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Kurzfassung 

In der vorliegenden Masterarbeit wird der Einfluss einer Lichtbogenspannung auf das 

Abklingen der Gleichstromkomponente bei generatornahen Kurzschlüssen untersucht. Unter 

ungünstigen Rahmenbedingungen ist es möglich, dass im zeitlichen Verlauf des 

Kurzschlussstromes aufgrund der wirksamen Impedanzen anfänglich Stromnulldurchgänge 

fehlen. Dies ist beim Ausschalten der Fehlerströme insbesondere dann zu berücksichtigen, 

wenn das zeitliche Schaltfenster des Leistungsschalters, wie bei SF6-Schaltern, auf etwa drei 

bis fünf Halbwellen begrenzt ist. Die Lichtbogenspannung beeinflusst das Abklingverhalten 

des Gleichstromgliedes zugunsten der Vorverlagerung der Stromnulldurchgänge. 

 

Der Schwerpunkt der vorliegenden Masterarbeit liegt auf der mathematischen Modellierung 

der Netzstruktur, unter besonderer Berücksichtigung der Lichtbogenspannung und der 

Analyse ausgewählter Lichtbogenmodelle auf das Abklingen der Gleichstromkomponente im 

Kurzschlussfall. Mithilfe grundlegender physikalisch-elektrotechnischer Überlegungen wird 

gezeigt, dass es für eine erste Analyse des Einflusses der Lichtbogenspannung auf den 

Stromverlauf im Fehlerfall ausreicht, die Lichtbogenspannung als konstanten Wert über die 

Dauer des Lichtbogenintervalls zu modellieren. Als entscheidender Parameter wurde die 

Höhe der Lichtbogenspannung identifiziert. Eine weiterführende, tiefergehende 

Modellbildung der Lichtbogenspannung ist mit einem deutlichen Mehraufwand, nicht zuletzt 

für das Auffinden geeigneter Parameter, verbunden. Diese hat im Vergleich zum Modell mit 

konstanter Lichtbogenspannung jedoch nur geringen zusätzlichen Einfluss auf die 

Vorverlagerung der Stromnulldurchgänge. 
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Abstract 

The on hand Master’s thesis is concerned with the impact of the breaking arc voltage on the 

decay characteristics of the DC-component of near-to-generator short-circuits. At 

disadvantageous conditions it is possible that there are missing current zero-crossings at the 

beginning because of the effective impedances. A particular consideration has to be given to 

that at the circuit breaking operations in case of a fault, not least because of the limitation of 

the time slot for breaking, which is about three to five half-waves by using SF6 circuit 

breakers. The arc voltage makes an influence on the DC-component’s decay characteristic 

for the benefit of the circuit breaker. As a result, earlier current zero-crossings are possible.  

 

The focus of the on hand Master’s thesis is on the mathematical modeling of the network 

configuration with respect to the arc voltage and analyzes of selected models with respect to 

their influence on the decay characteristic of the DC-component in case of a short-circuit. By 

using basic physical-electrical considerations it is shown that modeling the arc voltage as a 

constant value for the duration of the arc is alright for first investigations. The value of the arc 

voltage is detected as critical parameter. For further studies a more comprehensive modeling 

of the arc voltage is profitable but ongoing with a significant amount of investment concerning 

the identification of suitable model parameters. Compared to the model with constant d.c. arc 

voltage the additional influence of the arc voltage on the current’s signal shift is still small. 
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Introduction 1 

1 Introduction 

A near-to-generator short-circuit fault causes a current characteristic which differs from the 

characteristic in undisturbed operation. Under certain circumstances, like special initial 

condition of the generator and the resulting active short-circuit reactances current zero-

crossings can be missing. That occurs because the alternating current is superposed by a 

DC-component which decays slower than the AC-component. As a result missing current 

zero-crossings may appear in one or two phases of the short-circuited electrical network. An 

exemplary structure of a circuit with an occurring near-to-generator short-circuit fault as a 

basis for missing current zero-crossings is shown in Figure 1.12 

 

 

Figure 1: Overview of the described structure 

The interrupting operation can only take place at the instant of current’s zero. That implies 

that such fault currents with missing zero-crossings can’t be interrupted immediately after 

occurring in most cases. It has to be waited until the DC-component decays in its natural 

way. But if the circuit breaker’s contacts separate after a fault, an electric arc occurs and the 

current continues flowing through the arc. As a result of the occurring electric arc the DC-

component decays faster and the current first zero-crossing takes place earlier compared to 

the current characteristic without an electric arc.34 

 

The aim of the on hand Master’s thesis is to analyze that instanced impact of the breaking 

arc voltage on the decay characteristic of the current’s DC-component. Both simple and 

                                                
 
1
 cf. FENSKE, S. (2011), p. 1 

2
 cf. ABB AB (2013), p. 16 

3
 cf. BRINKHOFF, R.; KULICKE, B.; SCHRAMM, H.-H. (1978), p. 385 

4
 cf. FENSKE, S. (2011), p. 1 
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complex types of arc models should be compared concerning the arc voltage’s influence on 

the decay characteristic of the DC-component. The impact of the arc voltage on the zero-

crossing of the current with respect to the ground connection of the fault should also be 

shown. 

 

The study area is focused on an electrical circuit with the defined elements grid (380 kV 

level), transformer and synchronous generator, whereby the generator is a chosen salient-

pole machine. A schematic figure of the overall structure can be seen in the figure above. As 

fault a three-phase short-circuit without ground connection is defined. 

 

The process with its main focuses is clarified in Figure 2. 

 

 

Figure 2: Schematic figure of the procedure 

 

After a literature research concerning salient-pole machines and their characteristics in case 

of short-circuits, different arc models will be researched with respect to the state of the art. 

Evaluation of the results concerning the impact of the arc voltage of 
different arc models with respect to the current characteristic in 

case of a three-phase short-circuit 

Variation of parameters 

Determination of arc model parameters 

Implementation of selected arc models in the three-phase overall 
structure  

Sensitivity analyzes 

Selection of operating points 

Implementation in the numeric calculation software 

overall structure different arc models in a one-phase test cicuit 

Literature research 

selected type of synchronous generator arc models with respect to the state of the art 
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The implementation in the numeric simulation software will consist in two steps: 

implementation of the overall structure and implementation of the different electric arc 

models. The initial conditions of the synchronous generator will be set before starting with 

further analyzes. For initial studies the models will be implemented in a one-phase test circuit 

to do basic analyzes and sensitivity analyzes concerning their parameter sensitivities. 

Suitable arc models will be implemented in the three-phase overall structure afterwards. The 

last procedure will consist in three different steps, which will run in a loop, like shown in 

Figure 2: arc model parameter determination, parameter variation and evaluation of the 

results concerning the impact of the arc voltage on the current characteristic in case of a 

three-phase short-circuit.  
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2 Technical-physical background 

In this chapter the technical-physical background of the on hand Master’s thesis are 

concerned, including 

 the structure of the model, 

 the technical-physical background of selected synchronous generators, 

 the technical-physical background of high voltage circuit breakers and 

 the physics of the electric arc including different arc models. 

 

On the one hand this chapter provides an overview of the characteristics of selected salient-

pole machines in case of short-circuits, especially concerning the combination of the different 

time constants of the generator. On the other hand it also gives an overview of the physics of 

the electric arc and in particular an overview of the common used arc models  

2.1 Structure 

The following figure shows the equivalent network of the circuit to be analyzed. 

 

 

Figure 3: Equivalent network 

As shown in Figure 3 the circuit to be analyzed includes different elements, but with the 

addition that the grid is only for voltage stabilization and has no nameable influence on the 

characteristic of the current profile in case of a short-circuit fault. 

Therefore it’s necessary to analyze the impact of the elements “synchronous generator” and 

“circuit breaker with model of electric arc” on the characteristic of the analyzing fault’s current 

profile in the measurement point Iarc (cf. Figure 3). 
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2.2 Selected synchronous generators in case of short-circuit 

This paragraph provides an overview of salient-pole machines concerning their initial 

conditions (operating points) focused on the interaction of the different time-constants in case 

of short-circuits. In this matter on hand salient-pole machines with a field winding and a 

damper winding on d-axis and damper winding on q-axis are considered. The saturation is 

untended and the armature winding connection is wye (floating). 

2.2.1 Initial conditions 

A synchronous machine can work even as a motor and as a generator. In generator mode 

the machine delivers real power to the grid. It is also possible to set the conditions 

concerning the reactive power. The machine works like a capacitor when delivering reactive 

power to and like an inductance when taking up reactive power from the grid.5 

Capability curves according to synchronous generators are used to outline the stability limits 

of the selected machine. The axis of abscissas the reactive power in per-unit values is 

applied. The axis of ordinate shows the real power in per-unit values. They are also used to 

define several operating points of the selected machine. Operating points define the initial 

condition of the selected generator, which have an impact on the voltage and current signal 

sequences, especially on their position relative to each other and on the current magnitude. 

Different operating points cause different characteristics of current and voltage signal 

sequences. 

In general there are four different operating conditions belonging to synchronous machines. 

 

 Over-excited mode Under-excited mode 

Motor operation 

 consumes capacitive 
reactive power 

 delivers inductive reactive 
power 

 Phase angle φ: 
-π/2 < φ < 0 

 Load angle ϑ > 0 

 consumes inductive 
reactive power 

 delivers capacitive 
reactive power 

 Phase angle φ: 
0 < φ < π/2 

 Load angle ϑ > 0 

Generator operation 

 consumes capacitive 
reactive power 

 delivers inductive reactive 
power 

 Phase angle φ:  
-π < φ < - π/2 

 Load angle ϑ < 0 

 consumes inductive 
reactive power 

 delivers capacitive 
reactive power 

 Phase angle φ: 
π/2 < φ < π 

 Load angle ϑ < 0 

Table 1: Operating conditions of synchronous generators 

                                                
 
5
 cf. SPRING, E. (1998, 2006, 2009) p. 354 
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For these considerations both motor operations, over-excited and under-excited mode, 

represented in the above Table 1, can be untended. 

The following figure shows the capability diagram of a selected salient-pole synchronous 

generator with nominal power 223 MVA. In addition to that Table 2 lists the data belonging to 

the marked points in capability diagram. Short explanations belonging to the different 

operating points and their specific attributes, referring to the information in Table 1, follow 

afterwards.  

 

 

Figure 4: Capability diagram and operating points of the chosen synchronous generator 

 

No. Description p in p.u. q in p.u. 

OP 1 Open-circuit point 0,000 0,00 

OP 2 Nominal rating point 0,900 0,44 

OP 3 Under-excited rated power factor, nominal power 0,900 -0,44 

OP 4 Maximum under-excited reactive power, minimal turbine 

output 

0,300 -0,90 

OP 5 Under-excited rated power factor, minimal turbine output 0,300 -0,25 

OP 6 Under-excited phase-shifting point -0,001 -1,00 

Table 2: Operating points of synchronous generator (belonging to Figure 4) 

 

OP 1: Open-circuit point 

Characterizing for the open-circuit point is, that the generator is unloaded. It means that there 

is no delivered power or power consumption. 
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OP 2: Nominal rating point 

At nominal rating point the synchronous generator delivers or consumes the rated power. In 

that case, the generator delivers inductive power to the grid. The phase angle φ (between 

voltage and current) is between –π and –π/2. The load angle ϑ (angle between rotor and 

phase voltage) is negative. That implies that the generator is in over-excited mode. 

 

OP 3: Point of under-excited rated power factor at nominal power 

Operating point 3 is characterized by delivering the nominal power at under-excited mode. 

The synchronous generator acts like a capacitor. Both, the phase angle φ and the load angle 

ϑ are negative (cf. Table 1). 

 

OP 4: Point of maximum under-excited reactive power at minimal turbine output 

At operating point 4 the synchronous generator acts like a capacitor, the phase angle φ and 

the load angle ϑ are negative, like at OP 3 (cf. Table 1). The active power, which is delivered 

by the turbine, is at minimum (0.3 p.u.). 

 

OP 5: Point of under-excited rated power factor at minimal turbine output 

At operating point 5 the active power delivered by the turbine is at minimum, like at OP 4. 

Although the generator doesn’t deliver the rated power, it acts like a capacitor. Both, the 

phase angle φ and the load angle ϑ are negative (cf. Table 1). 

Note: The point in the capability diagram belonging to No. 5 (Figure 4) is wrong; the data in 

Table 2 concerning p and q are valid. 

 

OP 6: Under-excited phase-shifting point 

Last but not least, operating point 6 is the point of phase shifting. The synchronous generator 

is in pure capacitive mode. The delivered active power is only to cover the active power 

losses. The synchronous generator delivers maximum reactive power to the grid.  

 

According to CANAY, D.; KLEIN, H. (1974) the current DC-component becomes high, if the 

components vq0 (voltage in quadrature axis) and id0 (current in direct axis) are relatively small. 

