of the arc column, T0, after the arc is extinguished depends on the 

current. Several temperatures of the arc column for different currents are given throughout 

[2]. These values have been compiled and are presented in table 2. Here the temperature at 

5,000 A has been approximated as 23,000 K due to the fact that after reaching 20,000 K the 

arc column temperature barely increases anymore [p. 456, 2]. These temperature values are 

given for a free burning DC arc and are therefore not equal to T0 for an AC current, since the 

arc current value varies for an AC arc. 

Table 2. Arc column temperatures for various DC currents. 

Current (A) 5 30 1,000 5,000 

Tdc (K) 6,200 11,000 21,000 23,000 (approx.) 

The following relationship was given by curve fitting the values in table 2 

𝑇 = 24,000 1 − . ∙ . + 300  (7) 

The temperature, Tdc, has been plotted as a function of the current in figure 16. As can be 

seen the temperature increase ceases at about 1,000 A. 
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Figure 16. Tdc as a function of the current. A comparison between the values in table 2 (Real Temp.)  and the values 
given by equation 7 (Curve Fitted Temp.). 

The temperature Tdc is approximated as the temperature that an AC arc has until it reaches its 

current amplitude. When the current starts to decrease the arc column temperature also starts 

to decrease, however, it is not likely that it decreases as fast as the relationship in equation 7 

would provide. Therefore, attenuation has been given to the decrease of Tdc to estimate the 

initial gas temperature, T0, after it reaches its maximum value. The temperature decrease has 

been approximated to the following rate 

= −𝑘(𝑇 − 𝑇 ).     (8) 

where k is a temperature decrease constant, set to 100 s-1. By using equation 8, the gas 

temperature, T0, has been approximated by an iteration of 

𝑇 , = 𝑇 , − 𝑘(𝑇 , − 𝑇 , ) ∙ ∆𝑡   (9) 

where T0,n has an initial value equal to Tdc,n (the temperature at the currents amplitude). The 

iteration is made until the current zero-crossing occurs. The last value of T0,n+1 is the initial 

gas temperature. 
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4.2.  Temperature decay of the arc column 

By using equations 4, 5 and 6 τ(T)  has  been  estimated  by  curve  fitting.  The  result  of  this  is 

𝜏(𝑇) = 𝑎 ∙ 𝑇  sec     (10) 

where a and b are gap distance dependent constants given by a = 94200∙d – 44.3 and 

b = - 34.5∙d  +  1.74 respectively. By putting equation 3 equal to s 

𝑠 = = 𝑒 ( )     (11) 

the temperature, T, of the arc column at a given time after the arc extinguishes can be 

estimated using the differential equation 

+ ( ) = 0      (12) 

Figure 17 shows an example of the decrease of s, which correlates to the temperature, T. The 

arc is created at 3 ms, at which s becomes 1 and remains this at value until the arc is 

extinguished. It then decreases rapidly. 

 

Figure 17. Calculation of s, where the arc is extinguished at 14.4 ms. The gap distance is 1 mm and the current 230 A. 

In figure 18 an example of a simulation of the arc gas temperature for the model is shown. 

The arc is created after 3 ms, where the temperature rapidly increases as the current starts to 

flow. It then continues to increase until the current peak value is reached. After this, the 
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temperature starts do decrease (according to equation 9) until the arc is extinguished, at 

which the temperature falls drastically. 

 

Figure 18. Calculation of the arc gas temperature, where the arc is extinguished at 14.4 ms. The gap distance is 1 mm 
and the current 230 A. 

4.3.  Initial reignition voltage 

For an arc to restrike the voltage drop over the electrodes must exceed the arc voltage. This 

means that the dielectric strength must never be lower than the arc voltage. It can be seen in 

the literature that the initial reignition voltage is as high as 300-350 V just after a few 

microseconds (for low currents). However, this is not applicable on the model in this study, 

since time dependence is desired for times less than a few microseconds as well. For this 

reason an approximation of the initial reignition voltage, Vi, has been made with figure 3 in 

mind. 

𝑉 (𝑡) = (𝑉 + 𝑉 − 𝑈 ) 1 − 𝑒 + 𝑈  (13) 

where Vc is current dependent, Vth is a contribution depending on the plates thickness, t is the 

time in seconds and τ  is  a  time  constant  determining  how  fast  the  initial reignition is obtained. 

