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ABSTRACT

Aims: The paper presents a new theoretical model of an electric arc in a circuit breaker with
reference to the role of shunt resistance parallel to the electric arc in a circuit breaker switch. One
of the goals of the paper is to show the efficiency of using the software package MATLAB Simulink
in which the previously derived system of equations is easily implemented in the blocks of the
mentioned software package.

Methodology: The discharges in the electric arc determine the potential between the metal
contacts of the switch and the structure and shape of the electric arc make it difficult to solve the
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transient process. The main step in solving the problem is the formation of a theoretical model of
the electric circuit from which the current and voltage can be determined, which depend on the
parameters of the electric field in the arc. The use of shunts in oil and air switches, due to a number
of shortcomings, was not possible, but the disadvantages are overcome if thyristors are used to
interrupt the current. The equations and the algorithm for solving the problem are obtained from the
parameters of the electric field potential that shape the electric arc and its path. The accuracy of the
theoretical model is confirmed by voltage and current diagrams in the adapted MATLAB Simulink
software package.

Conclusion: The presented theoretical model and algorithm are universal and can be used for
different states in which an electric line can be found. Problems that occur in the analysis of
transient processes in an electric circuit where an electric arc occurs can be minimized using
different types of simulations. Changing any parameter in the electrical circuit requires a new
calculation of the state of the circuit from the very beginning due to the new initial conditions.
Analytical methods combined with the simulation method were used in the research of
overvoltages, asymmetries and harmonics during the appearance of an electric arc. The MATLAB
simulation program had a threefold purpose: to serve the calculation and simulation of quantities
that can be obtained by testing or measurement, to establish the original algorithm and to verify the
proposed method. Also, this type of simulation can replace the type tests of the electric arc on the

switch.

Keywords: Simulation; model; electric arc; transient process; discharge.

1. INTRODUCTION

In an electric arc, thermal processes, unlike
electromagnetic processes, are difficult to
analyze. For the analysis of electromagnetic
processes in an electric arc, existing programs
and simulations are modified and new ones are
developed to check and verify theoretical models
obtained by analytical methods. Static
characteristic of electric arc corresponds to the
stationary or quasi-stationary state of arc
combustion, provided that the resistance is
constant, while the dynamic characteristic of the
arc is determined by the heat transfer conditions
from the arc column. From the measurement of
the obtained gradient, E =f(l,) the transient

resistance of the arc can be obtained and the
process can be simulated in order to avoid the
measurement [1,2].

Transient processes in the circuit-breaker arc are
affected by commutation and atmospheric
overvoltages that can vary widely, with
discharges being able to generate overvoltages
of the order of several MV [3]. In his book S.
Bjeli¢ [4] notes that the discharge phenomenon
creates overvoltages on lines, loads and
conductive elements, which are described by
differential equations. Discharge in these cases
(in addition to the influence of overvoltage) acts
on the conductor similarly to low frequency
current through thermal and electrodynamic
effect. In addition to deriving a system of
equations that are easily implemented in the
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blocks of the MATLAB Simulink software
package, a simulation with diagrams for
comparing the current and voltage of an electric
arc in a circuit breaker will be presented.

2. SURVEY OF RELEVANT PAPERS

Dealing with problems that occur in analysis of
transient processes in an electric circuit where an
electric arc occurs is not a new phenomenon. A
large  number of researches have been
conducted on this topic and a large number of
papers have dealt with this issue [2,5-8].

Authors in their research start from an
assumption based on the dynamic theory of
electric arc defined by the models of M. Kassi
and O. Mayr [5,6].

M. Kassi model: In the arc model, the longitudinal
electrical conductivity and the dissipated thermal
power are constants, while the cross-sectional
area of the arc depends on current and time. In
steady state, the volt-ampere diagram does not
depend on the current density and amounts:

Po=E?/ p, E=\pPy 1)

where p, is specific resistence, Py power output
per unit volume.

0. Mayr model: Assumption is that the radius of
arc channel is constant and that the temperature



changes along the radius. Solution for the
dynamic volt-ampere characteristic is obtained
from the model, and in the equation for
resistance the parameters are: thermal time
constant T, and power output Py in volume

unit [9-11].

The static and dynamic  volt-ampere
characteristic is important for determining
resistance of an arc per unit length

RY =R,/ ¢=V/(¢-i,)=E/ ¢ and it is defined by

a voltage gradient E:grad\7| [5,6]. For

harmonic currents, the arc voltage has a special
shape: it initially rises to a maximum V, u —the

ignition voltage then decreases to a minimum
Vanin and rises again to the quenching voltage

Vag - The current is different from a sinusoid;

before passing through zero it declines slowly
and then rises rapidly. Ignition voltage is affected
by processes during the current break (slow
change of current around zero value).

In the analysis of arc voltage diagrams V,, G.
Ajerton used equation [12]:

V, =a+bl+(c+dr)/1, 2)

where a,b,c,d are constant, V, arc voltage, ¢
arc length, 1, arc current.

