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NOMENCLATURE

Cl, C2 capacitances of capacitors Rai, R resistive voltage divider

L1, L2 inductances of coils R arc resistance

1 current S1 circuit breaker under test
Limaxr I8mav, L max maximum phase short-circuit currents S2 switch

Lo arc current t time

Live.max maximal value of arc current Tquench arc quenching time

Lure.min minimal value of arc current U, arc voltage

Icn, I current through capacitors C1, C2 U charging voltage

n number of interruptions Uct, U voltages on capacitors C1, C2
Ploss arc power loss U, U voltages on inductances L1, L2
Qo arc time constant Us voltage on the circuit breaker
R1,R2 active resistances of coils VM voltage multiplier

R, Ron shunt resistors VS1, VS2 thyristors

1. INTRODUCTION

Increasing the switching resource of circuit breakers is a
critical challenge for the modern power engineering
industry (1-5).

Analysis of switching devices operation in high-
current generator circuits with a power of up to 1200 MW
and short-circuit currents of up to 300 kA has shown that
modern generator circuit breakers from leading
manufacturers such as ABB', Siemens? and others fail to
meet the required switching resource for operation in
these networks. The results presented by ABB Company
(6) indicate limited resource when operating at rated
current (see Table 1). In addition, the HEC-7C (or HEC-
10C) generator circuit breaker can interrupt a breaking
current of 210 kA only three times over its entire service
life.

Recent research and development efforts by leading
companies aimed at creating generator circuit breakers
that use SF¢ gas for arc quenching (7, 8) have not yielded
the expected results due to challenges in dissipating the
large amount of energy stored in the electric arc, as well
as material durability limitations. Similarly, attempts to
increase the breaking capacity using various current-
limiting techniques, such as current-limiting reactors (9,
10), have also proven unsuccessful due to stringent
requirements for electrodynamic and thermal withstand
capabilities.

The following methods for enhancing the switching
resource of electrical apparatus are considered
promising:

- PTC-thermistor-based current limiting in the circuit
breaker's commutation circuit (11-13);

TABLE 1. Switching resource of the HEC-7C (HEC-10C)
generator circuit breaker: number of interruptions (n) as a
function of breaking current (/) (6)

L, kA 10 20 30 40 50 60
n 280 65 32 19 15 13
! https://global.abb/

2 https://www.siemens.com

- switching with a hybrid circuit breaker (14, 15);

- the chopper-based current limiting principle (16, 17).

This paper investigates a novel approach to enhancing
the switching resource of circuit breakers by acting upon
the electric arc with a counter electromagnetic field (see
Figure 1). The proposed method demonstrated effective
performance in the study, showing promise for practical
applications.

Currently, the principle of forced commutation is
successfully implemented in apparatuses with
semiconductor devices (18-22). This allows for the
forced creation of a current zero-crossing, thereby
enabling thyristor turn-off. The same principle can be
effectively applied to create a counter-current in an
electric arc that appeared in switching device, thus
ensuring its quenching. In this case, the counter
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Figure 1. Schematic diagram of the test bench: S1 — circuit
breaker under test, with a breaking current of 16 kA; VS1,
VS2 — thyristors; C1=11.4 mF; C2=0.78 mF; L1=735 pH;
R1=0.119 Q; L2=110 pH; R2=0.021 Q; Rs1= Rsi2=1.5 mQ
(parameter values were measured using a TESLA BM 591
RLC meter at a frequency of 100 Hz). In the schematic: VM
— voltage multiplier; Rsn1, Rsia — shunt resistors; Ra1, Raz —
resistive voltage divider; S2 — switch (position 1 — for
measuring the current through circuit breaker S1 via R,
position 2 — for measuring the voltage across circuit breaker
$1 via the Rai, Ra2 voltage divider)
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electromagnetic field generated by the discharge of a
capacitor bank forces the arc current to decrease. Two
scenarios are then possible:

1. The current is reduced to zero, ensuring
deionization of the contact gap and recovery of the
dielectric strength.

2. The current is reduced to a level at which the arc
can be readily quenched by the given switching device.

The application of a counter electromagnetic field to
the electric arc was previously studied in the context of
DC networks, where it enabled an increase in the
breaking capacity of DC circuit breakers (23-25).