A reasonable value of the time constant is 3 µs. This value makes the initial reignition voltage 

gain 63% of its maximum value after 3  μs  and  96% after 10 μs. Uarc has been estimated as a 

function of current and gap distance from figure 1. The result of this is 
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𝑈 = 12 + 1,000𝑑 ∙ 10 + 30 ∙ 𝑒   (14) 

where d is the gap distance and I is the current.  As seen in figure 5, Vc seems to be both 

electrode material dependent and current dependent. The value of Vc has been determined by 

figure 4. The curves seem to level off at about 10 µs, the dielectric strength values at 10 µs 

have therefore been used for a curve fitting, with the resulting equation 

𝑉 = 270 − 𝑒      (15) 

where I is the amplitude of the current.  

As shown in figure 10, the initial dielectric   strength   is   affected   by   the   arc   splitter   plates’  

thickness. However, only two different values of plate thicknesses were investigated in a 

narrow time window in this experiment. It is therefore hard to say something about the 

thicknesses influence on the dielectric strength characteristics based on this figure. The plate 

thickness has been assumed to have a linear dependence of the dielectric strength, which was 

curve fitted by using the dielectric strength values at 8 µs in figure 10. This gave 

𝑉 = 325,000(ℎ − 0.0016)    (16) 

for plate thicknesses close 1.6-2.0 mm.  

This means that for high currents and thin splitter plates Vc and Vth will become negative, and 

therefor Vi will become negative. However, Vi has a lower limit equal to the arc voltage, 

which it cannot fall below, since this voltage is required for the arc to burn. 

4.4.  Temperature dependent reignition voltage 

As seen in figure 5, after the instant reignition voltage is reached the reignition voltage for a 

gap of 10 mm seems to be relatively linear for times up to 10 ms. This approximation seems 

to fit equation 2, derived by Slepian, which also is linear. However, Slepians equation is only 

dependent on the electrode material and not on the current or gap distance. As seen in table 3 

Slepians equation does not match Kelhams empirical value very well except for copper. 
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Table 3. Comparison of Slepian reignition voltage rate and an approximation of the empirical reignition voltage 
based on the dielectric strength curves in figure 5a. 

Material Boiling point (°C) Slepian reignition 

voltage rate (V/μs) 

Empirical reignition voltage 

rate (20 A) (V/μs) 

Aluminium 659 4.10 1.14 

Copper 1,083 0.63 0.64 

Mild steel 1,371 0.24 0.68 

Tungsten 3,399 0.04 0.60 

The deionization starts when the gas temperature falls below 5,000 K. It is therefore 

reasonable to assume that the dielectric strength due to cooling starts to rise when the 

temperature falls below this value. The dielectric strength has from this point, due to lack of 

data, been approximated to have a linear relationship until the temperature drops to 300 K 

where it reaches its maximum value 4,700 V/mm [p. 47, 3], see figure 19. This gives the 

equation 

𝑉 = 𝑘(𝑇 − 300) + 𝑚    (17) 

Where m is the reignition voltage when the arc column is fully cooled, given by m = 4,700∙d  

and k is a rate of recovery constant given by 

𝑘 = , ∙      (18) 

 

Figure 19. The approximation of how the reignition voltage (due to cooling) varies with temperature. 
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By using the equations in section 4.2 (to get the temperature after a certain time) together 

with equation 17 the reignition voltage as a function of time is obtained, this is shown in 

figure 20.  

 

Figure 20. Reignition voltage (due to cooling) for 1 mm and 3 mm gap with a current of 100 A.  

The reignition voltage due to cooling is set to 0 V until the temperature falls below 5,000 K. 

According to this model, for a current of 100 A, this occurs at about 12 µs for a gap of 1 mm 

and at about 130 µs for a gap of 3 mm. 