That case appears if the synchronous generator works in under-excited mode near the 

stability limits. In the on hand task that situation occurs for instance at the operating points 4 

and 6.6 

2.2.2 Characteristics in case of near-to-generator short-circuit faults 

In general there are two different types of short-circuits due to their signal sequences: 

 far-from-generator short-circuit faults 

 near-to-generator short-circuit faults 

 

A short-circuit fault is a near-to generator fault if in case of fault at least one synchronous 

machine delivers an expectable initial short-circuit current which is more than the double of 

                                                
 
6
 cf. CANAY, D.; KLEIN, H. (1974), p. 200f. 
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the machine’s rated current. This type of short-circuit fault is considered in the on hand 

Master’s thesis.7 

 

The extreme case of a near-to-generator short-circuit fault is a three-pole terminal short-

circuit. The characteristic of the current profile is essentially depending on the time-variant 

synchronous reactance on direct axis Xd(t). In addition to the shifting caused by the DC-

component there are also higher values of the current’s initial AC component because of the 

transformer-type coupling between stator windings and rotor circuits. These higher values 

are based on two additional balancing processes on the form of the transient reactance Xd’ 

and the sub-transient reactance Xd’’.
8 

 

Figure 5 shows the current characteristic in case of a near-to-generator short-circuit fault 

using a salient-pole synchronous generator with damper winding. 

 

 

Figure 5: Schematic figure of current characteristic in case of short-circuit91011 

The sub-transient decay short-circuit alternating current IC’’ is obtained by drawing the 

envelope curves of the signal and interpolating these curves until the short-circuit’s starting 

point. The distance between the two envelopes is equivalent to the double peak value of sub-

transient decay short-circuit alternating current 2ÎC’’, as shown in Figure 5. With the passing 

of time this mentioned distance decreases until it is equivalent to the double peak value of 

steady state short-circuit current 2ÎC. Depending on the timing of the short-circuit there is a 

DC-component beside the alternating current in each phase which is characterized by an 

exponential decay with a DC time constant. The highest DC-component occurs if the short-

circuit enters in time of voltage zero-crossing in one phase. In time of maximum voltage there 

is almost no DC-component.12 

                                                
 
7
 cf. BALZER, G.; NELLES, D.; TUTTAS, C. (2009), p. 225f. 

8
 cf. SCHWAB, A. (2012), p. 330ff.) 

9
 cf. SCHWAB, A. (2012), p. 332)  

10
 cf. SPRING, E. (1998, 2006, 2009), p. 394 

11
 cf. KLAMT, J. (1962), p. 106f. 

12
 cf. SPRING, E. (1998, 2006, 2009), p. 395 
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In conformity with KLAMT, J. (1962) in general there is a difference between the reactances 

in direct-axis (d-axis) and those in quadrature-axis (q-axis). Although for the determination of 

the total short-circuit current it’s enough to consider the reactances in d-axis. In general the 

reactances also depend on the state of saturation, which is neglected in this case.13 

In following the characteristic parameters of synchronous generators are explained based on 

KLAMT, A. (1962), SCHWAB, A. (2012) and SPRING, E. (1998, 2006, 2009). 

 

Synchronous reactances Xd and Xq 

The synchronous reactance in d-axis is the sum of main reactance and leakage reactance. It 

is the quotient of rated voltage and steady-state short-circuit current. The synchronous 

reactance is assigned to the longitudinal field caused by the longitudinal armature flux and 

the excitation flux. In general the synchronous reactance in q-axis Xq is smaller than Xd. The 

synchronous reactances and the rotor voltage are mainly defining the behavior of the 

machine in steady-state symmetric operation, but also at very slow changes on the load.1415 

According to SCHWAB, A. (2012) the synchronous reactance in quadrature axis 

Xq is about 0.5 … 0.7 Xd.
16 

 

Negative sequence reactance X2 and negative sequence resistance R2 

These two parameters are parameters of a separate model to describe it in case of 

unbalanced operating conditions. Usually if the armature currents form an asymmetric three-

phase-system they will be excluded in a positive sequence which turns with the rotor and a 

negative sequence which turns contrary to the rotor. The negative sequence field induces 

currents in the rotor’s damper winding, which reduce the armature field. These negative 

sequence currents cause an effective negative sequence armature voltage which results 

from the product of the negative sequence current’s rms-value and the negative impedance 

Z2, whereby it applies     √  
    

  .17 

According to KLAMT, J. (1962) the negative sequence reactance X2 is the quotient of voltage 

and current if there is only one active negative sequence system.18 

 

Zero sequence reactance X0 an zero sequence resistance R0 

If the sum of the three armature currents is not zero, the method of symmetric components 

also provides a zero sequence system in addition to the positive and the negative sequence 

system. In the zero sequence system all AC-components, which are in phase in the three-

phase armature circuit, appear. The zero sequences of the armature currents don’t make any 

contributions to the flux’ fundamental oscillation. The voltages and currents of the zero 

sequence are related to each other by the zero sequence impedance Z0, whereby it applies 

   √  
    

 . The magnetic flux, which is associated to the zero sequence reactance, 

forms itself on the armature leakage. The zero sequence soaks the damper winding and the 

                                                
 
13

 cf. KLAMT, J. (1962), p. 105 
14

 cf. KLAMT, J. (1962), p. 105 
15

 cf. KOMITEE 311 (2004), p. 76 
16

 cf. SCHWAB, A. (2012), p. 302f. 
17

 cf. KOMITEE 311 (2004), p. 77f. 
18

 cf. KLAMT, J. (1962), p. 105 
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poles up to a particular share. That’s the reason why the zero sequence resistance R0 

includes the DC resistances of the armature and an additional value which considers the 

losses caused by the zero sequence in the damper winding and in parts of the rotor. 19 

 

Direct axis synchronous transient reactance Xd’ 

In dynamic processes the field building and the field reduction in direct axis depends on the 

change of direct axis armature AC, on the field current, on the current in direct axis of 

substitute damper winding and on eddy currents in solid (pole) parts. At nearly constant field 

current the field’s rate of change in direct axis correlates to the q-axis component of armature 

voltage. A sudden short-circuit causes a clear rate of change concerning the q-axis 

component of voltage, and a minimum rate of change concerning the d-axis component of 

voltage. The synchronous transient reactance Xd’ is a result of the alternating current at the 

beginning of the transient period.20 

According to KLAMT, J. (1962) the leakage between armature and field winding controls the 

synchronous transient reactance Xd’.
21 

SCHWAB, A. (2012) describes the synchronous transient reactance Xd’ as a reason for the 

higher short-circuit AC-amplitude at the beginning. The changing of the stator current and the 

resulting change of the magnetic field at the moment, when a short-circuit occurs, induces a 

circulation voltage in the field winding which is short-circuited over the field voltage source. 

This circulation voltage drives a current through the field-winding, which is linked to a 

magnetic field. This field tries to compensate the flux alteration of the stator field Lenz’s law) 

and tries to keep the air-gap flux on the constant value from the point of time before the 

short-circuit occurred. In general current and flux are directly proportional by the quotient of 

inductivity and by current passed windings. For this reason the inductivity must decrease if 

the current increases by a constant flux; a minor inductivity Ld’ means a minor reactance 

Xd’.
22 

 

Direct axis synchronous sub-transient reactance Xd’’ 

At synchronous generators with damper winding the effect, which causes the transient 

reactance Xd (as described above) also appears a second time, but in damper winding. This 

causes the sub-transient reactance Xd’’, which is smaller than the transient reactance Xd’. 

Therefore the initial amplitude of the alternating current increases a further time.23 

According to KLAMT, J. (1962) the sub-transient synchronous reactance Xd’’ depends on the 

leakage of armature, field and damper winding and other dampening metal parts, such as 

massive stator poles.24 

 

Quadrature axis synchronous sub-transient reactance Xq’’ 

The creation and reduction of the magnetic field in quadrature axis depends on the ratio on 

the armature current’s quadrature component, on the current in quadrature axis of substitute 

                                                
 
19

 cf. KOMITEE 311 (2004), p. 78 
20

 cf. KOMITEE 311 (2004), p. 77 
21

 cf. KLAMT, J. (1962), p. 106 
22

 cf. SCHWAB, A. (2012), p. 331f. 
23

 cf. SCHWAB, A. (2012), p. 332 
24

 cf. KLAMT, J. (1962), p. 106 
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damper winding and on eddy currents in solid (pole) parts. The field’s rate of change in 

quadrature axis correlates to the d-axis component of armature voltage. In general the 

quadrature axis synchronous transient reactance Xq’ is not attended in the technical 

standards.25 

 

Time-constants 

Armature short-circuit time constant 

The armature short-circuit time constant is also known as DC time constant. The level 

depends on the phase angle of short-circuit’s timing (as mentioned above).26 

In SCHWAB, A. (2012) the DC time constant is calculated by the inductance and the 

resistance of the relevant circuit.27 

 

Transient and sub-transient open-circuit time constant 

After a step change of the voltage in the field winding there could be currents in the d-axis 

damper winding from time to time. The characteristic of the armature voltage and of the field 

current separates into two periods. The first period is characterized by the sub-transient 

open-circuit time constant, the second mentioned time period by the transient open-circuit 

time constant. The transient open-circuit time constant has always a clearly higher value than 

the sub-transient open-circuit time constant. In general the standard shows an interest on the 

transient open-circuit time constant.28 

 

Transient and sub-transient short-circuit time constant 

The sub-transient short-circuit time constant characterizes the initial fast disappearing of the 

short-circuit current (sub-transient period). The transient short-circuit time constant is mainly 

responsible for the later slowly decay of the short-circuit current (transient period). In case of 

short-circuit the armature and the field winding magnetize contrarily. The main inductivity has 

a minor part in this process. Therefore the short-circuit time constants have lower values 

than the open-circuit time constants. The courses of time of armature currents can be divided 

into a sub-transient initial part with the sub-transient short-circuit time constant, and into a 

following part characterized by the transient short-circuit time constant which is significant 

higher than the sub-transient one.2930 

 

 

2.3 High voltage circuit breakers 

Breaking short-circuit currents in high voltage grids places high requirements on switch 

gears. In the shortest possible time the circuit breaker should switch between being an ideal 

conductor to an ideal insulator and vice versa. The occurring of electric arcs at contact 

                                                
 
25

 cf. KOMITEE 311 (2004), p. 77 
26

 cf. KOMITEE 311 (2004), p. 79f. 
27

 cf. SCHWAB, A. (2012) p. 325 
28

 cf. KOMITEE 311 (2004), p. 79 
29

 cf. KLAMT, J. (1962), p. 108 
30

 cf. KOMITEE 311 (2004), p. 79 
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separation cannot be avoided. If the arc extinct after a short-circuit the voltage may recover. 

For this reason it is necessary to investigate the electric arc itself and the influence of the 

electric arc on the current characteristic.31 

2.3.1 Circuit breakers 

For a long time the minimum oil circuit breaker and the air blast circuit breaker have been the 

successful circuit breakers before the development of the SF6-circuit breakers started. These 

SF6-circuit breakers score with better characteristics for the extinguishing of electric arcs, a 

better insulating performance and low noise compared to the above mentioned circuit 

breakers. In general a distinction is made between circuit breakers with arc extinguishing 

medium and vacuum circuit breakers.32 

 

Circuit breakers with arc extinguishing medium 

According to RAGALLER, K. (1978) the basic concept for all circuit breakers in use today is 

the same, in spite of design and type, whether minimum oil, air or SF6. The electric arc burns 

in a gas under high pressure, with a strong pressure gradient along the arc axis. In the basic 

design, there are two nozzles (double-nozzle design). High pressure exists in the gas 

chamber surrounding the nozzle inlet, near the nozzle exits there is an area of low pressure. 

As a result of this pressure difference there is a flow induced symmetrically into the nozzles 

on both sides. This configuration exists in air-blast and SF6-circuit breakers. Usually 

minimum oil circuit breakers have a different geometry because the arc itself must generate 

the mentioned high pressure gas by vaporizing the oil. But there is also a burning arc in a 

strong gradient along the arc axis.33 

Figure 6 shows the main components of a self-blast interrupter.  

 

                                                
 
31

 cf. CRASTAN, V. (1999, 2006, 2012), p. 533 
32

 cf. CRASTAN, V. (1999, 2006, 2012), p. 548ff. 
33

 cf. RAGALLER, K. (1978), p. 10f. 
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Figure 6: Main components of a self-blast circuit breaker34 

After contact separation an electric arc is created, rapidly transported along the axis by the 

gas flow and the arc roots and driven downstream into the nozzles. As a reason there exists 

a well-defined and reproducible initial condition for the subsequent extinction process. In an 

optimum situation this process is largely independent of the phase of contact-separation. 

Only the metal vapor production during contact separation may have an influence on the 

process.35 

 

Air blast circuit breakers 

The compressed air (15 to 30 bar) which is stored in vessels is released in case of switching 

operation. In general over a voltage of about 60 to 110 kV the chamber is always under 

pressure. As a result the switching time is shortened and compression waves are avoided. 

An open air circuit exists. At contact separation the air is emitting to the environment. 