In this paper, we propose applying this arc-control
method to AC generator networks with switching
currents exceeding 200 kA.

Due to the complexity of conducting experimental
studies in actual generator networks, it was decided to
carry out both experimental and theoretical investigations
using a model. Then the proposed method of influencing
the electric arc will be transferred to high-current
generator networks.

The physical model under consideration was a
magnetic blast circuit breaker with breaking current
16 kA (S1 in Figure 1). The study focused on forced arc
quenching (according to the electric scheme in Figure 1)
under the influence of a counter electromagnetic field
controlled by the time moment of the counter-current
injection via thyristors.

2. MATERIALS AND METHODS

2. 1. Experimental Investigations of Electric Arc
Quenching by a Counter Electromagnetic Field
To establish the patterns of electric arc quenching and to
evaluate the feasibility of the proposed method of
controlled current limitation through the dissipation of
electromagnetic energy by a counter electromagnetic
field, the investigation was initially performed
experimentally. For this purpose, a test bench was
assembled. The general view of the test bench and the
contacts of the circuit breaker under investigation are
shown in Figure 2.

A measurement system was set up to perform precise
measurements of the switching process parameters and
arc-quenching characteristics. This system was based on
the following instruments:

1. Two AKIP-4115/1A oscilloscopes.

2. Three FNIRSI P6100 voltage probes (1:1 / 1:10,
100 MHz).

3. Two 75ShIP1-50-0.5 current shunts.

4. Two UTS8C (13-1023) digital multimeters.

Metrological characteristics of the measurement
system:

1. Arc voltage, measured by an oscilloscope via a
1:10 voltage divider. Range: 0—600 V.

2. Arc current, measured using a 75ShIP1-50-0.5
current shunt and recorded by an oscilloscope via a 1:1
divider.

3. Counter LC-circuit current, measured using a
75ShIP1-50-0.5 current shunt and recorded by an
oscilloscope via a 1:1 divider.

4. Voltage across the capacitors, monitored by a
UT58C digital multimeter.

The following operational procedure was employed
during the measurements (see Figure 1):

1. The capacitor banks C1 and C2 were pre-charged
to an identical initial voltage Ucs.

2. Thyristor V'S1 is triggered, enabling capacitor C1
to discharge through circuit breaker S1, initiating and
sustaining an electric arc across its contacts.

3. After an adjustable time delay (set to 4 ms in the
experiments), thyristor VS2 is triggered. This causes
capacitor C2 to discharge, generating a counter-current
through circuit breaker S1.

2. 2. Mathematical Modeling of Electric Arc
Quenching by a Counter Electromagnetic Field
To investigate the dissipation of electromagnetic energy
by a counter electromagnetic field generated by high-
power semiconductor devices, a mathematical model was

(b)
Figure 2. Experimental test bench: (a) general view;
(b) circuit breaker contacts
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developed. This model describes the thermal, gas-
dynamic, and electromagnetic processes in the electric
arc, coupled with the processes in the electrical circuit.

The main equations of the applied model for plasma
processes express fundamental conservation laws (26):

- energy equation;

- momentum equation;

- continuity equation.

Since plasma exists within an electromagnetic field,
the system of equations is supplemented by Maxwell's
electromagnetic equations. These are reduced to
equations for the scalar electric and vector magnetic
potentials.

The thermodynamic and transport properties of air
plasma as functions of temperature at a pressure of 1 atm
were pre-calculated using the methodology described by
Dresvin et al. (27). The dependence of plasma density on
pressure was accounted for by employing the ideal gas
equation of state.

Due to the short duration of the processes in the
discharge chamber, radiation is the significant
mechanism of arc energy transfer. This process was taken
into account using the approach proposed by Miirmann et
al. (28), which has proven to be reliable in previous
studies (29).

The system of equations described above was solved
using the finite element method with the COMSOL
Multiphysics software.