4.5.  Total reignition voltage 

So, the dielectric strength consists of the initial reignition voltage, Vi and the temperature 

dependent reignition voltage, Vtemp. When added together, the total reignition voltage is 

obtained 

𝑉 (𝑡) = 𝑉 + 𝑉 .     (19) 

An example of the total dielectric strength is shown in figure 21. There is a minimum level 

due to Uarc. The first plateau is the contribution from Vi, which maximum level is reach in  
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Figure 21. The dielectric strength as a function of time. The arc is extinguished at about14.44 ms. In this example a 

current of 230 A and a gap distance of 1 mm was used. 

just a few microseconds. After about 40 µs after the arc has been extinguished the arc gas 

temperature falls below 5,000 K. The dielectric strength then starts to increase again due to 

the deionization. 

4.6.  The arc module 

The module is  to  be  used  in  the  software  ANSYS  Simplorer  and  was  made  using  Simplorer’s  

tool for creating components (i.e. the module). 

At first, when the contacts are connected, the module is programed with a resistance of 0  Ω. 

After a given time the contacts are separated, creating a burning arc. The resistance then 

becomes 

    𝑅 = .      (20) 

If steel plates are used the arc is extinguished when the current falls below 0.45 A [p. 464, 2]. 

At this point the resistance is set to be 𝑅 = [ . ] Ω  and  is  assumed  to  remain  at  this  value  

until the voltage across the electrodes exceeds the total reignition voltage (see section 4.5) 

and the current exceeds 0.45 A. Both these criteria have to be fulfilled at the same time in 

order for the arc to restrike. 
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Figure 22. The arc module in a circuit with 1,000 V (rms), 0.01 H and 1 Ω. 

The result of a simulation of an arc when the circuit in figure 22 is used is shown in figure 23. 

The gap distance set in the arc module is 1 mm and the plate thickness 1.5 mm. 

 

Figure 23. Simulation of an arc. The purple curve is the line voltage, the red curve is the current and the black curve 
is the arc voltage. 
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A list of the output and input parameters for the module is presented in table 4. 

Table 4. Inputs and outputs of the module. 

Input Disconnect time Gap distance Plate thickness Minimum dielectric strength 

Output Current Voltage Dielectric strength  

Because of the uncertainty of the minimum initial reignition voltage, a parameter to manually 

adjust this value has been added to the module. 

The module is programmed with a disconnect time parameter at which the contacts are 

separated. This is because of the uncertainty of when in the arcing cycle the contacts actually 

are separated, as well as the system can be given time to stabilize before creating the arc. By 

adding this parameter the arcing can be simulated to begin at any time wanted. In figure 23 

this delay was set to 3 ms. 

The switch programmed in the module acts as an ideal switch, separating the contacts from 0 

mm gap distance to desired gap distance instantly. This means that if the contacts are 

separated during a current zero crossing there will be no arc and the dielectric strength will 

reach its value for cold, dry air (4,700 V/mm) instantly. 

4.7.  Summary of the calculation sequence 

The calculations performed by the module are summarized in figure 24. At first, the contacts 

 

Figure 24. A flowchart of the calculations made by the module. 

are separated and the arc is created. The arc voltage is calculated by equation 14. 

𝑈 = 12 + 1,000𝑑 ∙ 10 + 30 ∙ 𝑒   (14) 
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When the current drops to 0.45 A the arc is extinguished. At this point the resistance is set to 

be constant by equation 20 

𝑅 = [ . ]      (20) 

During this time, the arc gas temperature has been calculated by the equations 7 and 9. The 

temperature follows equation 7 until the current reaches its amplitude. When the current 

value starts to decrease the temperature starts to follow the relationship on equation 9. 

𝑇 = 24,000 1 − . ∙ . + 300  (7) 

𝑇 , = 𝑇 , − 𝑘(𝑇 , − 𝑇 , ) ∙ ∆𝑡   (9) 

When current zero is reached, the temperature T0 is set and the differential equation 12 is 

solved, where s correlates to the temperature by equation 11. 

+ ( ) = 0      (12) 

𝑠 = = 𝑒 ( )     (11) 

Also, when current zero is reached, the dielectric strength calculations start according to 

equation 13 and 17. 