From the previous, the equation for the minimum
gradient of the arc is derived, which reads:

Ey=Vy/0l=b+d/I A3)

Since arc is a combined thermal and
electromagnetic process, influence of the volt-
ampere characteristic of arc, temperature and
pressure on ionization must be taken into
account, but Saga, Habedanka equations in the
O. Mayr model did not meet prescribed
requirements [5,6,8-10,12-14].

In the works of Schiera [14], Burgsdorf [15] and
Warington [16], following equations for equivalent
resistance were used, which are shown in
Table 1.

The notations in the equations are as follows: | —
current, ¢ —the length of the lower part of the arc
- at the beginning is equal to the distance
between the electrodes and increases due to the
transverse air currents because the arc has no
inertia (thunder in a storm). The exact equation
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for the arc resistance has not been determined
and experiments show that the arc voltage

gradient E =15 V/cm for current | >10% A a little
depends on the current and that is why the
resistances are calculated by the equations in
the table 1 slightly different.

At the end of the review of relevant papers, we
conclude that energy transfer is described by
differential equations: elliptical for stationary
processes (without changes in time and space)
and parabolic and hyperbolic for non-stationary
processes (changes in time) where the following
parameters are determined: E filed strength, D
electro-static  induction and B  magnetic

induction (B =rotA, where A is a vector of
potential). Maxwell, Poisson and Laplace
equations for arc voltage and potential are used
for the above processes ¢(x,y,z), A(v,p)=0 in

Decart coordination system:
2 2 2
v2¢=a‘;’+af+a‘;’=o (4)
oX oy oz
where ¢ is potential of arc and, A is Laplas
operator.

Equation of Puason and Laplas have one
solution with tasked limited conditions:

1. The first line (Dirikle) — on border G
value of seeking function is ¢ =f;(x,z,y)
and points of Decart coorrdinates
(x,z,y) belog to border G . Condition
¢ =0 is homogeneic contition.

2. The second line (Neiman) — on the
border G value of demanded function in
normal is  dp/dn=fy(x,y,z) for
coordinate points (x,y,z) . Condition
0@/l on =0 is homogenic condition.

3. The third line — on border G value of
demanded function is
ol on+f3(p)=14(x,y,z) and points of
coordinate (x,y,z) belong to border G .

At the domain boundary, conditions can
also be specified that contain conditions
- first, second and third order.

3. NEW THEORY MODEL OF ELECTRIC
ARC

Attached references do not systematize
important process parameters in the electric arc



and that is why the authors came up with idea to
form a new model that contains a sufficient
number of such parameters. Coming up of this
idea also arose due to the fact that classical
theory of electron motion in an electric arc was
exposed to expert criticism. In continuation of this
paper, certain corrections were made to this
theory, which are given in a new theoretical
model that shows a more important part of
electrical processes in a modern way.
Dependence of the physical and electrical
parameters of electric arc is determined by the
following equations:

1. Field strength, i.e. scalar potential function

between electrodes: E =—grade .

Continuity is defined by the densities of
electronic and ionic currents. If the charge is
a particle e , electrone concentration is

ong / ot and ions on; / ot then:
div(je +J; ):e(ane / ét—an; I ét); where the
right - hand side of the equation represents

the reduced number of charges in that
volume per unit time.

Equation of Puason: divE =e(n; —ng)/ &g ,

where £, =8.85-10"2  [F/m]
constant of air.

dielectric

The expression for the electron/ion current
density is defined by Ohm's law (J = oEq )

and is a consequence of a foreign field
caused by different spatial concentrations of
charge:

a) Jine =€-degradng ,

Je =Jenob +Ikne =€NebeE +e-degradng

b) Jkni = —djgradn )
Ji = Jionmob . +Jkni =enibE —e-djgradne
where d. electron diffusion coefficient, d;

ion thermal diffusion coefficient.

In the right part of both equations, the first
term is determined by the mobility and the
second term by the diffusion of particles.

5. Current density
divd = —c-diVE = —-Opldt and electrons

whose number is equal to the difference of
the ionized ones ongj /ot and missing

continuity
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particles in transition divje le , ie.
Ag =(ong / 0t)-divdg /e . The rate of
propagation of non-electrification in the

domain is determined by the conductivity and
dielectric constant. Particle difference
determines the balance of created and
missing particles in space dVpg ,

AedVps =[(@ne; / 6t)—divde / edVps -
Balances:

Ve +3iE =eVidn/ dt + Py ~divVJ, ~divi - gradT +c,dT /i
, where V; is ionization potential, 4 heat

dissipation coefficient, Cp thermal

capacitance of the gas at constant pressure.
In the left part of the equation is the power
generated by the current in the domain and
in the right part of the equation are the
forces: 1. ionization of neutral atoms, 2.
radiation, 3. expired charge carriers, 4. heat
losses, 5. heating plasma.

The theory of the electric arc model is based on
the definition of the arc channel, the leader and
the streamer and the state is described by the
equation:

dQ/ dt =Eij —P, (5)

where Q is amount of heat, E voltage gradient,
ij arc current, Py given power.