The geometry of the computational domain is shown
in Figure 3. The domain consists of two rounded copper
electrodes with a diameter of 60 mm, spaced 15 mm
apart. They are surrounded by a cylindrical air region
with a diameter of 300 mm and a height of 115 mm.
Splitter plates of the arc extinguishing chamber is located
outside the computational domain.

The boundary conditions for this task are defined
based on fundamental physical considerations:

- A temperature of 293 K is prescribed on the external
boundaries of the electrodes and on the radial boundary
of the computational domain, due to their remoteness
from the arc region;

o 20 a0 50 80 100 120 140

Figure 3. Computational domain

- A thermal insulation condition is applied on the
remaining boundaries for the temperature field,
specifying a zero heat flux;

- For the gas dynamics problem, a zero gauge pressure
condition is set at the open boundaries;

- For the electromagnetic problem, the external
boundary of one electrode is grounded (zero electric
potential is specified for computational convenience and
result presentation). A Terminal boundary condition is
applied to the external boundary of the other electrode to
couple the model with the external circuit.

A temperature of 293 K, zero velocity, and zero gauge
pressure was set as the initial conditions for the
computational domain.

The external electrical circuit was modeled using the
Electrical Circuit module. A model of the circuit, shown
in Figure 1, was implemented within this module.

3. RESULTS AND DISCUSSION

3. 1. Results of Experimental Investigation  The
measured current and voltage oscillograms are presented
in Figures 4 and 5.

Figure 4 shows the measurement results for two arc
quenching scenarios:

-Case 1 (charging voltage U.1=500 V): the
oscillograms of the arc current and of the voltage on the
circuit breaker (Figure 4a) as well as the oscillogram of
the counter-current, i.e., the discharge current of
capacitor C2 (Figure 4b);

-Case 2 (charging voltage Un2=900 V): the
oscillograms of the arc current and of the voltage on the
circuit breaker (Figure 4c) as well as the oscillogram of
the counter-current, i.e., the discharge current of
capacitor C2 (Figure 4d).

Since the obtained oscillograms for the two cases are
similar, we will analyze in detail the ones for the
maximum investigated charging voltage of U.=900V
(Figure 4, c, d).

It can be observed that when thyristor VS1 is switched
on and the contacts of the circuit breaker S1 open, the arc
current rises to a value of 2.3 kA. Subsequently, upon the
triggering of thyristor VS2 and the injection of the
counter-current, the arc current decreases to zero within
0.3 ms, indicating successful circuit breaker arc
quenching.

Prior to the activation of thyristor VS2, the counter-
current (the discharge current of capacitor C2) was zero.
After triggering, it rapidly increases to a peak of 2.3 kA
and then, after arc quenching, it decays to zero due to the
recharging of capacitor C2.

Analysis of the voltage oscillograms reveals several
distinct phases of the process.

During the initial period, an uneven increase in
voltage is observed, accompanied by characteristic
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(c)

(b)

< 0Hz

(d)

Figure 4. Measurement results for cases with arc quenching: (a) Arc current (yellow curve) and voltage on the circuit breaker
(turquoise curve) at Us=500V (m=667 A/div, my=100 V/div, m~1 ms/div); (b) Counter-current (discharge current of capacitor
C2) at Uer=500 V (m=667 A/div, m~1 ms/div); (c) Arc current (yellow curve) and voltage on the circuit breaker (turquoise curve)
at Uas=900 V (m=667 A/div, mu=100 V/div, m~=0.5 ms/div); (d) Counter-current (discharge current of capacitor C2) at Usx=900 V
(m=667 A/div, m=0.5 ms/div)

(a) (b)
Figure 5. Measurement results for cases without arc quenching: (a) Arc current (yellow curve) and voltage on the circuit breaker
(turquoise curve) at Ucr=500 V (m=667 A/div, my=100 V/divm, m~1 ms/div); (b) Arc current (yellow curve) and voltage on the
circuit breaker (turquoise curve) at Us#=900 V (m=1333 A/div, mu=100 V/div, m~1 ms/div)

amplitude oscillations, which is a clear indication of arc
discharge development. A voltage dip of approximately
40 V is particularly indicative, that is alternating with a
region of relative stabilization. This behavior provides
evidence of the complex physical processes occurring

within the arc plasma channel. The maximum recorded
voltage reaches 211 V, reflecting the peak intensity of the
arcing process at the maximum arc current.