𝑉 (𝑡) = (𝑉 + 𝑉 − 𝑈 ) 1 − 𝑒 + 𝑈  (13) 

𝑉 = 𝑘(𝑇 − 300) + 𝑚    (17) 

The total dielectric strength is summed up in equation 19 

𝑉 (𝑡) = 𝑉 + 𝑉 .     (19) 

After the current-zero crossing the TRV starts to rise. If it exceeds the total dielectric strength 

at some point, when the current is greater than 0.45 A, the arc will restrike. If these criteria 

are not met, the current has successfully been interrupted and the arc is extinguished. 
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4.8.  Example of usage of the module 

One example of where the module is to be used is when simulating a three-phase system, 

which can be used to run a three-phase motor. The system can be set up as in figure 25. By 

running a simulation it will tell whether the current for the three phases will be interrupted or 

not. 

 

Figure 25. An example of a three-phase system, where every phase has three arcs connected in a series. 

Figure 26 shows a simulation run when using the circuit in figure 25. The arc has been 

created after 62 ms in order for the system to stabilize. After all  the  phase’s first current-zero 

crossing the current is 0 A, which means that the currents have been interrupted.  

 

Figure 26. Simulation of a three-phase system using 400 V, 70° phase shift and 400 A. All phases had three arc 
modules connected in a series. 
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Figure 27 shows a similar simulation, where only two arc modules were connected in a 

series. This system does not manage to break the currents. Instead the arc restrikes after every 

current-zero crossing for all three phases. 

 

Figure 27. Simulation of a three-phase system using 400 V, 70° phase shift and 400 A. All phases had two arc modules 
connected in a series, each of them set with aelectrode  thickness of 1.5 mm and a gap distance of 2 mm. 

Simulations have been made for various currents, voltages and phase shifts to examine how 

many arc modules that are required to be connected in a series in order for the current to be 

interrupted. The result of these simulations are shown in table 5. 

Table 5. The number of modules connected in a series needed to break the current presented for 400 V, 690 V and 
1,000 V. All simulations used 1.5 mm thick electrodes and a gap distance of 2 mm. 

I (A) cos(ϕ) 400 V 690 V 1,000 V 
50 0,45 1 1 1 

100 0,35 2 3 4 
200 0,35 2 4 5 
400 0,35 3 4 6 
800 0,35 5 8 11 

1200 0,35 6 10 14 
2000 0,35 6 10 14 
4000 0,35 6 10 14 
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5. Discussion 

When the arc gas temperature at the current peak value was approximated, the gas 

temperature was assumed to be independent of the gap distance. This is not really the case, 

but because of lack of data and because of its small influence, this approximation was made. 

The actual arc gas temperature throughout the current cycle could be obtained spectrally. 

Unfortunately the needed equipment was not available during this thesis. Therefore the gas 

temperature was approximated as a function of the current. To give a more realistic arc gas 

temperature when the arc is extinguished, attenuation was given to the gas temperature when 

decreasing. How much the temperature decreases is unknown. Therefore it had to be roughly 

approximated. 

The dielectric strength as a function of temperature has been made from an assumption that 

the temperature dependent dielectric strength is 0 V until it falls below 5,000 K, where it 

starts to increase linearly. It continues to do so until it reaches 300 K, where it has reached its 

maximum value, as in figure 19. This increase is probably not linear, but due to lack of data 

and because no tests of this could be made this assumption was made to determine the 

dielectric strength as a function of the temperature. 

The reignition voltage due to cooling of the model for gaps of 1 mm and 3 mm, which are 

presented in figure 20, fits the empirical values in figure 9 pretty well. It should be noted that 

the initial reignition voltage is not included in figure 20. 

Experiments of the electrode thickness influence on the dielectric strength show that thicker 

electrodes give higher dielectric strength. However, the arc splitter plates, which function as 

electrodes in the breaking chamber, should still be made as thin as possible. Making the arc 

splitter plates unnecessarily thick makes the breaking chamber bigger, heavier and more 

expensive. 

According to figure 1, the arc voltage seems to level off as the current is increased. For high 

currents, approximately 500 A, the arc voltage will start to increase. Tests examining this 

phenomenon was only found for gaps of 5 cm and bigger. No data of this increase was found 

for small gaps, therefore it has been neglected in the model. 

What material Chen et al. used during the experiments to determine the initial recovery 

voltage curves is not indicated. Since the initial recovery voltage has been found to be 
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material dependent this could result in the initial reignition voltage in the model being wrong. 

However, according to figure 7 the material dependence seems to have less impact for 

smaller gaps, which should suggest that the result is more correct.  