Compressors are responsible to refill the vessels afterwards. The air is also used as a driving 

mean for the contact movement, which happens mechanical or hydraulic.36 

 

SF6-circuit breakers 

SF6-circuit breakers have been in use for more than 30 years. The SF6 gas is particularly 

suitable as insulating and quenching medium because of its high dielectric strength and 

thermal conductivity.37 

The process of current interruption in high-voltage circuit breakers is a complex matter due to 

simultaneous interaction of several phenomena. After the circuit breaker contacts separated, 

an electric arc establishes and the current flow continues through the arc, which consists of a 

                                                
 
34

 ABB AB (2013), p. 22 
35

 cf. RAGALLER, K. (1978), p. 11ff. 
36

 cf. CRASTAN, V. (1999, 2006, 2012), p. 550 
37

 cf. ABB AB (2013), p. 16 
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core of extremely hot gas with a high temperature (up to 20000 K). That column of gas is 

fully ionized. If the current decreases to zero, the diameter of the arc also decreases, with a 

cross-section proportional to the current. In the area of current’s zero-crossing the gas cools 

down to a temperature of about 2000 K and is no longer ionized plasma and therefore no 

longer electrical conducting.38 

 

The earliest circuit breakers using SF6 gas had one extinguishing chamber, which was 

separated into two parts with different pressures (double-pressure circuit breaker). But they 

worked on the same principle as air-blast circuit breakers. In SF6 puffer circuit breakers the 

gas pressure for the cooling is created during the opening stroke in a compression cylinder. 

The starting time of the gas compression is the same as the contacts start their motion. The 

compressed gas is blown out of a nozzle, in which the electric arc burns.39 

In a normal puffer circuit breaker the major part of the pressure is created by the energy of 

the operating mechanism. But it would be more ideal if the arc itself produces the blast 

pressure and the operating mechanism only needs to deliver enough energy to enable the 

contact movement. That self-blast principle will make problems at interrupting lower currents 

but it represents a large step forward on the way of reducing the operating energy. For higher 

currents the energy, which produces the blast pressure is taken from the arc, which heats the 

gas. Figure 6 shows the system of a self-blast circuit breaker and its components. The red 

color represents the current’s path through the closed interrupter. It also can be seen that the 

extinguishing chamber is divided into two sections: the self-blast volume and the puffer 

volume which are separated by the self-blast valve (cf. Figure 6). If high fault currents are 

interrupted, the pressure in the self-blast volume, which is generated by the electric arc, is as 

high, that the valve will close. This should prevent the gas from an escape into the puffer 

volume. Instead of escaping the pressurized gas flows through the nozzles and extinguishes 

the arc. The following figure shows a process of high current interruption by a self-blast SF6 

interrupter with pre-compression. The process of current interruption will be explained by that 

figure.40 

 

                                                
 
38

 cf. ABB AB (2013), p. 16 
39

 cf. ABB AB (2013), p. 19 
40

 cf. ABB AB (2013), p. 22ff. 
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Figure 7: Process of high current interruption by a self-blast SF6 interrupter with pre-
compression41 

Part A in Figure 7 shows the interrupter at closed position. The current conduction is through 

the main contacts. Afterwards in part B the contact separation starts. The moving contacts 

have started to change their positions and the main contacts have parted. The pressure 

starts to build up in both, the puffer and the self-blast volume. The current commutated to the 

arcing contacts. When the arcing contacts separated, an electric arc establishes between 

them (part C). The arc’s heat generates pressure in the self-blast volume. If the pressure is 

higher than the pressure in the puffer volume, the valves will close. Part D in the figure above 

shows the arc extinction. The current approaches zero and the gas in the self-blast volume 

blasts up through the nozzles. It cools the arc and induces the arc extinction. The pressure in 

the puffer volume, which is not needed, is released through the pressure relief valve. 

Afterwards the contacts are open (part E). The contact motion is damped and stopped by the 

operating mechanism. While the contacts are closing in part F, the puffer volume is being 

refilled with cold gas and made ready for the next opening operation.42 

Today in high voltage nets SF6 circuit breakers with combined arcing chambers (thermic and 

blast pistons) are used. These SF6-circuit breakers are used up to 63 and 80 kA. Their 

limitation is given by the possibility of motion and the heat dissipation.43 
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 ABB AB (2013), p. 23 
42

 cf. ABB AB (2013), p. 23 
43

 cf. CRASTAN, V. (1999, 2006, 2012), p. 550f. 
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Vacuum circuit breakers 

Vacuum circuit breakers are the state of the art in medium voltage distributions. The large 

dielectric strength, the life cycle and the low need of maintenance honor this type of circuit 

breaker. Generally in vacuum there are no ionizable atoms, so an electric arc can only occur 

if contact-material vaporizes. Electrons and metal ions diffuse into the vacuum, build 

conducting plasma and recombine on the metal surfaces of the circuit breaker. At the current 

zero-crossing the development of the charge carriers stops and it is possible to deionize the 

switching path fast. Because of the different extinguishing principle, these types of circuit 

breakers are independent of their mechanical motion.44 

The main disadvantage of a vacuum circuit breaker is its usability up to about 30 kV, which is 

the maximum. Furthermore vacuum circuit breakers are not connected in series, in contrast 

to the usability of circuit breakers with an arc extinguishing medium.  

2.3.2 Physics of the electric arc 

The efforts to describe the electric arc mathematically started many years ago. Classified by 

the field of application and the type of arc the mathematic modeling has several differences. 

As a result different approaches to describe the attributes of the electric arc were developed. 

A common used way to describe the electric arc is the so called two-terminal-model. This 

model is characterized by the relation of voltage and current on the terminals of an element. 

The behavior of the element by using its terminals can be described by a differential 

equation. This form of mathematical description is based on an integral relation, which 

describes the electrical behavior of the electric arc. The physical processes inside the electric 

arc are often neglected.45 

At the beginning of the researches concerning electric arcs, stationary and quasi-stationary 

models of electric arc were developed. Current, voltage and arc’s length do not vary during 

an experiment or process. But the physics of the electric arc can’t be described in such an 

easy way. The upgrade of the arc’s physic to a dynamic description was essential concerning 

the systematic development and the improvement of electrical switch gears.46 

 

The physical basic of the modeling is the consideration of the arc column concerning its 

power balance. In stationary case the arc conductance depends on the radial temperature 

profile and therefore on the thermal capacity Q. In this case the dissipated power Pdiss = V ∙ I 

is only as high as needed to compensate the stationary thermic losses Pout. The thermal 

capacity Q of the arc column is constant. A change of the input power implicates a 

temperature change in the inner of the column and of the temperature profile as well as a 

change on the thermal capacity. That influences on the conductivity and reacts on the power 

requirements of the arc. The following applies:47 

  

  
         (2.1) 

                                                
 
44

 cf. CRASTAN, V. (1999, 2006, 2012), p. 551f. 
45

 cf. BERGER, S. (2007), p. 10f. 
46

 cf. BERGER, S. (2007), p. 12f. 
47

 cf. BERGER, S. (2007), p. 13 
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If the conductivity g is a function of the thermal capacity Q, the time derivate is, by using the 

chain rule of differential calculus, 

  

  
 

  

  
(       ) . (2.2) 

Some characteristics of the plasma column a premised by the above mentioned equation.48 

 The arc column is cylindrically symmetric. 

 The conductivity g is a differentiable function of the thermal capacity Q. 

 The power pdiss, which is dissipated of the arc column, is known. 

 

According to RIEDER, W. (1967) mentioned in BERGER, S. (2007) the exact determination 

of g(Q) and pout is possible, but associated with high efforts at well-known limiting conditions 

and plasma properties. Anyway useful simplifications and well-defined conditions led to 

respectable results in former times49. 

 

Mayr’s model of the electric arc 

MAYR, O. (1943) mentioned in BERGER, S. (2007), investigates wall-stabilized arcs in a 

tube with known limiting conditions at given wall temperature. Additionally he makes the 

following assumptions:50 

 cross-section of the arc: A = const. 

 thermal capacity: Q = const. 

 specific conductivity: σ = const.∙econst∙T with T … temperature of column 

 

On this assumptions, g(Q) can be described as 

 ( )         
 

   , (2.3) 

where Q0 is the heat quantity, which is needed to increase the conductivity of the arc column 

by the factor e. At constant cross-section of the tube and unchanging column temperature 

the power loss caused by thermal conduction is also constant. Furthermore, if the thermal 

conduction is the dominant mechanism to dissipate the heat, the dissipated power pdiss is 

constant in first approximation and pdiss = PM = const. Out of equation (2.3) the following 

results:51 
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where the thermic time constant Ƭ of the conductivity is 

  
  

  
        . (2.5) 
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 cf. BERGER, S. (2007), p. 14 
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 cf. BERGER, S. (2007), p. 14 
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 cf. BERGER, S. (2007), p. 14 
51

 cf. BERGER, S. (2007), p. 14f. 
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Mayr’s equation is a channel model which represents the typical decaying characteristic of 

low-current arcs in a first approximation. The characteristic of Mayr’s arc voltage is shown in 

the following figure.52 

 

 

Figure 8: Characteristic of Mayr’s arc voltage 

After experimental specifications the measures have been shown that the arc parameters Ƭ 

and PM are not constant. The only independent value is the conductance g. In a first step the 

power losses PM can be increased by a current-depending term vM∙i and Mayr’s equation 

becomes to53 
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If the parameters PM and Ƭ depend on the conductance g, the modified Mayr’s equation can 

be written down as54 
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However, the determination of the conductance-depending parameters is an enormous 

experimental effort and in general the parameters are adapted to each single application by 

experimental results of comparable switching-off currents.55 

 

According to BERGER, S. (2007) Mayr’s equation is not valid in regions of higher currents, 

because high-current arcs of constant length need a nearly current-independent voltage. 

This behavior is investigated by Cassie for axial flowed dynamic high-current arcs in 

cylindrical nozzles and substantiated theoretically by him.56 
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 cf. BERGER, S. (2007), p. 15 
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 cf. NEUMANN, C., p. 66 
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 cf. NEUMANN, C., p. 66 
55

 cf. NEUMANN, C., p. 66 
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 cf. BERGER, S. (2007), p. 15. 
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Cassie’s model of electric arc 

Cassie suspects that the column’s cross-section decreases by the axial convection current. 

Furthermore he simplifies that the arc temperature T and the resulting specific electric 

conductivity σ were constant and the current density was independent of current:57 

 current density: I = const.∙A with A … arc’s cross-section 

 specific conductivity σ = const. 

 

Consequently, the conductance g proportional depends on the arc’s cross-section A. At 

constant temperature the thermal capacity Q is also proportional to the cross-section of the 

electric arc. From58 

 conductance: g = const.∙A 

 thermal capacity: Q = const.∙A 

 

follows that 

 conductance: g(Q) = const.∙Q . 

 

The typical stationary behavior of a high-current arc is that the column’s gradient EC is nearly 

independent of the current. In stationary case the input power p = u²∙g is as high as needed 

to compensate the power pdiss = vC²∙g, which is dissipated by the convection. By using the 

chain rule of differential calculus the following equation results:59 

  

  
        (       

   )  (2.8) 

The thermal decay constant of the conductance as a result of the interruption of the energy 

supply is according to BERGER, S. (2007) 

  
 

         
  

 

  
   

 . (2.9) 

By using this time constant equation (2.8) leads to 
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The following figure shows the characteristic of Cassie’s arc voltage. 
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 cf. BERGER, S. (2007), p. 15 
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 cf. BERGER, S. (2007), p. 15 
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 cf. BERGER, S. (2007), p. 15 
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 cf. BERGER, S. (2007), p. 15 
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Figure 9: Characteristic of Cassie’s arc voltage 

 

According to BERGER, S. (2007) Cassie’s model of electric arc is a channel model for high-

current arcs, which are determined by the convection, have constant temperature, and their 

conductance change is caused by the change of the arc’s cross-section, which is caused by 

a convection current. In contrast, however, Mayr’s model of electric arc is also a channel 

model (as described above) but with the difference that the conductivity is not constant over 

the radius (temperature profile over the radius). In Mayr’s model of electric arc the 

conductivity depends exponentially by the temperature. The characteristics of the high-

current arcs are theoretical and experimental founded by LOWKE, J.; KOVITYA, P, AHMED, 

S. et al (1984) and mentioned in BERGER, S. (2007), even under the influence of both, 

natural and constrained convection and by using limiting conditions at the electrodes. The 

theoretical considerations of LOWKE, J.; KOVITYA, P, AHMED, S. et al (1984) mentioned in 

BERGER, S. (2007) also show that both, Cassie’s model of electric arc and Mayr’s model of 

electric arc require specific arc properties. Therefore the range of validity is limited. For this 

reason there have been and there are many efforts to combine both, Cassie’s and Mayr’s 

equation to only one equation.6162 

 

The combined Cassie-Mayr model of electric arc 

As described in BERGER, S. (2007), among others HABEDANK, U.; Siemens AG (1993) 

combines the above mentioned equations to one. He defines the total conductance g as a 

series connection of both conductances. One is specified by Mayr’s equation and one by 

Cassie’s equation. From this it follows equation (2.11) to63 

 

 
 

 

  
 

 

  
 . (2.11) 

But this approach is not founded physically. In fact Habedank’s opinion is, that models on his 

area of active research of electric current extinguishing would lose all physical relevance in 

the region of current’s zero-crossing. They would only be mathematical tools to calculate the 

time courses of current and voltage based on experiments. Although this combination of the 

two mentioned arc models is popular, it’s in question if this combined equation is worthy such 
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an outstanding position, especially in consideration of the amount on mathematical 

possibilities.6465 

In KOSHIZUKA, T.; SHINKAI, T.; UDAGAWA, K. (2009) the parameters for using the 

combined Cassie-Mayr model (by using SF6 gas model circuit breakers at 300 kV, 63 kA, 

50 Hz) are described as following, whereby two different sets of parameters are instanced:66 

 ƬC = 2.5 µs  ƬC = 2.5 µs 

 VC = 1500 V  VC = 1500 V 

 ƬM = 1.6 µs  ƬM = 0.16 µs 

 PM = 680 kW  PM = 13.6 kW 

 

BIZJAK, G.; ZUNKO, P.; POVH, D. (2004) defined parameters for the combined circuit 

breaker model on the basis of measurements tests of real circuit breakers for typical 110 kV 

SF6 circuit breakers at a maximum current of 54 kA. The parameters are67 

 ƬC = 0.8 µs 

 VC = 2350 V 

 ƬM = 0.22 µs 

 PM = 8800 W 

 

Further models of electric arc 

Beside the combined Cassie-Mayr model there are many other modifications to describe the 

electric arc. For better adaption of the varying conditions during the process of arc 

extinguishing different parameters, also not constant ones are implemented.68 

It should be considered that many of them are modified for specific experiments and 

measurements. The universal validity of the different models has not been proved so far. 