Following the injection of the counter-current and the
beginning of the arc current decay, the graph
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demonstrates an abrupt change in the process character —
the arc voltage drops sharply to a level of 150 V and
maintains this value throughout the entire quenching time
of 0.318 ms. Such a stable voltage level during the
quenching phase indicates the establishment of an
equilibrium state between the supplied energy and the
process of deionization in the arc gap under the influence
of the counter-current.

Of particular note is the complex transient process
observed after the complete quenching of the arc
(Figure 4c). Once the arc current reaches zero, the
voltage continues to decrease towards zero. However,
0.284 ms after arc extinction, a voltage surge to 240 V
occurs, followed by a gradual decline to 170 V. This
effect can be explained by energy redistribution
processes within the system. After the final arc
quenching, the measurement system ceases to record the
voltage drop across the arc itself (which has already
ceased to exist) and instead begins to measure the
potential difference between two points in the circuit.
These points are connected by a common loop that
includes capacitive elements. In this context, the
observed voltage surge can be attributed to the
redistribution of energy between the system components:
primarily, the loop inductance and capacitive storage
elements. It is particularly important to note that the
steady, constant voltage established after the complete
ending of all transient processes represents the residual
voltage on the capacitor. This residual voltage is caused
by the incomplete dissipation of the stored energy during
the quenching process.

To demonstrate the controllability of this arc
quenching method, experiments were conducted on the
test bench in which the arc was not extinguished due to
varying the circuit parameters. Two cases were
considered, with the following modifications to the
parameters of the second circuit (see Figure 1):

-Case 3: C2=0.56 mF, R2=0.3 Q;

- Case 4: C2 =0.56 mF.

The charging voltage for Case 3 was Uz = 500 V,
and for Case 4 — Ucia =900 V.

Figure 5 shows the oscillograms of the arc current and
arc voltage for the cases without arc extinction. These
oscillograms demonstrate that upon the injection of the
counter-current, the arc current (yellow curve) decreases.
However, the energy stored in the capacitor is
insufficient to force the current through zero and quench
the arc. Consequently, after the counter-current pulse
subsides, the arc reignites and continues to burn.

3. 2. Results of Mathematical Simulation
Subsequently, for a detailed analysis of the occurring
processes, mathematical simulation of all performed
experimental cases was carried out, along with a
comparison of the simulation results with the
experimental data.

Calculations using the developed model were
performed in three stages.

During the first stage, lasting 4 ms, thyristor VS1 is
open and thyristor V52 is closed. Capacitor C1 discharges
through the electric arc, leading to its development and
expansion.

During the second stage, lasting 1-2 ms (depending
on the specific case), thyristor VS2 is opened, and
capacitor C2 discharges. As a result, a counter-current
passes through the electric arc.

During the third stage (only for the cases with
successful arc extinction), which lasts no more than
10 ms, the model of thermal, gas-dynamic, and
electromagnetic processes is excluded from the
calculation to accelerate computations. Only the
processes occurring in the electrical circuit are simulated.

The simulation results are presented in Figures 6-11.
The time dependencies show a period of up to 6 ms, as
by this time:

- in cases with successful arc extinction, the current
flow processes in the considered electrical circuit are
completed;

- in cases without arc extinction, capacitor C2 is fully
discharged.

Furthermore, the time dependencies of currents and
voltages provide a more detailed view of the time interval
during which the counter-current is applied (the time
interval of 3.9-4.4 ms for cases with successful arc
extinction, and 3.9-5.2 ms for cases without extinction).