All the dielectric strength curves from Kelhams study are relatively linear compared to the 

curves from the model. The reason why the curves from Kelhams study are linear may be 

because of the long gap distance. The maximum dielectric strength is therefore very high and 

the arc plasma takes longer to cool down. For this reason the dielectric strength may seem 

linear, since its value is far from its maximum and rises slower. Slepians theory is also linear. 

This is not likely since it would lead to the dielectric strength growing to infinity. 

All the equations that have been approximated empirically have used data for gaps of 1-3 mm 

and electrode thicknesses between 1.6-2.0 mm. Therefore, when making simulations with this 

module, the gap distance and plate thickness should not be too far from these values. Also, 

the contribution from the plate thickness is a possible error source, since only two thicknesses 

were tested by Chen et al. 

The number of arcs needed to break the current, presented in table 5, seems to correspond 

pretty well with experience from ABB AB, Control Products’  product  line  today. 

6. Conclusions 

An arc module has been made that is to be used for running simulations of arcs in circuits. A 

model of the initial reignition voltage and the dielectric strength as a function of temperature 

has been made, as well as an estimation of the arc gas temperature. 

The module has been made to simulate one arc between two electrodes. Several modules can 

be connected in a series to get a system containing several splitter plates. 

The module has not been evaluated by experiments. Therefore, its accuracy cannot be 

determined. 
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7. Future work 

Many assumptions have been made when creating the model. Although many approximations 

have been made empirically, the model should be evaluated to see if it is consistent with 

reality. 

If the model is found to conform poorly to reality there are two error sources more likely to 

be the cause. These are the arc gas temperature when the arc is extinguished and the initial 

reignition voltage for currents larger than 600 A. The gas temperature has roughly been 

approximated and the initial reignition voltage for currents above 600 A follow 

approximations made for currents between 240 A and 600 A. 
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Appendix 

In this appendix it is shown how the arc module conditions are set up. The circles indicates 

states, the circles with a dot in it indicates activate state and the lines with an arrow through it 

sets transition conditions. All the variables used are explained in table 6. 

Table 6. Variables in the module. 

a constant a for equation 10 
b constant b for equation 10 
deltas the change of s for each timestep when solving equation 12 
h timestep 
Iamp latest current amplitude 
k konstant, k, from equation 18 
kt konstant, k, from equation 8 
n the latest current zero time 
Res arc resistance 
ResConst sets the constant resistance at current zero (otherwise equal to 0) 
ResConstVal determines what the ResConst-value will be 
ResZero sets the arcing  resistance equal to 0 
s s from equation 11 
step set the time next state transition occurs 
stepfor set the time next state transition occurs 
stepiamp set the time next state transition occurs 
tao_1 τ  from  equation  13 
taos τ  from  equation  10 
Temp arc gas temperature 
Temp0 Tdc from equation 7 
Temp02 T0,n from equation 8 
Tempa ambient gas temperature (=300 K) 
TempZero initial arc gas temperature, T0, from equation 11 
V_1 inital reignition voltage 
V_2 temperature dependent reignition voltage 
V_I (Vc + Vth - Uarc) from equation 13 
V_I_critical the critical value V_I cannot fall below (0) 
V_IZero sets V_I to 0 if it falls below 0 
Vb dielectric strength 
Vb_critical the critical value Vb cannot fall below (DielectricStrengthMin) 
Vbcz sets V_2 to 0 if it falls below 0 
VbMin DielectricStrengthMin 

VbMinZero 
sets Vb to DielectricStrengthMin if it falls below 
DielectricStrengthMin 

VbZero Sets V_1 + V_2 equal to zero during arcing 
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Figure 28. Three states setting minimum values, 

In figure 28 three minimum values are controlled. These are (from left to right) the dielectric 

strength, the (𝑉 + 𝑉 − 𝑈 )-contribution to the initial reignition voltage and the 

temperature dependent reignition voltage. If any of these should drop below a certain value (0 

as standard) the state changes and the value is locked at the minimum value until it is 

increased to this minimum value. 

 

Figure 29. Dielectric strength calculations. 

In figure 29 the dielectric strength calculations are made. The simulation starts in 

CONTACT1, when the time is bigger or equal to the disconnect time, the arc is created. 