 

The model of Schwarz and Avdonin is described in FILIPOVIC-GRCIC, B.; UGLESIC, I.; 

FILIPOVIC-GRCIC, D. (2011) and is 
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   ] .69 (2.12) 

As can be seen, it is a further development of Mayr’s model of electric arc, described above 

(cf. equations (2.4) and (2.7). 

The calculation of the arc conductance requires data on the cooling power P and on the 

thermal time constant T. These two parameters, P(g) and T(g), are conductance dependent. 

They also depend on the temperature and the circuit breaker type and design. The cooling 

power P and the thermal time constant T can be defined as functions of conductance (as 

shown below), where α and β are constants.70 
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 cf. BERGER, S. (2007), p. 16 
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 cf. HABEDANK, U.; SIEMENS AG (1993) 
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 cf. KOSHIZUKA, T.; SHINKAI, T.; UDAGAWA, K. (2009), p. 2 
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 cf. BERGER, S. (2007), p. 17 
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 cf. FILIPOVIC-GRCIC, B.; UGLESIC, I.; FILIPOVIC-GRCIC, D. (2011), p. 2653 
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 cf. FILIPOVIC-GRCIC, B.; UGLESIC, I.; FILIPOVIC-GRCIC, D. (2011), p. 2653 
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 ( )         (2.13) 

 ( )         (2.14) 

The parameter α is described as parameter that influences the conductance dependency of 

T0; the parameter β influences the conductance dependency of P0. Both α and β are 

experimental constant parameters. For a rated voltage of 245 kV in ORAMA-EXCLUSA, L.; 

RODRÍGUEZ-MEDINA, B. (2003) following parameter values were determined, with the note 

that the parameters change according to the device and the circuit conditions:71 

 P0 = 2.0 MW 

 T0 = 11.2 µs 

 α  = 0.523 

 β  = 0.59 

 

The Model ZAGREB in HUTTER, S.; UGLESIC, I. (2007) also describes that type of 

combined Cassie-Mayr model. The following parameters for the equations (2.13) and (2.14) 

are used:72 

 P0 = 4.0 MW 

 T0 = 1.5 µs 

 α  = 0.17 

 β  = 0.68 

 

The test circuit (60 Hz) consists of a source voltage of 57.7 kVpeak and can also be seen in 

HUTTER, S.; UGLESIC, I. (2007). 

 

In MARTINEZ, J.; MAHSEREDJIAN, J.; KHODABAKHCHIAN, B. (2005) parameters for SF6 

circuit breakers are given as:73 

 P0 = 1 MW 

 T0 = 1.3 µs 

 α  = -0.15 

 β  = -0.28 

 

 

The arc models of Cassie and Mayr were developed in the 1930s and 1940s. Since then 

many other models were proposed and although they became more complex with time, none 

of them was truly able to represent the extreme complexity in case of electric arcs and the 

region of current zero-crossing. A new look on the physics of the electric arc, its interruption 

process and its extinguishing is made by Rieder and Urbanek. Both expressed some doubts 

regarding the assumption of thermal equilibrium used in most models up to that time. It was 

finally realized that the combined Cassie-Mayr equation and various modifications of it 

inadequately describe the physical processes occurring in gas-blast circuit breakers. The 
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nowadays design engineers are not able to answer several important questions by using the 

popular Cassie-Mayr models.74 

 

The KEMA High Power Laboratory Group introduced one of the innovations in arc models. It 

is another combination of Cassie’s and Mayr’s equation, but the arc model is adapted by 

Schavemaker and Van der Sluis to 
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  ). 75 (2.15) 

P0 and P1 are cooling power constants and Ƭ is the arc time constant. Varc is the constant arc 

voltage in the high current area. If the value of Varc is zero, KEMA will transform into Mayr’s 

equation. The model represents Cassie’s model during the high current, while nearby the 

zero current the modified Mayr model is dominant. That feature is provided by the “max” 

statement in the equation (2.15). The following parameter values have been determined from 

a least square fit of KEMA experimental results. The considered parameters for SF6 circuit 

breakers rated at 245 kV / 50 kA / 50 Hz are 76 

 Ƭ  = 0.27 µs 

 P0 = 15917 W 

 P1 = 0.994 W 
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 cf. REECE, M.P. (1985), p. 41f. 
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 cf. SCHAVEMAKER, P.; VAN DER SLUIS, L. (2000) in DARWISH, H.; ELKALASHY, N. (2003), p. 5 
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subtraction in the equation’s part“P1 v∙i”. Otherwise the units are not in accordance with each other. 
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 cf. SCHAVEMAKER, P.; VAN DER SLUIS, L. (2000) in DARWISH, H.; ELKALASHY, N. (2003), p. 5 



Modeling 24 

3 Modeling 

This chapter is about the modeling process of the circuit to be analyzed. The structure of the 

overall network is shown in Figure 10. The modeling of the circuit occurs in two phases: 

 Modeling of the overall structure 

 Modeling of circuit breaker and electric arc 

 

 

Figure 10: Equivalent network 

To execute the modeling of the on hand overall network and to do the numeric simulation 

there are various application software tools. The electromagnetics transient program EMTP-

RV is chosen because of its international acceptance and use. 

 

“EMTP-RV is a professional software for simulation and analysis of transients in power 

systems”77 

 

In addition to that EMTP-RV offers high flexibility to solve different assignments of tasks, 

especially concerning transients in power systems and proved successfully as such a 

suitable tool for these types of analyses. 

 

All numeric calculation, analyses and plots were done by using the software MATLAB 

R2008a. MATLAB is a product of MathWorks® and a common software to do technical and 

scientific calculations. 
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3.1 Modeling of structure 

As shown in Figure 10 the overall structure consists of four basic elements (by excluding the 

circuit breaker with model of the electric arc), which are specified in the following, and a few 

points of measurement. 

 

Grid 

The grid is modeled by a voltage source with source impedance. The wye connection is 

solidly grounded. A load-flow bus (type: slack bus) arranges a stable voltage at node “Grid” 

(cf. Figure 10). 

 

V 380 kVRMS,LL 

f 50 Hz 

SSC,1pol 5000 MVA 

SSC,3pol 7000 MVA 

X/R 12 --- 

Table 3: Parameters of element grid 

 

Fault 

The section fault is modeled with ideal switches and defined closing times to build several 

types of faults (line-to-earth faults, short-circuits, etc.). In the on hand Master’s thesis there is 

only a three phase short-circuit fault with and without earth connection used.  

 

 

Transformer 

The transformer-block is composed of non-ideal transformer units based on the ideal 

transformer. The voltage level is 380 kVRMS,LL on high tension and 13,8 kVRMS,LL on low 

tension. 

 

Voltage ratio 380/13,8 --- 

frT 50 Hz 

SrT 223 MVA 

uK 14.5 % 

rK 0.29 % 

X/R on high tension/low tension 1:1 --- 

Table 4: Parameters of element transformer 

 

The winding connection of the transformer is YNd5 (with a solidly grounded wye connection). 

The saturation is untended. Furthermore losses such as iron losses and hysteresis losses 
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are also untended. The following figure shows the correct circuitry of a transformer of type 

YNd5 (wye connection solidly grounded) or Yd5 (wye connection without ground connection). 

 

 

Figure 11: Connection symbol of Yd5/YNd5-transformer 

In addition to the ratio 
√    

  
, an YNd5 transformer is characterized by a phase rotation of 

5∙30° = 150°. These types of transformers are commonly used in electric networks. 

 

 

Synchronous generator 

The parameters of the synchronous generator can be seen in Table 5. 

 

VrG 13,8 kVRMS,LL f 50 Hz 

SrG 223 MVA cos φ 0.9 -- 

Speed 187,5 rpm If 1562 A 

Ta 0.33 s Ra 0.00163 p.u. 

X2 0.215 p.u. X0 0.1 p.u. 

Xd 1.06 p.u. Xq 0.71 p.u. 

Xpotier 0.17 p.u. H 4.4 -- 

Xd’ 0.29 p.u. Xd’’ 0.225 p.u. 

Xq’ 0.71 p.u. Xq’’ 0.206 p.u. 

Td’ 2.5 s Td’’ 0.076 s 

Tq’ 0 s Tq’’ 0.07 s 

Td0’ 9.2 s Td0’’ 0.0098 s 

Tq0’ 0 s Tq0’’ 0.25 s 

Table 5: Parameters of element synchronous generator 
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The generator is modeled by the block for synchronous machines (library “machines”). On 

basis of a load-flow bus (type: PQ control) it’s possible to set various generator operating 

points, which have an influence of voltage and current profiles at node “Gen” (cf. Figure 10). 

 

The generator is a salient-pole machine with field winding and damper winding on d-axis and 

damper winding on q-axis. The saturation of the machine is untended; the armature winding 

is connected in wye (floating). 

 

 

Measurements 

To realize the measurements the library meters provides various helpful tools, like “i scope 

and observe” or “v scope (1 pin)” and “v scope (2 pins)”. 

 

 

Calculation of range of expected short-circuit currents 

The following calculation is to assess the range of the expected short-circuit currents. 

 

The rated current IrG of a synchronous generator is calculated by the rated power SrG and the 

rated voltage VrG. 

    
   

√     
  (3.1) 

The result in this on hand case is 

    
       

√         
          . (3.2) 

To calculate the initial (sub-transient) short-circuit current Ic’’ it is necessary to know the total 

sub-transient short-circuit impedance ZcG, which could be determined as  

    
  
     

  

 
 
(   ) 

   
 ,  (3.3) 

whereby the related value of the impedance is the average of the sub-transient short-circuit 

impedances in both direct and quadrature axes. 

By inserting the above given values the result is 

    
           

 
 
(       ) 

       
        . (3.4) 

The expected initial value of the short-circuit current IcG’’ on the low-voltage side can be 

calculated by the short-circuit impedance ZcG to 

                . (3.5) 

This means an increase of the short-circuit current compared to the rated current of nearly 

six times. In the on hand Master’s thesis the circuit breaker operates on high tension. 
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Therefore the current to be considered through the circuit breaker has to be calculated on 

high tension (cf. Figure 10). 

 

The transformer’s short-circuit impedance can be calculated to 

       
(   )

 

   
 . (3.6) 

In this case a value of 

          
(      ) 

       
         , (3.7) 

could be estimated related on the high voltage side. 

 

To determine the total effective impedance the short-circuit impedance of the synchronous 

generator has to be converted on high voltage side, like following shows, to 

         (
      

       
)
 
        (

      

       
)
 
          . (3.8) 

With the sum of the values of the transformer’s short-circuit impedance and the converted 

synchronous generator’s short-circuit impedance an estimated initial value of the short-circuit 

current Ic on high voltage side (at circuit breaker) can be calculated. 