Let us consider in more detail the processes occurring
in the electrical circuit in Case 1 (charging voltage is
Ucr1i=500 V, successful arc extinction). The time
dependencies of the currents (see Figure 6, a, b) show that
the arc current increases and reaches a steady-state
regime during the first stage (the arc development stage),
the arc current attains a value of 1280 A and practically
ceases to change. Then, at the time instant of 4.01 ms, the
thyristor VS2 is turned on, the capacitor C2 begins to
discharge, the current through the arc decreases to zero
(at t =4.325 ms), and the arc is extinguished. Thereafter,
the current through the capacitors C1 and C2 continues
due to the energy stored in the inductances L1 and L2
until the recharge of the capacitor C2 (since capacitance
C2 is 14.6 times smaller than capacitance C1). The
resulting time dependence of the current through the
capacitor C1 represents the sum of the arc currents and
ones through the capacitor C2 (to avoid overlapping with
arc current on the graph, the current /¢; is taken with the
opposite sign). Additionally, the experimental values of
the arc current are indicated by dots in Figure 6, a, b. A
comparison of the calculated and experimental data
shows close values of the arc current, with a discrepancy
of 5-10%.

The time dependencies of the voltages (Figure 6, c, d)
show that the capacitor C1 discharges from the initial
charging voltage of 500 V to a voltage of 186 V by the
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time instant of 4 ms. Meanwhile, the voltage on the
capacitor C2 remains unchanged (since the thyristor V.52
is off) and is equal to =500 V. The voltage on the circuit
breaker increases during the time interval of 0—1 ms and
then remains practically constant (144—146 V).

The voltage on the inductance L1 at the initial time
instant is equal to the voltage on the capacitor C1 and
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Then, at the time instant of 4.01 ms, the thyristor V52
is turned on, and the capacitor C2 begins to discharge.
For this time interval, according to Kirchhoff's voltage
law, the following equation can be written:

Uz = Ugre — Uca. (1)

Therefore, a significant voltage (645 V) is applied to
the inductance L2 when the thyristor VS2 is turned on.
This voltage then decreases as the capacitor C2
discharges. By the time instant of 4.3 ms, the capacitor
C2 discharges from —500 V to —273 V.

At the time instant of 4.3 ms, the arc voltage (the
voltage on the circuit breaker) reaches its maximum
value of 221 V, after which the arc is extinguished and
the arc current drops to zero. Simultaneously, the current
Ic» increases to match /¢y, resulting in /> = I¢y. This leads
to a sharp decrease in the rate of change of /¢, causing a
rapid drop in the voltage U, (from 443 V to 37 V at
t =4.325 ms). Since the voltage on the interelectrode gap
of the circuit breaker S1 (it is incorrect to refer to this one
as arc voltage after arc extinction)

Us1 = Uz + U, @

and the voltage U, decreases sharply, Us; also decreases
(from 221 V to —159 V).
Furthermore, according to Kirchhoff's voltage law:

Ui =Ugt — Ugy, 3)

and the voltage Us decreases sharply, it leads to a sharp
increase in Uz (from —129 V to 243 V at £ = 4.325 ms).

Subsequently, the capacitors continue to discharge
along the circuit C1-L1-R1-VS1-L2-R2-C2-VS2-C1 (see
Figure 1). Here, the current /c1=I¢» reaches its maximum
at t = 4.48 ms (where Uz = U, = 0), and then begins to
decrease (causing Uz and Uy, to become negative).

The subsequent transient process in the electrical
circuit evolves according to the energy stored in the
capacitors and inductances at the moment of arc
extinction. Since the capacitance of the capacitor C2 is
14.6 times smaller than that of the capacitor Cl, it
becomes recharged to a voltage of 1302 V. Meanwhile,
the voltage across capacitor C1 at the end of the transient
process is 45 V. A similar situation is observed in
experimental studies.

If there were no thyristors in the electrical scheme, the
current would reverse direction after the capacitors were
recharged, and a damped oscillatory process would occur
in the circuit (since it would represent a series resonant
circuit) until the voltages across the capacitors equalized.
However, the current cannot flow in the reverse direction
due to the presence of the thyristors. Therefore, current
ceases to change after it decreases to zero. Consequently,
the voltages on the inductances Uy and U, drop abruptly
to zero (Ldi/df), and the voltage on the circuit breaker also
decreases abruptly.

Figure 6 e, f shows the time dependencies of plasma
parameters obtained using the electric arc model.