VbZero is set to 0. The state transmits from NOCOUNTING to COUNTING when the 

current falls to 0.45 A, where the VbZero is set to 1 (since the dielectric strength calculations 
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start) and n is set equal to the time. n functions as a time reset for the initial reignition 

voltage, time-n is the time passed after the current dropped to 0.45 A. If the arc voltage 

exceeds the dielectric strength and the current exceeds 0.45 A the state goes back to 

NOCOUNTING, else it stays in COUNTING. 

 

Figure 30. Equations in the DielectricStrengthCalculations block. 

 

Figure 31. Arcing conditioins. 

In figure 31 the arc conditions are set. The arc voltage and the ResConstVal is calculated in 

the equation block ArcCalc. The state with a dot in it is the activate state. If the gaps are 

separated when the current is less than or equal to 0.45 A IDEAL becomes the new state, 

setting the temperature to 300 K and the dielectric strength to 4,700 V/mm (no arc is created). 

If the current is greater than 0.45 A when the contacts are separated the state transmits to 

ARCING1, setting ResZero to 1 and ResConst to 0. When the current drops to 0.45 A the 

ResZero is set to 0 and the ResConst is set to ResConstVal. If the arc voltage exceeds the 

dielectric strength and the current exceeds 0.45 A the state goes back to ARCING1, else it 

stays in RCONST.  
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Figure 32. Equations in the ArcCalc block. 

 

Figure 33. The arc gas temperature is calculated in this setup. 

In figure 33 the arc gas temperature is calculated. When the contacts are separated, the state 

transmits to TEMPCALC5. If Temp0 is greater than Temp02, or if the arc voltage is greater 

than the dielectric strength and the current greater than 0.45 A, the state transmits to 

TEMPCALC6. It then loops between TEMPCALC6 and TEMPCALC7 (to set Temp02 at the 

current amplitude) until Temp0 becomes smaller than Temp02 (the step length has been 

multiplied by 10, else transitions TEMP and TEMP1 will always occur due to the small 

change in temperature). It then goes back to TEMPCALC5 and switches between 

TEMPCALC5 and TEMPCALC4, where the arc gas temperature decay is executed (the step 

length has been multiplied by 5 to speed up the simulation process). It then performs these 

calculations until the arc restrikes. The states TEMPCALC3 and TEMPCALC8 have the 

same conditions as TEMPCALC6 and TEMPCALC7, this gives the state the opportunity to 
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change when the conditions are met, whether the current state is TEMPCALC9 or 

TEMPCALC10. 

 

Figure 34. The latest arc current amplitude. 

In figure 34 the latest current amplitude is set. After the disconnection the current amplitude, 

Iamp, is calculated to the absolute value of the arc current and then immediately steps 

forward to TEMPCALC9, which adds 2 to the Iamp value. If the Iamp is smaller than the 

absolute value if the arc current minus 1 (e.g. |arc current|-1) it steps to TEMPCALC10, 

which acts just like TEMPCALC9. This is performed until the current amplitude is found, 

and remains at this value until breakdown. If breakdown occurs the Iamp is reset in 

SETZERO or SETZERO1. The current amplitude calculations restart when the dielectric 

strength exceeds the arc voltage. 
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Figure 35. In this setup the differential equation of s is solved. 

Figure 35 shows where the differential equation of s is solved. If the current is 0.45 A or less 

when the contacts are separated the state transmits to IDEAL1, where s is set to 0, as this 

gives a temperature of 300 K. If the current is greater than 0.45 A the state transmits to 

S_RESET, where the current gas temperature is calculated and s is set to 1. When the current 

falls below 0.45 A the initial gas temperature, T0, is set and then immediately steps forward 

to the loop with SCALC1 and SCALC2, where the differential equation is solved. This loop 

is performed until breakdown. If breakdown occurs, s is reset to 1 and recalculated. 

The constants a and b are calculated in the equation block TempCalc, as well as Temp0 and 

Temp. 

 

Figure 36. Equations in the TempCalc block. 
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Figure 37. The arcs resistance is set in ARC. 

Figure 37 shows the actual arc and its connection pins. All the conditions mentioned above 

are used to determine the arcs resistance, Res, in ARC. 

 

Figure 38. Inputs and outputs. 

Figure 38 shows the modules inputs and outputs. 