                                          (3.9) 

     
   

√      
      . (3.10) 

     
      

√          
              . (3.11) 

The short-circuit current which should be interrupted by the high voltage circuit breaker is in a 

range of about 1 kA. Assigning the value of the short-circuit current it should not be a 

problem for circuit breakers like SF6 circuit breakers to break such current ranges. According 

to CRASTAN, V. (1999, 2006, 2012) SF6 circuit breakers are built for currents up to 63 and 

80 kA.78 

  

                                                
 
78

 CRASTAN, V. (1999, 2006, 2012), p. 551 
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3.2 Modeling of electric arc 

In this chapter the implementations of the used arc models in the software EMTP-RV are 

described. The following models are considered in the on hand Master’s thesis: 

 Model with constant d.c. arc voltage 

 Cassie’s model of electric arc 

 Mayr’s model of electric arc 

 Combination of Cassie’s and Mayr’s arc model 

 

 

Model with constant d.c. arc voltage 

The model with constant d.c. voltage is characterized by the constant arc voltage, which 

applies between tcontactseparation and tfirstzerocross, which is the time period of arc lightening. The 

typical characteristic of the constant d.c. arc voltage is diagrammed in Figure 12. 

 

 

Figure 12: Schematic diagram of arc voltage if arc voltage is a constant d.c. voltage 

Start of the arc voltage is 40 ms after the fault occurs (tcontactseparation), tfirstzerocross is the point 

where the circuit breaker contacts are separated, the electric arc is extinguished and the 

current is zero. The model is realized with two ideal switches, which operate contrary, and a 

DC voltage source. The voltage level can easily be set by the DC voltage source.  

 

 

Figure 13: Implementation of model with constant d.c. arc voltage 
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Cassie’s equation 

Cassie’s equation is composed of various useful elements of library “control”. The library 

“nonlinear” provides the element “R nonlinear controlled”, which is used to insert the equation 

into the overall network (please also refer to chapter 2.3.2). 

 

 

Figure 14: Implementation of Cassie's equation 

As can be seen in the figure above fundamental operations of arithmetic are sufficient, 

expect an integrator element, to implement Cassie’s equation. The same is guilty for the 

implementation of Mayr’s equation or the combined Cassie-Mayr equation. The parameters 

Vc and Ƭ can be set as constants. The integrator is without any limits. To avoid divisions by 

zero, the current through the arc is calculated by the arc voltage v and the arc conductance 

G. The current pin i is not used. 

 

Mayr’s equation 

Mayr’s equation is like Cassie’s equation composed of various useful elements of library 

“control”. The library “nonlinear” provides the element “R nonlinear controlled”, which is used 

to insert the equation into the overall network (please also refer to chapter 2.3.2). The current 

in Mayr’s model is (as in Cassie’s equation above) calculated from the voltage and the 

electric conductance. 
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Figure 15: Implementation of Mayr’s equation 

 

Combined Cassie-Mayr equation 

As described in chapter 2.3.2 the combined Cassie-Mayr equation is the sum of both 

reactances Cassie and Mayr. The block diagram can be seen in the following figure. 

 

 

Figure 16: Implementation of the combined Cassie-Mayr equation  
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4 Results and discussion 

This chapter is concerned with all kinds of analyses belonging to the on hand Master’s 

thesis, including 

 worst-case point on wave calculation with respect to the DC-component 

 selection of outlined operating points 

 comparison of the arc models in a single-phase circuit 

 evaluation of results using a single-phase circuit 

 implementation of relevant arc models in a three phase circuit 

 discussion about the impact of arc voltage on zero-crossing of current considering the 

wye-connection of the transformer 

 discussion about the impact of arc voltage on zero-crossing of current considering the 

ground-connection of the fault 

 

4.1 Worst-case point on wave with respect to the DC-component 

Before starting with the analyses the worst-case point on wave with respect to the DC-

component has to be found. It is calculated for the nominal rating point of the synchronous 

machine, but also valid for the other outlined operating points. The variation of point on wave 

happens in steps of 9° (equates to steps of 0.5 ms) over a half-wave. Starting point is at 

zero-crossing of phase-to-earth voltage in phase A of generator voltage, time t0 = 0 ms (cf. 

Figure 17). As fault there is chosen a three-phase short-circuit (without ground connection). 

The interesting factor is the current’s DC-component in point of contact separation (estimated 

40 ms after fault). 

The following equations show a step-by-step calculation of the current’s DC-component. 

 

 

Figure 17: Chart of signal sequences including the naming 

                         (4.1) 

      
 

 
 (4.2) 
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         (4.3) 

    
 

  
 ∫  ( )  

  
  

 (4.4) 

    √
 

  
 ∫ [ ( )     ]

    
  
  

 (4.5) 

        
   

√     
       (4.6) 

 

 

Figure 18 reflects the periodic characteristic of the maxima in the different phases in steps of 

60°, as expected, the corresponding table is provided in the appendix.  

 

 

Figure 18: Relative DC-component of phase current in different phases 

It is also shown, that the DC-component is highest at the voltage’s zero-crossings of the 

different phases (at 0°, about 60° and about 120°) as described in chapter 2.2.2. The lowest 

DC-component (nearly 0 % in the figure above) appears when the phase-to-earth voltage is 

at maximum peak. It has to be considered that the calculation is only an approximation 

because of the discrete availability of the signal, so there could be little differences between 

the figure above and the theoretic analyses. 

 

For further analyses the point on wave is set at 0°. The starting point is, like above 

mentioned, the point of time where the voltage zero-crossing of phase A in the rising edge 

appears. The worst case point on wave for a three-phase fault concerning the DC-

component is (according to chapter 2.2.2) if the phase voltage crosses zero in rising edge. 
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4.2 Selection of operating points 

For the selection of the operating points the uninfluenced short-circuit signal sequences of all 

operating points are needed. The assignment of tasks is to use the operating points 1, 2 and 

6 in any case and in addition to that to identify the worst-case concerning the DC-component 

and the point of time of current’s first zero-crossing out of the operating points 3, 4 and 5. 

The current’s DC-component is calculated as in chapter 4.1 executed. The calculation results 

are shown in Table 6. 

 

 iDC,rel in % tfirstzerocross in ms 

Operating point Phase A Phase B Phase C Phase A Phase B Phase C 

1 95,61 57,68 37,32 64,71 63,18 70,49 

2 80,13 49,31 31,15 64,24 75,37 69,46 

3 114,47 71,08 43,94 139,55 75,51 68,35 

4 188,99 115,63 72,57 400,00 400,00 64,00 

5 99,42 60,80 39,08 63,58 76,51 69,86 

6 176,41 106,81 70,84 282,79 99,62 64,02 

Table 6: DC-component of current and point of time of current’s first zero-cross in each 
phase in due consideration of different operating points 

 

 

Figure 19: Relative DC-component of current in each phase in due consideration of different 
operating points 
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As shown in Figure 19, there is a wide difference concerning the relative DC-components. 

On the one hand there are differences between the three phases in one operating point, in 

which phase A is the most disadvantaged phase of all. This is valid for all considered 

operating points. On the other hand there are also differences between the six operating 

points.  

While the operating points 1 (open-circuit point) and 2 (nominal rating point) show a relative 

DC-component of about 100 % (maximum value), the other operating points have a clearly 

higher value of DC-component, expect operating point 5. But it has to be considered, that 

operating point 5 is at minimal turbine output and under-excited rated power factor 

(p = 0.3 p.u., q = -0.25 p.u.), in opposition to the other points, where active power p or 

reactive power q have values of at least 0.9 (expect open-circuit point). 

 

 

Figure 20: Point of time of current’s first zero-crossing in each phase in due consideration of 
different operating points 

It’s the same story in both DC-component and current’s zero-crossing: The point of time of 

current’s first zero-crossing in the operating points 1 and 2 is immediately after the point of 

time of contact separation (40 ms). The similar pattern can be seen at operating point 5. In 

operating point 3 the point of first current’s zero-crossing appears about twice later in phase 

A; the phases B and C show the first zero-crossing of current immediately after contact 

separation. As a result only the operating points 4 and 6 have clearly later points of first zero-

crossings in some phases. 

 

There is an evident difference of the relative DC-component and the first zero-crossing of 

current between the operating points 3, 4 and 5, whereas operating point 4 is clearly at a 

disadvantage. The DC-component of phase A at operating point 4 is nearly twice of the DC-

component in the same phase at the operating points 3 and 5. Therefore operating point 4 is 
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chosen as worst-case operating point out of the operating points 3, 4 and 5. For further 

analyses the points 1, 2, 4 and 6 are identified as relevant initial conditions. 

4.3 Comparison of arc models, single-phase 

Before implementing the different arc models (described in chapter 2.3.2) in the structure 

shown in Figure 3, it is useful to test the arc models in a one phase test circuit and verify their 

availability. 

Therefore a single-phase test circuit with a source and different types of loads in the system 

are built up. 

 

Pure resistive test circuit with resistance R 

True for all models is the circuit breaker opening time, tcontactseparation = 20 ms. 

To compare the different arc models in single-phase a test circuit with a superposed voltage 

signal, a circuit breaker model, a resistance R, an amperemeter for current detection and a 

voltmeter for arc voltage measurement is built up as shown in Figure 21. 

 

 

Figure 21: Equivalent network 

The voltage’s and the current’s decaying waves with missing zero-crossings are diagrammed 

in Figure 22, a similar decaying characteristic is typical for short-circuit currents of 

synchronous generators. 

 

 

Figure 22: Reference current basic signal 

The following figures show the signal sequences using different arc models. Figure 23 shows 

only the model with a constant d.c. arc voltage of different values. The corresponding arc 

model parameters and calculated values may be seen in Table 7. 
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Figure 23: Signal sequences at different arc voltages by using the model with constant d.c. 
arc voltage 

 

In Figure 24 you can see the comparison of arc voltage and current profile between different 

used arc models. 

 

 

Figure 24: Comparison of arc voltages and shape of currents of different arc models 
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No. Type Parameters 

Time of first 

zero-crossing 

in ms 

Time 

difference 

to ideal 

CB in ms 

Time 

difference 

to ideal 

CB in % 

0 Ideal circuit breaker No parameters needed 45,84 0,00 0,00 

1 Model with constant 

d.c. arc voltage 
VDC = 1000 V 

45,78 0,05 0,12 

2 Model with constant 

d.c. arc voltage 
VDC = 2000 V 

45,73 0,11 0,24 

3 Model with constant 

d.c. arc voltage 
VDC = 5000 V 

45,57 0,27 0,59 

4 Cassie-equation ƬC = 1 µs, VC = 1000 V 45,81 0,03 0,06 

5 Cassie-equation ƬC = 10 µs, VC = 1000 V 45,84 0,00 0,00 

6 Mayr-equation ƬM = 1 µs, PM = 65 MW 28,09 17,75 38,72 

7 Mayr-equation ƬM = 10 µs, PM = 65 MW 28,36 17,48 38,13 

8 Combined Cassie-

Mayr-model 

ƬC = 1 µs, VC = 1000 V 

ƬM = 1 µs, PM = 65 MW 

28,09 17,75 38,72 

9 Combined Cassie-

Mayr-model 

ƬC = 10 µs, VC = 1000 V 

ƬM = 10 µs, PM = 65 MW 

28,36 17,48 38,13 

Table 7: Comparison of different models concerning time of zero-crossing 

 

 

Under inductive load test circuit with impedance X 

True for all models is the circuit breaker opening time, tcontactseparation = 20 ms. 

 

The different arc models are also used in an inductive test circuit with a superposed source 

signal, circuit breaker model, impedance X, an amperemeter for current detection and a 

voltmeter for arc voltage measurement (as shown in Figure 25). 

 

 

Figure 25: Equivalent network 
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The resultant source signal is a superposition of two signals, the impedance is 

X = 24 Ω +j205 Ω 

The resultant current signal has an rms-amplitude of about 1 kA which is according to the 

nominal short-circuit current in the network shown in Figure 10.  

Table 8 shows the used types of arc models and the corresponding arc model parameters. 

Furthermore the results of point of time of current’s first zero-crossing can be seen. 

No. Type Parameters 

Time of 

first zero-

crossing in 

ms 

Time 

difference 

to ideal 

circuit 

breaker in 

ms 

Time 

difference 

to ideal 

circuit 

breaker in 

% 

0 Ideal circuit breaker No parameters needed 95,38 0,00 0,00 

1 
Model with constant 

d.c. arc voltage 
VDC = 1000 V 95,07 0,31 0,32 

2 
Model with constant 

d.c. arc voltage 
VDC = 2000 V 94,80 0,58 0,61 

3 
Model with constant 

d.c. arc voltage 
VDC = 5000 V 94,03 1,35 1,42 

4 Cassie-equation ƬC = 1 µs, VC = 1000 V 95,07 0,31 0,32 

5 Cassie-equation ƬC = 10 µs, VC = 1000 V 95,07 0,31 0,32 

6 Cassie-equation ƬC = 1 µs, VC = 2000 V 94,80 0,58 0,61 

7 Cassie-equation ƬC = 10 µs, VC = 2000 V 94,80 0,58 0,61 

8 Mayr-equation ƬM = 1 µs, P0 = 1,1 MW 94,55 0,83 0,87 

9 Mayr-equation ƬM = 10 µs, P0 = 1,1 MW 94,58 0,80 0,83 

10 Mayr-equation ƬM = 1 µs, P0 = 2,2 MW 93,95 1,43 1,50 

11 Mayr-equation ƬM = 10 µs, P0 = 2,2 MW 93,99 1,39 1,46 

12 
Combined Cassie-

Mayr-model 

ƬC = 1 µs, VC = 1000 V 

ƬM = 1 µs, P0 = 1,1 MW 
93,99 1,39 1,46 

13 
Combined Cassie-

Mayr-model 

ƬC = 10 µs, VC = 1000 V 

ƬM = 10 µs, P0 = 1,1 MW 
94,59 0,80 0,83 

14 
Combined Cassie-

Mayr-model 

ƬC = 10 µs, VC = 2000 V 

ƬM = 10 µs, P0 = 2,2 MW 
93,99 1,39 1,46 

Table 8: Comparison of different models concerning time of zero-crossing 
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The following figures show the signal sequences of the different arc voltages and currents by 

using different models and various parameters. The parameters can be seen in Table 8. 