Figure 6e shows that the maximum plasma
temperature increases during the time interval of 0-—
1.5 ms (plasma heating occurs) and then practically
stabilizes (ranging between 14.1-14.2 thousand K).
Then, at the time instant of 4.01 ms, the counter-current
from capacitor C2 begins to flow, and the arc current
starts to decrease. This leads to a sharp decrease in the
maximum temperature at a rate of 1.6-10% K/s. Notably,
the graph (see Figure 6e) also shows local maxima, which
can be explained by the reduction in arc diameter,
increase in current density, and local overheating of the
plasma. By the time instant of 4.325 ms, when the arc
current reaches zero, the maximum temperature is
5200 K. Thereafter, the maximum temperature of the hot
gas slowly decreases at an average rate 0f4.3-10° K/s due
to convection and thermal conductivity.

The maximum electron number density is shown in
Figure 6f. The shape of this dependency largely
replicates that of the maximum temperature. It should be
noted that the maximum electron number density reaches
1.4-10% m™ during the arc burning stage, while at the
time instant of 4.325 ms when the arc current is zero and
arc extinction occurs, the maximum electron number
density is 8-10* m3,

Figure 7 shows similar dependencies for Case 2
(charging voltage is 900 V, successful arc extinction).
The dependencies are largely analogous, differing only in
higher currents in the electrical circuit (including the arc
current) due to the increase in charging voltage.

Thus, the maximum arc current is Iy ma=1283 A for
the charging voltage of U, =500V, while it reaches
Loremax=2390 A for U.»=900V. The increase in arc
current leads to a higher energy stored in the electric arc.
Nevertheless, despite this increase, arc quenching is still
achieved through the dissipation of electromagnetic
energy by the counter magnetic field.

Figure 8 shows the plasma temperature distributions
at different time instants for Case 2 (Un2=900V,
successful arc extinction). It can be observed that the
temperature and diameter of the arc discharge increase
between 0 and 3 ms, reaching their maximum values at
approximately 3 ms. Subsequently, the temperature
remains relatively constant, as the current remains nearly
unchanged during this period (see Figure 7, a). After the
injection of the counter-current (in the time interval of
4.1-4.4 ms), the arc current decreases, leading to a rapid
reduction in both the arc diameter and its temperature.

Figure 9 shows the simulation results for Case 3
(Uer,3=500V, without arc extinction). The first stage (arc
development stage), corresponding to the time interval of
0—4 ms, closely replicates the results obtained for Case 1.

From Figure 9, a, b, it can be observed that the arc
current begins to decrease at time moment ¢ = 4.01 ms
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due to the injection of the counter-current from the
capacitor C2. However, the energy stored in the capacitor
C2 is insufficient to quench the arc because of its reduced
capacitance (0.56 mF versus 0.78 mF for Cases 1 and 2).
The minimum arc current value, lycemn = 434 A is
reached at ¢+ = 4.594 ms. Subsequently, the arc current
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increases to a value of 1114 A at = 5.1 ms. The original
current value (i.e., the arc current at the moment of
thyristor VS2 triggering) is not reached due to the partial
discharge of capacitor C1. The simulation was terminated
at t = 6 ms. By this time, the voltages on the capacitors
were Uci =—49 V and U, =766 V (see Figure 9, c).
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Figure 7. Calculated time dependencies of parameters for the case with successful arc extinction, charging voltage is Uen2 =900 V
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Figure 8. Distribution of arc plasma temperature at different time moments for the case of successful arc extinction, charging
voltage is Ucr,2 =900 V (Case 2) for the following moments of time (in ms): 0.2; 0.5; 1; 2; 3; 4; 4.1; 4.2; 4.25; 4.3; 4.35; 4.4

Figure 10 shows the simulation results for Case 4
(Uer,4=900 V, without arc extinction). The first stage (arc
development stage), corresponding to the time interval of
0—4 ms, closely replicates the results obtained for Case 2.

As can be seen from Figure 10, a b, the minimum arc
current value of 47 A is reached at ¢ = 4.41 ms.
Subsequently, the arc current increases, reaching a value
of 2046 A at t = 4.74 ms, indicating that arc quenching
did not occur.

Furthermore, as is evident from Figure 10c, d, the arc
voltage was equal 141 V at = 4.01 ms and increased as
the arc current decreased. The maximum voltage of

323 V was reached at ¢ = 4.43 ms. Subsequently, as the
arc current increased, the arc voltage returned to its
previous value of 142 V by t =5 ms.

The time dependence of the maximum temperature
(Figure 10e) shows that as the current gets closer to zero
(decreasing from 2390 A to 47 A), the maximum
temperature drops to 7038 K at # = 4.41 ms. The
maximum electron concentration at this moment
decreased to 7-10%° m™ (see Figure 10f). This moment
appears to represent a critical threshold for the existence
of the electric arc, on the verge of extinction.
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Figure 9. Calculated time dependencies of parameters for the case without arc extinction, charging voltage is Uer,3 =500 V (Case 3):
a, b — currents in the circuit under consideration (a — for the time interval of 0-6 ms; b — for the time interval of 3.9-5.2 ms;
1 — current through capacitor C1; 2 — arc current; 3 — arc current, experiment); ¢, d — voltages in the circuit under consideration
(c— for the time interval of 0-6 ms; d — for the time interval of 3.9-5.2 ms); e — maximum plasma temperature; f — maximum electron

number density

Figure 11 shows the temperature distributions at
different time instants for Case 4. The obtained results
reveal three distinct stages of arc evolution. The first
stage is arc development stage (time interval: 0—4 ms):

the interelectrode gap is heated, the arc diameter
increases, and a steady-state regime is established. The
second one is counter-current rise stage (time interval: 4—
4.41 ms): the counter-current leads to a decrease in arc
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current, temperature and, therefore, velocity and
overpressure. The third one is counter-current decay
stage (time interval: 4.41-4.72 ms): the arc current

increases again, and the arc discharge recovers nearly to
its state at the end of the first stage.
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Figure 10. Calculated time dependencies of parameters for the case without arc extinction, charging voltage is Ucr,a =900 V (Case
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Figure 11. Distribution of arc plasma temperature at different time moments for the case without arc extinction, charging voltage
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The obtained time-dependent characteristics of the
arc current and arc voltage allow to determine the arc
quenching criterion described in (30, 31).

Based on Slepian's similarity law, which relates to the
recovery of the electrical strength of the interelectrode
gap under arc quenching conditions, the following
equation is used:

dRarc

0 Raredt = Uarc * Tare — Pioss- (4)

The left-hand side of this equation is set to zero, i.c.,
the power supplied to the arc, Ugre+Lure, is equated to the
arc power loss P, on the right-hand side.

During the burning of an electric arc, the arc voltage
varies depending on the conditions affecting the arc
column. Prior to current zero crossing (or before
extinction), the arc voltage increases sharply, then
decreases and crosses zero along with the arc current. The
power delivered to the arc from the source, which must
be compared to the arc power loss, can be calculated as
the product of the maximum voltage value before the zero
crossing and the value of the arc current at the same
moment of time.

For the two calculated cases with arc quenching, the
time instants at which the arc voltage reaches its
maximum prior to extinction were determined. At these
instants, the values of the arc voltage and the arc current
were identified. The product of these quantities yields the
minimum power required to sustain an electric arc in the
given geometry. These data are presented in Table 2.

For comparison, Table 2 also presents the results for
Cases 3 and 4. Since no quenching occurred in these
cases, the time instant corresponding to the minimum
current was used.

Table 2 shows that the minimum input power
required to sustain the electric arc ranges from 14.5 to
17.5 kW for the given geometry. It follows that in Case 4,
when the arc current decreased from 2390 A to 47 A and
the input power to the arc dropped to 14.5 kW, the arc
was in a critical state near extinction at that time instant
(4.408 ms).

Due to the inability to conduct experimental studies
in a high-current generator network (exceeding 200 kA),

TABLE 2. Determination of the electric arc quenching
criterion

Case Moment in Voltage, Current, Power,
number time t, ms \% A kW

1 4.300 221 66 14.586
2 4.305 201 87 17.533
3* 4.600 159 434 69.006
4% 4.408 309 47 14.523

Note: *Since there was no quenching in these cases, the values are given
for the time when the current was minimal.

the feasibility of this short-circuit current-limiting
method was evaluated theoretically.