Figure 26 shows the different signal sequences for different VDC using the model with 

constant d.c. arc voltage. It can be seen that the arc voltage is constant during the time while 

the arc is burning. 

 

 

Figure 26: Signal sequences at different arc voltages, model with constant d.c. arc voltage 

 

In Figure 27 different arc voltages by using Cassie’s equation can be seen. It is visible, that 

Cassie’s arc voltage is constant and similar to the arc voltages’ characteristics shown in 

Figure 26. 

 

 

Figure 27: Signal sequences at different arc voltages by using Cassie’s equation 

 

In contrast, the arc voltage at Mayr’s model depends among other things on the current. For 

that reason that the arc voltage is no longer a constant but has a characteristic as shown in 

Figure 28. Typical for the characteristic of Mayr’s arc voltage is the rapid increase in the area 

around current’s zero-crossing. 
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Figure 28: Signal sequences at different arc voltages by using Mayr’s equation 

The arc voltage resulting of the combined Cassie-Mayr equation is in a large part similar to 

the arc voltage resulting out of Mayr’s equation. Characterizing is also the overshoot at the 

beginning, which can be seen in Figure 29. 

 

 

Figure 29: Signal sequences at different arc voltages by using the Cassie-Mayr model 

 

4.4 Evaluation of results, single-phase 

A number of sources in a circuit with linear and time-invariant elements make an impact on 

the resultant total current in each defined point of the circuit, implied in the Helmholtz’s 

theorem of superposition. Figure 30 shows the Helmholtz’s theorem of superposition applied 

on any desired elementary circuit. 
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Figure 30: Schematic diagram of Helmholtz’ superposition theorem 

Based on Helmholtz’ superposition theorem for linear electrical circuits the voltage of the 

power supply unit Vsource and the counteracting arc voltage Varc in the defined space of time in 

the figure above cause a resultant total current depending on these two voltages. 

 

 

 

Characterizing for Mayr’s model of electric arc is the fact, that the arc voltage is not constant 

over the lightening period (compared to Cassie’s model). At the very end of the lightening 

period the arc voltage in Mayr’s equation has a steep slope what causes a sharp decline of 

the current (cf. Figure 31). 

 

 

Figure 31: Characteristic of Mayr’s arc voltage 

 

Compared to a circuit with pure resistive load with a sharp decline of the current a circuit 

under inductive load doesn’t show the effect of the sharp decline that clearly (cf. Figure 32). 
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Important is the look on scaling factor of the ordinate. While on the left-hand side picture the 

current goes to zero fast (higher di/dt), the current’s rate of change is comparable smaller on 

the right-hand side picture. 

 

 

Figure 32: Sharp decline of the current in circuits with different load (pure resistive load and 
inductive load) and combined Cassie-Mayr-equation 

This effect is caused by the signal shifts of voltage, arc voltage and current in different load 

cases (cf. Figure 33). 

 

 

Figure 33: Signal characteristics (sketch) of circuits with different load 

In case of inductive load the zero-crossing of i(t) is at the same time as the maximum of the 

voltage v(t) (cf. Figure 33, right-hand side sketch). The arc voltage varc(t) battles a higher 

value of v(t). The arc voltage varc(t) is lower in relation to the voltage v(t), what implicates a 

lower rate of change in i(t) (cf. Figure 32, right-hand side figure). According to this aspect in 

case of pure resistive load the zero-crossing of i(t) is contemporaneous with the zero-

crossing of v(t). So the arc voltage varc(t) in that case battles a lower value of v(t) compared to 
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the case of inductive load. The arc voltage varc(t) is higher related to the voltage v(t). That 

implicates a higher rate of change in i(t), what can be seen on left-hand side in Figure 32. 

To establish a relation between the arc voltage Varc and the total time constant Ƭ (of the 

overall circuit) it is helpful to replace the arc voltage source with a virtual resistance 

depending on the arc voltage and the current through the arc, according to Ohm’s law (cf. 

Figure 34). 

 

 

Figure 34: Representation of arc voltage as a virtual resistance 

Different arc models cause different virtual arc resistances, depending on the value of the arc 

voltage. The higher the arc voltage, the higher the virtual arc resistance is. 

 

In general circuits under inductive load have a time constant Ƭ, for which additionally holds 

  
 

 
 . (4.7) 

If there is an additional (virtual) resistance Rarc (caused by the electric arc) the time constant 

Ƭ becomes to 

  
 

      
 . (4.8) 

That causes a reduction of the time constant, provided that the inductivity L is constant. 

 

The following table shows the parameters used at the different models. Furthermore the 

points of time of currents’ first zero-crossings and the virtual arc resistances Rarc are visible. 
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No. Type Parameters 

Time of first 

zero-crossing 

in ms 

Virtual arc 

resistance Rarc 

in Ω 

0 Ideal circuit breaker No parameters needed 95,38 0,00 

1 
Model with constant 

d.c. arc voltage 
VDC = 1000 V 95,07 2,66 

2 
Model with constant 

d.c. arc voltage 
VDC = 2000 V 94,80 8,58 

3 
Model with constant 

d.c. arc voltage 
VDC = 5000 V 94,03 23,98 

4 Cassie-equation ƬC = 1 µs, VC = 1000 V 95,07 2,66 

5 Cassie-equation ƬC = 10 µs, VC = 1000 V 95,07 2,64 

6 Cassie-equation ƬC = 1 µs, VC = 2000 V 94,80 8,18 

7 Cassie-equation ƬC = 10 µs, VC = 2000 V 94,80 6,92 

8 Mayr-equation ƬM = 1 µs, PM = 1,1 MW 94,55 192,48 

9 Mayr-equation ƬM = 10 µs, PM = 1,1 MW 94,58 182,18 

10 Mayr-equation ƬM = 1 µs, PM = 2,2 MW 93,95 191,32 

11 Mayr-equation ƬM = 10 µs, PM = 2,2 MW 93,99 129,78 

12 
Combined Cassie-

Mayr-model 

ƬC = 1 µs, VC = 1000 V 

ƬM = 1 µs, P0 = 1,1 MW 
93,99 129,78 

13 
Combined Cassie-

Mayr-model 

ƬC = 10 µs, VC = 1000 V 

ƬM = 10 µs, P0 = 1,1 MW 
94,59 176,66 

14 
Combined Cassie-

Mayr-model 

ƬC = 10 µs, VC = 2000 V 

ƬM = 10 µs, P0 = 2,2 MW 
93,99 127,78 

Table 9: Comparison of points of time of current’s first zero-crossing and virtual arc 
resistances in different models 

 

Figure 35 gives an overview of the point of current’s first zero-crossing by using different arc 

models (described in Table 9). It may be seen that there are small differences concerning the 

point of time between using the different described models. 

More significant than the differences in Figure 35 are those ones shown in Figure 36. There it 

is visible, that the virtual arc resistance, which is described above, is different by using 

different models of electric arc. The contrast is even higher by using a model consisting 

Mayr’s equation (models no. 8-14) because of the characteristic of the arc voltage (cf. 

description of the different arc voltages in chapter 4.3). 
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Figure 35: Comparison of point of time of current’s first zero-crossing using different models 

 

 

Figure 36: Comparison of virtual arc resistances using different models 

 

Figure 37 shows the differences concerning the point of time of current’s first zero-crossing 

by using both, the arc model and the virtual arc resistance, which is calculated in Table 9 and 

visible in Figure 36. There can be seen that the results for the model with constant d.c. arc 

voltage and Cassie’s arc voltage are nearly identic, weather using the model (blue marks) or 

the virtual arc resistance (red marks). The differences in models no. 8-14 result from the fact 

that the virtual arc resistance by using Mayr’s equation is definitely higher than by using 

Cassie’s equation with a similar arc voltage. Therefore the results concerning point of time of 

current’s first zero-cross by using the virtual arc resistances deviate from the results by using 

the model. 
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Figure 37: Comparison of current’s first zero-crossing by using the model and the virtual arc 
resistance 

 

To sum up, it could be captured that the model with constant d.c. arc voltage is a very simple 

model with only one parameter. The biggest advantage is that this parameter can be 

estimated well or is known because of several manufacturer information or data sheets of the 

circuit breakers. A disadvantage is that the arc voltage is not reproduced exactly, but it has to 

be considered if that is necessary for the calculation and studies. 

 

The Cassie equation is very similar to the model with constant d.c. arc voltage concerning 

the characteristic of the arc voltage. As described in chapter 2.3.2, Cassie’s equation 

reproduces the current characteristic for higher currents. As shown in some figures above 

(e.g. Figure 27) the characteristic of the modeled arc voltage is very similar to the 

characteristic of the one by using the model with constant d.c. arc voltage. Therefore it is not 

useful to implement Cassie’s equation for basic studies concerning the arc voltage and its 

impact on the current characteristics. The model with constant d.c. arc voltage delivers 

similar results and is easier to realize and implement. 

 

Mayr’s equation is better used to simulate the current in regions around the zero-crossing 

point (low current levels). While the parameter VC in Cassie’s equation may be estimated in 

an easier way, it needs some additional work to find a correct parameter P0, which 

represents the power losses in Mayr’s equation (e.g. estimating a veritable range of power 

losses first). For studies concerning the influence of the arc voltage on the current 

characteristic Mayr’s equation is only usable if the current characteristic around zero is 

needed in an exact way. Otherwise Mayr’s equation – compared to the above mentioned 

models – is not that usable to investigate the influence in higher current levels, because the 
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bigger amount of influence should has happened, when Mayr’s equation takes an effect on 

the characteristic of the current. Furthermore it has to be considered if it is necessary to 

implement a differential equation for basic studies on the influence of the electric arc on the 

current’s characteristics. 

 

The combined Cassie-Mayr equation is similar to Mayr’s equation concerning the 

characteristic of the modeled arc voltage and its influence on the current characteristic. For 

initial assessments it’s not helpful to implement two independent differential equations which 

work in series. It is also noted in chapter 2.3.2 that the combined Cassie-Mayr model is not 

founded physically. The equation is only a mathematic model. For basic investigations of the 

electric arc and its influence on the current it certainly does not indicate that differential 

equations are implemented in a numeric model. The model with a constant d.c. arc voltage is 

fully adequate. For further studies and exacter investigations it can’t be ensured that the 

combined model of Cassie and Mayr is the perfect solution. More probably than not a more 

complex model of electric arc has to be chosen to get results of the desired quality. 

 

For further studies concerning the point in time of current’s zero-crossing it is enough to use 

the model with constant d.c. arc voltage. Furthermore Mayr’s equation is implemented in the 

three-phase structure for more detailed results concerning the influence of the arc voltage on 

point of current’s zero-crossing. 

4.5 Implementation of relevant arc models, three-phase 

As relevant arc model the model with constant d.c. arc voltage is chosen, because of the 

above mentioned arguments. To compare the results of using an easy and a complex model 

Mayr’s equation is also implemented and investigated. 

The point of time of the fault is set at tfault = 0 ms. The point of time of circuit breaker’s contact 

separation is set on tcontactseparation = 40 ms. 

4.5.1 Model with constant d.c. arc voltage 

The following figure shows the uninfluenced signal sequences by the initial condition of 

operating point 4 at synchronous generator. In Figure 38 you may see the characteristics of 

the signals on measure points Varc and Iarc (cf. Figure 10) on high tension. The three-phase 

short-circuit appears at a time of 0 ms, there is no separation of contacts, so the fault occurs 

over 400 ms and longer.  

In contrary to Figure 38, Figure 39 shows the signal sequences (at same initial conditions) if 

an ideal circuit breaker opens 40 ms after the fault appears (time of contact separation is at 

40 ms).  