For this purpose, a model of an AC generator network
was performed in the MATLAB Simulink software,
featuring two 800 MV A generators with a rated voltage
of 24kV (32). That model was used for calculating
transient processes during a three-phase short circuit.

A capacitor bank (see Figure 12), with a capacitance
of 7mF and pre-charged to 24 kV, is switched to the
network via thyristors and discharged, thereby generating
a counter current through the generator circuit breaker.

The thyristor control system is designed such that the
control signal is sent to thyristor groups (depending on
current polarity) only after the current through the
arc-quenching contacts reaches 160 kA.

The simulation results namely time-dependent phase
currents for cases without and with current limitation are
presented in Figure 13.

It can be observed that the maximum phase short-
circuit currents for the case without the counter
electromagnetic field action are Iy max 177 kA,
I max = 241 KA, Icmax = 190 kA (see Figure 13a).

And the maximum phase short-circuit currents are
significantly reduced for the case with the application of
the counter electromagnetic field: 14 max = 98 kA, Ipmax =
171 KA, Icmax = 133 KA (see Figure 13, b). This reduction
enables generator circuit breakers to successfully
interrupt currents of such magnitudes.

4. CONCLUSION

The paper presents a novel principle for influencing high-
current electric arcs using a counter electromagnetic
field. The results of experimental studies and
mathematical simulation of the processes under
investigation, conducted on a model test bench, are
presented. A comparison of these results showed close
values, a discrepancy has the order of 5-10%.

Figure 12. Example of capacitor bank implementation
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The duration of the arc quenching transient process
depends on the switching circuit inductance, the time
constant of the capacitor (circuit) discharge, and the
properties of the arc discharge itself. These properties
change based on the electron flux generated by the
counter field, that phenomenon requires further
investigation.

For a charging voltage of U.,=500V and main
circuit capacitances of C1=11.4 mF and C2=0.78 mF, the
maximum arc current prior to quenching was
Loyema=1283 A, and the arc quenching time was
tyuenci=0.315 ms. For a charging voltage of Uy2=900V
and the same capacitance values, the maximum arc
current was Iy ma=2390 A, and the quenching time was
tquench=0.328 ms.

Thus, although the arc current increased by a factor
of 1.86 (implying a significant increase in the energy
stored in the arc), the quenching time remained virtually
unchanged (a mere 4% variation).

This can be explained by the fact that the increased
charging voltage also raises the energy stored in the
counter-pulse capacitor C2, thereby enhancing the
influence of the counter electromagnetic field on the arc.
It follows that for the same arc current, increasing the
energy of the counter electromagnetic field would lead to
a reduction in the arc quenching time.

Furthermore, the minimum input power required to
sustain an electric arc for the geometry under
consideration was determined based on the similarity
theory of D. Slepian concerning the recovery of
dielectric strength in the gap and the conditions for arc
quenching. This value was found to be in the range of
14.5-17.5 kW.

The feasibility of applying this current-limiting
method to high-current generator circuits (exceeding 200
kA) was assessed theoretically. Calculations performed
using the MATLAB Simulink software demonstrated
that the application of the counter-pulse technique
reduces the generator network current by a factor of 1.4—
1.8, bringing it down to levels manageable by the circuit
breaker.

In this way, applying the aforementioned short-circuit
current-limiting method in high-current generator
networks entails an increase in the physical dimensions
of electrical equipment due to the inclusion of an
additional cabinet (see Figure 12) but this approach
resolves the issue of enhancing the switching resource of
the generator circuit breaker.

The obtained data are particularly valuable for
understanding the interaction effects between the arc
discharge and the counter electromagnetic field
quenching system. The results demonstrate the complex
nonlinear dynamics of transient processes in high-energy
circuits. The observed specific features of voltage
variation during different phases of the process provide
crucial information for the further improvement of arc
suppression system parameters and the development of
more accurate mathematical models of this physical
phenomenon.
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