Note: There is no arc voltage modeled. The occurring voltage in phase C is the potential 

difference between the fault’s side of the circuit breaker and the signal after the circuit 

breaker (which is turned off). A comparison with the associated current profile below is 

helpful in this case. 
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Figure 38: OP 4: uninfluenced signal sequences Varc and Iarc 

 

 

Figure 39: OP 4: signal sequences Varc and Iarc – ideal circuit breaker, tcontactseparation = 40 ms, 
YNd5-Transformer 

Figure 41 shows the same as Figure 40 does, but with a different arc voltage’s range. So you 

may have a look on the more or less detailed characteristics of the arc voltages in the 

different phases. 
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Figure 40: OP 4: signal sequences Varc and Iarc – model with VDC = 1000 V, 
tcontactseparation = 40 ms 

 

 

Figure 41: OP 4: signal sequences Varc and Iarc – model with VDC = 1000 V, 
tcontactseparation = 40 ms – zoom in at arc voltage 
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The following tables (Table 10, Table 11 and Table 12) show the calculated values of the 

relative DC-component of the current and the point of time of current first zero-crossing in 

each phase and in the concerned operating points (OP 1, OP 2, OP 4, OP 6). The current’s 

relative DC-component is listed in percent; the point of time of current’s first zero-crossing in 

each phase and each concerned operating point is listed in ms. The tables and the figure 

below (Figure 42) show that phase B is the most disadvantaged phase concerning the 

relative DC-component of the current and concerning the point of time of current’s first zero-

crossing. 

 

Operating Point 
iDC,rel in % tfirstcurrentzero in ms 

Phase A Phase B Phase C Phase A Phase B Phase C 

OP 1 77,18 88,08 12,17 44,47 40,45 40,08 

OP 2 64,68 74,49 10,73 43,61 54,66 48,71 

OP 4 152,04 174,79 25,91 257,38 273,36 50,12 

OP 6 144,40 161,73 22,53 101,78 137,84 51,18 

Table 10: Relative current’s DC-component and point of time of current’s first zero-crossing – 
model with Varc = 1000 V 

 

Operating Point 
iDC,rel in % tfirstcurrentzero in ms 

Phase A Phase B Phase C Phase A Phase B Phase C 

OP 1 77,18 88,08 12,17 44,45 40,45 40,08 

OP 2 64,49 74,49 10,73 43,59 54,60 48,68 

OP 4 151,98 174,76 25,90 178,89 212,78 50,03 

OP 6 144,25 161,65 22,50 81,83 117,51 51,08 

Table 11: Relative current’s DC-component and point of time of current’s first zero-crossing – 
model with Varc = 2000 V 

 

Operating Point 
iDC,rel in % tfirstcurrentzero in ms 

Phase A Phase B Phase C Phase A Phase B Phase C 

OP 1 77,18 88,08 12,17 41,76 41,76 40,08 

OP 2 64,49 74,49 10,73 43,58 52,01 52,01 

OP 4 151,94 174,59 25,89 117,35 117,35 49,96 

OP 6 144,14 161,17 22,47 98,55 98,55 50,99 

Table 12: Relative current’s DC-component and point of time of current’s first zero-crossing – 
model with Varc = 5000 V 
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Figure 42 shows an overall comparison of most disadvantaged phases considering first 

current zero-crossings of all investigated operating points. As also described in chapter 4.3 

there is a relation between the value of arc voltage and the point of time of current zero-

crossing in each phase. The higher the arc voltage is, the earlier the point of first zero-

crossing (even in the most disadvantaged phase) occurs. 

 

 

Figure 42: Overall comparison of point of current’s first zero-crossing in most disadvantaged 
phases by using the model with constant d.c. arc voltage 

The overall comparison in Figure 42 shows a possible relation between the value of the arc 

voltage and the point of time of first zero-crossing, especially in operating points with load. At 

open-circuit point and nominal rating point there’s almost no relation between these 

parameters. But if the synchronous generator is in under-excited mode, the influence of the 

arc voltage on the decay characteristics becomes visible. The higher the arc voltage is, the 

earlier the point of time of current’s first zero-crossing appears. In the figure above the arc 

voltage increases from the left to the right from 0 V in steps to 5000 V, whereby an arc 

voltage of 0 V means, that there is modeled an ideal circuit breaker. 

 

As shown in chapter 4.4 the arc voltage could be replaced by a virtual resistance, depending 

on the arc voltage and the current (Ohm’s law). The signal sequence of the virtual resistance 

according to the case shown in Figure 40 is pictured in the following figure. The dotted line 

symbolizes the calculated average of the arc resistance Rmean. 

 

0

100

200

300

400

500

600

0 1000 2000 3000 4000 5000

t f
ir

s
tz

e
ro

c
ro

s
s
 i
n

 m
s
 

Varc in V 

OP1

OP2

OP4

OP6



Results and discussion 53 

 

Figure 43: OP 4: arc resistance Rarc in all phases – model with VDC = 1000 V, 
tcontactseparation = 40 ms  

The signal sequences of the arc resistances by using different values of arc voltages at are 

similar to Figure 43. The figure below (Figure 44) gives an overview of the different 

calculated values of the arc resistances. Additionally the figure shows which arc resistances 

are necessary to get the same results of current’s first zero-crossing (in most disadvantaged 

phases) as by using the model of electric arc. 

The series Rarc,virt (green one) in Figure 44 represents the calculated averages of the virtual 

arc resistances. The blue marked series stands for the determined arc resistances which 

lead to the same results concerning point of time of current’s first zero-crossing as by using 

the model of electric arc. But as could be seen in the figure below the blue marks are 

consistent with the green ones to a large extent. 

Figure 45 shows a comparison of using both concerning the current’s first zero-crossing point 

of time. The blue markers show the point of time of first current zero-crossing by using the 

arc model with constant d.c. arc voltages and the virtual arc resistances which result in the 

same points of time. The green markers show the point of time of current’s first zero-crossing 

by using the calculated averages of arc resistances. Similar to Figure 44 there are nearly no 

differences between the resistance values at the same arc voltage level. 
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Figure 44: OP 4: actual virtual arc resistances by using different arc voltages (green) 
compared to the virtual arc resistances which are needed to get the same results as by using 
the model (blue) 

 

 

Figure 45: OP 4: point of time of current’s first zero-crossing by using different values of 
virtual arc resistances (depending on the arc voltages) 
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4.5.2 Mayr’s equation 

The uninfluenced signal sequences and the signal sequences by using an ideal circuit 

breaker for comparison can be seen in chapter 4.5.1 (Figure 38, Figure 39). 

The parameters in Mayr’s equation are chosen to get resulting arc voltages which are almost 

the same level in their average as the chosen arc voltages of the model with constant d.c. 

arc voltage (1 kV, 2 kV and 5 kV). 

 

 

Figure 46: OP 4: signal sequences Varc and Iarc – Mayr’s equation with an average arc voltage 
of about 1000 V, tcontactseparation = 40 ms 

Figure 46 shows the signal sequences at the circuit breaker model by using Mayr’s equation 

with an average arc voltage of about 1000 V. The initial condition is operating point 4. To get 

an overview of the arc voltage, the following figure, Figure 47, shows the same signal 

sequences but the scaling of the arc voltage is different. So you may have a look on the 

more or less detailed characteristics of the arc voltages in the different phases. However, 

what is striking is the fact, that the arc voltage is not constant over the chosen time section, 

compared to the model with constant d.c. arc voltage. At minimal turning points of the current 

signal the arc voltages increase on local maxima, which cause waved characteristics of the 

arc voltage signal (cf. Figure 47). An effect, which can also be noticed by using Mayr’s 

equation, is that the point of first current zero-crossing is much earlier than by using only an 

ideal switch. But it is in the same area as by using the model with constant d.c. arc voltage 

(cf. chapter 4.5.3).  
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Figure 47: OP 4: signal sequences Varc and Iarc – Mayr’s equation with an arc voltage of about 
1000 V, tcontactseparation = 40 ms, zoom in at arc voltage 

 

The following tables (Table 13, Table 14 and Table 15) show the calculated values of the 

relative DC-component of the current and the point of time of current’s first zero-crossing in 

each phase and in the concerned operating points (OP 1, OP 2, OP 4, OP 6). The current’s 

relative DC-component is listed in percent; the point of time of current’s first zero-crossing in 

each phase and each concerned operating point is listed in ms. The tables and the figure 

below (Figure 42) show that the phases A and B are the most disadvantaged phases 

concerning  the point of time of current first zero-crossing. 

Notable by using Mayr’s model of electric arc are the points of time of currents first zero-

crossings in all operating points. The circuit acts if a fault with ground connection occurs. If 

the current in phase C reaches the point of zero-crossing phase A and B are symmetric (cf. 

Figure 46 and Figure 47) 

 

Operating Point 
tfirstcurrentzero in ms 

Phase A Phase B Phase C 

OP 1 41,67 41,67 40,08 

OP 2 56,62 56,62 43,61 

OP 4 255,71 255,71 50,22 

OP 6 159,62 159,62 51,29 

Table 13: Points of time of current first zero-crossings – model with Varc ≈ 1000 V 
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Operating Point 
tfirstcurrentzero in ms 

Phase A Phase B Phase C 

OP 1 41,53 41,53 40,08 

OP 2 56,62 56,62 43,61 

OP 4 196,00 196,00 50,22 

OP 6 138,55 138,55 51,30 

Table 14: Points of time of current first zero-crossings – model with Varc ≈ 2000 V 

 

Operating Point 
tfirstcurrentzero in ms 

Phase A Phase B Phase C 

OP 1 41,18 41,18 40,08 

OP 2 56,62 56,62 43,61 

OP 4 134,87 134,87 50,24 

OP 6 99,00 99,00 51,33 

Table 15: Points of time of current first zero-crossings – model with Varc ≈ 5000 V 

 

 

Figure 48: Overall comparison of points of time of current first zero-crossings in most 
disadvantaged phases by using Mayr’s equation 
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The overall comparison in Figure 48 shows a possible relation between the level of the arc 

voltage and the point of time of first zero-crossing, especially in operating points with load. It 

is a similar figure to Figure 42 in the chapter about the model with constant d.c. arc voltage. 

At open-circuit point and nominal rating point there’s almost no visible relation between these 

parameters. But if the synchronous generator is in under-excited mode the influence of the 

arc voltage on the decay characteristic becomes visible. The higher the arc voltage is, the 

earlier the point of time of current’s first zero-crossing appears. In the figure above the arc 

voltage increases from the left to the right from 0 V in various steps to 5000 V, whereby an 

arc voltage of 0 V means, that there is modeled an ideal circuit breaker. 

 

As shown in chapter 4.4 the arc voltage could be replaced by a virtual arc resistance, 

depending on the arc voltage and the current (Ohm’s law). The signal sequence of the virtual 

resistance according to the case shown in Figure 49 is pictured in the following figure. The 

dotted line symbolizes the calculated average of the virtual arc resistance Rmean. 

 

 

Figure 49: OP 4: arc resistance Rarc in all phases – Mayr’s equation with an arc voltage of 
about 1000 V, tcontactseparation = 40 ms 

 

 

Figure 50: OP 4: virtual arc resistances by using different arc voltages 
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The figure above shows the virtual arc resistances by using Mayr’s equation at different arc 

voltages in operating point 4. It can be seen that the higher the arc voltage, the higher the 

virtual equivalent arc resistance is. This is the same effect as described in chapter 4.5.1 by 

using the model with constant d.c. arc voltage. 

4.5.3 Comparison of model with constant d.c. arc voltage and model 

with Mayr’s equation 

To investigate the influence of a more complex arc model on the characteristic of the arc 

voltage and furthermore on the current characteristic, it is needed to compare the results of 

chapters 4.5.1 (model with constant d.c. arc voltage) and 4.5.2 (Mayr’s model of electric arc). 

 

Concerning the point of time of current first zero-crossing the following figure shows the 

differences between using the model with constant d.c. arc voltage and using the model with 

Mayr’s equation. 

 

 

Figure 51: OP 4: Comparison of point of time of current’s first zero-crossing in most 
disadvantaged phases 

The green marks in Figure 51 represent the point of time of current’s first zero-crossing in 

most disadvantaged phases by using Mayr’s equation. The blue marks in the figure above 

represent the values by using the model with constant d.c. arc voltage. In the figure above is 

shown that there is only a small difference (about one signal period) between the results 

concerning the time of current’s first zero-crossing. 
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The result of a comparison concerning the virtual arc resistance is not equivalent. As 

described in chapter 2.3.2 Mayr’s equation is more usable to model the signal sequences in 

lower current regions. Therefore the virtual arc resistance increases many times in the same 

areas like the characteristic of the arc voltage do. As a result the average of the virtual arc 

voltage over a period of arcing time is higher by using Mayr’s equation than by using the 

model with constant d.c. arc voltage (cf. Figure 52). 

 

 

Figure 52: OP 4: comparison of virtual arc resistance by using different arc models 

As a conclusion it can be said that it is enough to replicate the electric arc by the model with 

constant d.c. arc voltage for a first estimation. The differences concerning the point of time of 

current’s first zero-crossing are in a range of about one signal period at the on hand 

conditions and for the chosen parameters. For further studies of the arc’s influence on the 

current’s characteristics Mayr’s equation is only a first indicator. 

4.6 Impact of arc voltage on zero-crossing of current considering 

the wye connection of the transformer 

For this analysis two different types of transformers are needed: 

 Transformer YNd5, wye connection is solidly grounded 

 Transformer Yd5, wye connection is isolated 
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Figure 53: Connection symbol of Yd5/YNd5-transformer 

Figure 54 shows the signal sequences by using an Yd5-tranformer and constant arc voltage. 

 

 

Figure 54: OP 4: signal sequences Varc and Iarc – model with VDC = 1000 V, 
tcontactseparation = 40 ms 

In contrary to a circuit with an YNd5-transformer, by using an Yd5-transformer the 

characteristics of the two residual phases are symmetric after interrupting in one phase (cf. 

phase C in the figure above). This effect of symmetry doesn’t appear in a circuit with an 

YNd5-transformer. 

 

The influence of the transformer’s wye connection on the point of time of current’s first zero-

crossing is not very high. The figure below shows an overall comparison of point of current’s 

first zero-crossing in most disadvantaged phases using an YNd5-transformer (left marks) and 
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an Yd5-transformer (right marks). There can be seen that the difference between the left-

hand and the right-hand marks are small-sized. 

 

 

Figure 55: Overall comparison of point of current’s first zero-crossing in most disadvantaged 
phases using an YNd5-transformer (left marks) and an Yd5-transformer (right marks) 

The overall comparison in Figure 55 shows, that there is a relation between the value of the 

arc voltage and the point of time of current’s first zero-crossing. The higher the arc voltage is, 

the earlier the first zero-crossing of current occurs. The wye connection of the transformer 

has no fundamental influence on this point of time, but on the characteristics of the residual 

currents after breaking the first phase. 

 

4.7 Impact of arc voltage on zero-crossing of current considering 

the ground connection of the fault 

For this analysis two different types of faults are needed: 

 Three-phase short-circuit, without ground connection (3p fault) 

 Three-phase short-circuit to ground (3pG fault) 

 

The investigation of the influence of the arc voltage on the zero-crossing of current 

considering the ground connection of the fault are made by using operating point 4. 

Figure 56 shows the schema of the two different used types of fault. 
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Figure 56: Schematic figure of a three-phase short-circuit with/without ground-connection 

Figure 57 shows the signal sequences after a three-phase short-circuit to earth and by using 

the model with constant d.c. arc voltage. 

 

 

Figure 57: OP 4: signal sequences Varc and Iarc – model with VDC = 1000 V, 
tcontactseparation = 40 ms 

In contrary to a circuit with a three-phase short-circuit without ground connection, in a circuit 

with a three-phase short-circuit to earth, the characteristics of the two residual phases are 
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symmetric after circuit breaking in one phase (cf. phase C in the figure above). This effect of 

symmetry doesn’t appear in a circuit with a fault without ground connection. 

The following figure shows the differences in the point of time of current’s first zero-crossing 

in most disadvantaged phases by using a three-phase short-circuit with/without ground 

connection. 

 

 

Figure 58: OP4: comparison of point of current’s first zero-crossing in most disadvantaged 
phases at three-phase short-circuit (blue marks) and at three-phase short-circuit to ground 
(green marks) 

The difference of point of time of current’s first zero-crossing between the two cases of fault 

can be explained by the difference of current characteristics. While the currents in the two 

residual phases (after circuit breaking in one phase) are symmetric after a three phase short-

circuit to ground, this effect of symmetry does not appear after a three phase short-circuit 

fault without any ground connection. 

All in all, the influence of the fault’s ground connection on the point of time of current’s first 

zero-crossing is not very high after a three phase short-circuit fault and under the given 

parameters. 
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5 Conclusion 

Summarized it can be noted, that the exact modeling of arc voltage is a complex task. It 

requires excellent knowledge in arc physics and fundamental knowledge in basic electrical 

engineering, with respect on circuit breakers and their operation task as well as on their 

function. 

 

To analyze the influence of the breaking arc voltage on the decay characteristic of the 

current’s DC-component, some groundwork has to be done before. The question concerning 

that influence only arises if current zero-crossings are missing. The missing current zero-

crossings only occur under unlucky circumstances (initial conditions of salient-pole machine, 

fault location, temporal arising of the fault). 

It is shown, that the state of the synchronous generator’s initial condition is significant 

decisive for missing current zero-crossings. The missing of current zero-crossings is 

advantaged if the generator is in under-excited mode. Additionally the fault’s point on wave is 

a key factor concerning the maximum value of the current’s DC-component. The worst-case 

point on wave concerning the DC-component is if the fault occurs at the zero-crossing of the 

line-to-ground voltage in one phase. Furthermore the active reactances of the salient-pole 

machine must be regarded if analyzing the current characteristic, because they are mainly 

responsible for it in case of short-circuits. 

 

Scientists concentrate on the electric arc for many years. Cassie and Mayr developed 

models of the electric arc based on the thermal capacity of the arc column in the 1930s and 

1940s. While Cassie’s equation of electric arc is useful to model the current through the arc 

in higher current regions, Mayr’s equation models the arc in regions of zero-crossing. Out of 

that, the combination of Cassie’s and Mayr’s equations is commonly used. Many other arc 

models, based on the combined Cassie-Mayr equation have been found since then, and the 

level of complexity increased. The more comprehensive arc models are ongoing with a 

significant amount of investment concerning the identification of suitable model parameters, 

which causes more difficulties. In the literature there can be found a few parameters, but with 

the fact, that most of them are not universal. They are determined by experimental studies 

and mainly valid in those individual cases. 

 

The on hand master’s thesis is concerned with a non-complex arc model: a model with 

constant d.c. arc voltage, that means that the arc voltage is set as a constant value for the 

duration of the arc. The advantage of this model is, that only one parameter is needed and 

that one may be estimated well or is known because of several manufacturer information or 

data sheets of the circuit breakers. A disadvantage of this more or less easy model is the not 

exactly reproduced arc voltage. But the on hand results show, that this is not necessary for 

basic studies. The relevant parameter to determine the influence of the arc voltage on the 

decay characteristic of current’s DC-component is the level of the arc voltage. The higher the 

arc voltage, the higher its impact on the decay characteristic of current’s DC-component is. 

The exact modeling of the arc voltage’s temporal sequence is not necessary for basic 

statements about that influence. 
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Regarding the impact of the arc voltage on the zero-crossing of the current considering the 

ground connection of the fault it can be noted that there are only small differences. But they 

could also appear, because of the characteristics of the two residual phases, which are 

symmetric after breaking one phase in case of a three-phase short-circuit with ground 

connection. That described effect of symmetry doesn’t appear in a circuit with a fault without 

ground connection. The impact of the arc voltage on the decay characteristic of the current’s 

DC-component is nearly the same in both three-phase short-circuits with and without ground 

connection. 

 

The scientists studying the electric arc are asked for further universal investigations 

concerning the modeling of the electric arc and universal arc models. The last developments 

force a trend to experimental studies of the electric arc in individual cases. A focus on 

general statements with a sufficient physical relevance would be desirable instead of 

investigations in individual cases which are based on mathematical optimizations and model 

parameter fitting afterwards. 
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Appendix 1: Tables 

Worst-case point on wave with respect to the current’s DC-component 

Point on wave phase A phase B phase C 

t1 in ms α in ° iDC,rel in % iDC,rel in % iDC,rel in % 

0 0 66,53 41,99 24,87 

0.5 9 67,26 33,21 34,36 

1.0 18 66,36 23,59 42,98 

1.5 27 63,83 13,38 50,53 

2.0 36 59,74 2,84 56,83 

2.5 45 54,18 7,77 61,74 

3.0 54 47,26 18,18 65,14 

3.5 63 39,17 28,12 66,95 

4.0 72 30,08 37,34 67,14 

4.5 81 20,24 45,63 65,69 

5.0 90 9,89 52,78 62,64 

5.5 99 0,71 58,63 58,05 

6.0 108 11,28 63,04 52,01 

6.5 117 21,56 65,92 44,69 

7.0 126 31,28 67,20 36,24 

7.5 135 40,25 66,84 26,88 

8.0 144 48,15 64,85 16,84 

8.5 153 54,88 61,28 6,37 

9.0 162 60,27 56,19 4,25 

9.5 171 64,18 49,71 14,75 

10.0 180 66,53 41,99 24,87 

Table 16: Relative DC-component of phase current in different phases 
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Appendix 2: Figures 

Model with constant d.c. arc voltage (DC-model), three-phase short-circuit without 

ground connection 

 

Figure 59: OP 1 (DC model): signal sequences Varc and Iarc – Varc = 1000 V, 
tcontactseparation = 40 ms 

 

Figure 60: OP 2 (DC model): signal sequences Varc and Iarc – Varc = 1000 V, 
tcontactseparation = 40 ms 
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Figure 61: OP 4 (DC model): signal sequences Varc and Iarc – Varc = 1000 V, 
tcontactseparation = 40 ms 

 

 

Figure 62: OP 6 (DC model): signal sequences Varc and Iarc – Varc = 1000 V, 
tcontactseparation = 40 ms 
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Figure 63: OP 1 (DC model): signal sequences Varc and Iarc – Varc = 2000 V, 
tcontactseparation = 40 ms 

 

 

Figure 64: OP 2 (DC model): signal sequences Varc and Iarc – Varc = 2000 V, 
tcontactseparation = 40 ms 
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Figure 65: OP 4 (DC model): signal sequences Varc and Iarc – Varc = 2000 V, 
tcontactseparation = 40 ms 

 

 

Figure 66: OP 6 (DC model): signal sequences Varc and Iarc – Varc = 2000 V, 
tcontactseparation = 40 ms 
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Figure 67: OP 1 (DC model): signal sequences Varc and Iarc – Varc = 5000 V, 
tcontactseparation = 40 ms 

 

 

Figure 68: OP 2 (DC model): signal sequences Varc and Iarc – Varc = 5000 V, 
tcontactseparation = 40 ms 
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Figure 69: OP 4 (DC model): signal sequences Varc and Iarc – Varc = 5000 V, 
tcontactseparation = 40 ms 

 

 

Figure 70: OP 6 (DC model): signal sequences Varc and Iarc – Varc = 5000 V, 
tcontactseparation = 40 ms 

 



Appendix 2: Figures  86 

 

Mayr’s model of electric arc (Mayr model), three-phase short-circuit without ground 

connection 

 

Figure 71: OP 1 (Mayr model): signal sequences Varc and Iarc – Varc ≈ 1000 V, 
tcontactseparation = 40 ms 

 

 

Figure 72: OP 2 (Mayr model): signal sequences Varc and Iarc – Varc ≈ 1000 V, 
tcontactseparation = 40 ms 
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Figure 73: OP 4 (Mayr model): signal sequences Varc and Iarc – Varc ≈ 1000 V, 
tcontactseparation = 40 ms 

 

 

Figure 74: OP 6 (Mayr model): signal sequences Varc and Iarc –V arc ≈ 1000 V, 
tcontactseparation = 40 ms 
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Figure 75: OP 1 (Mayr model): signal sequences Varc and Iarc – Varc ≈ 2000 V, 
tcontactseparation = 40 ms 

 

 

Figure 76: OP 2 (Mayr model): signal sequences Varc and Iarc – Varc ≈ 2000 V, 
tcontactseparation = 40 ms 
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Figure 77: OP 4 (Mayr model): signal sequences Varc and Iarc – Varc ≈ 2000 V, 
tcontactseparation = 40 ms 

 

 

Figure 78: OP 6 (Mayr model): signal sequences Varc and Iarc – Varc ≈ 2000 V, 
tcontactseparation = 40 ms 
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Figure 79: OP 1 (Mayr model): signal sequences Varc and Iarc – Varc ≈ 5000 V, 
tcontactseparation = 40 ms 

 

 

Figure 80: OP 2 (Mayr model): signal sequences Varc and Iarc – Varc ≈ 5000 V, 
tcontactseparation = 40 ms 
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Figure 81: OP 4 (Mayr model): signal sequences Varc and Iarc – Varc ≈ 5000 V, 
tcontactseparation = 40 ms 

 

 

Figure 82: OP 6 (Mayr model): signal sequences Varc and Iarc – Varc ≈ 5000 V, 
tcontactseparation = 40 ms 

 



Appendix 2: Figures  92 

 

Model with constant d.c. arc voltage (DC-model), three-phase short-circuit to ground 

(3pG fault) 

 

Figure 83: OP 4: uninfluenced signal sequences Varc and Iarc after three phase short-circuit to 
ground – no contact separation 

 

 

Figure 84: OP 4 (IDEAL circuit breaker): signal sequences Varc and Iarc, tcontactseparation = 40 ms, 
3pG fault 
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Figure 85: OP 4 (DC-model): signal sequences Varc and Iarc – Varc = 1000 V, 
tcontactseparation = 40 ms, 3pG fault 

 

 

Figure 86: OP 4 (DC-model): signal sequences Varc and Iarc – Varc = 2000 V, 
tcontactseparation = 40 ms, 3pG fault 
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Figure 87: OP 4 (DC-model): signal sequences Varc and Iarc – Varc = 5000 V, 
tcontactseparation = 40 ms, 3pG fault 
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