If addiction is known Q then we can determine
dQ/ dt. If the pressure in the arc is lower, the
length of free path of electron is greater. The
kinetic energy of an electron is greater than
energy of positive ions and neutral particles and
is determined by temperature of electron gas and
not by temperature of the dielectric. The bow has

three zones: K cathode, A anode and C arc
pillar zone and voltage falls Vg , Van » E- 7 .

Zone proportions of A and K are les than zone
C . Voltage falls V.5 and V,, créate stronger

fleds E in the arc zones. For the quasi-
stationary state, the volt-ampere diagram of the
arc pole is:

Vae =Veat +Van +E - ¢ (6)

where E is potential gradient, / arc length.

The arc tree is an ionized part of the gas volume
whose conductivity is approximately equal to the



conductivity of the metal. The experiment shows
that there is density in the arc tree J =5.10%
[A/lcm?], gradiant gradp=-0E/ox =15+20
[Vlecm] and conductivity o=J/E (where
o =0.25-10% [S/m]), which is comperable with
conductivity ocygapn =0.15-10° [S/m][11].

The source of direct current arc ionization is a
thermal process. Although thermal process
dominates as the current passes through zero, a
small impact in the shorter interval has an impact
on ionization where both ionization and diffusion
of ions and electrons occur. lonization dominates
when arc is ignited and deionization dominates
when arc is extinguished. Arc is an
electrothermal process whose simultaneous
analysis is complex.

In the domain, the interaction of particles is
neglected. The mean propagation velocity of

electrons and ions is V,, =eE/ mv =bE . There
is ion mobility in the air b, =1.5+2 [cm?/Vs] and

electrons in a weak electric field be=103

[cm2/Vs] [5]. Neutral atoms and molecules are
not affected by the strength of the electric field. If
the p density of a gas is a dielectric and if they

move under the influence of pressures p in the

gas, then their action is described by the
equations:
p(dV, / dt)=—grad(p), dpg / dt = —pgdiv(V e )

@)

If charged density in the domain is sufficient to
turn into an avalanche and widen the channel on
both sides - toward the anode and cathode, then
the discharge begins with one electron. In the
Wilson chamber [5], the propagation of the
channel in the field when a voltage pulse is
generated between two electrodes was
examined 107 [s]. The number of electrons on

the forehead increased exponentially e
(where X is the distance of the forehead of the
avalanche leader from the cathode, o is
Townsend coefficient (obtained from the
conditions at the head)). The largest number of
positive ions is on the forehead and they, in the
direction of the normal velocity, spread diffusely
and spread across the cross section. The width
of the avalanche in the air is 1-2 [mm], and the
propagation velocity is 1.3:10% [m/s], when
E/p=30 [V/IPa] and p=30 [kPa].
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If the necessary energy for ionization of electrons
is obtained by forces in an electric field, then
shock ionization occurs, which is characterized
by the first Townsend coefficient «, [cm™]. It
represents the number of impacts performed by
electrons in an electric field at a distance of 1
[cm], according to empirical expression:

®)

ay = Ao_lioipe—BO(pi (T/E/P) [cm

where p is pressure, T temperature, E field
strength-potential gradient ¢; , Ay and Bg
constant.

In the part of dx streamer /, in a unit of time
there is ng_ electrons and each creates dn new

electrons. On the way dx each electron provides
aydx ionization and due to it dn = a,ndx:

n X ayX
- - y
jnodn _joayndxo n=nge

©)

The number of ions formed in ionization is:

¢ ‘ . .
n =nge™’ —ng =n; =nge”" —1). If ions hit
the cathode and new electrons erupt, the

phenomenon is defined by another Townsend
coefficient y1 which defines the number of

electrons that hit the cathode and emit one ion
each. The discharge is self-sustaining in
ionization and the formed ions that strike the
cathode and erupt from it as a replacement for
the number of electrons at the beginning of the
process [11] are:

TN =7 no(eai[ —1)= No (10)

where y7 (eaif —1):1 is Townsend condition for
self-discharge, yq ionization number up to
pd =13332 [Pam].

An electron from the cathode when moving

towards the anode creates e®’ -1 of positive
ions. If the voltage is Vpmin >B(pd)y, hew
channel of discharge develops. For greater
electrode spacing in air (>10? [cm]), parts of the
streamer are >102 [cm] and temperatures are
>3000 °C. The temperature along the streamer is
sufficient for thermal ionization of the air. The
consequence is a higher field strength at the



head of the streamer, the development of new
streamers and the extension of the primary
channel due to the higher heat.

A thermally ionized main channel is then formed
in an inhomogeneous electric field, a leader, with
a small longitudinal electric field strength. If the
leader's forehead approaches the electrode of
opposite polarity, the field strength increases
between the electrodes. The leader expands
continuously from the anode and jumps from the
negative electrode. The voltage jump in an
inhomogeneous field is explained by the
Pedersen semiempirical criterion.

In the plasma domain, the field strength is
determined by Ohm's law E = j /ngbg . Inductive

and electrical component E=10° [VIcm] are
comparable only for rapid current changes

>10'0 [A/s]. Inductivity L<1+2 [uH/m] for
radius leader channels rs;10‘1+1 [cm] is
negligable.

There is a component E =0 along the channel
axis, but the field strength along the channel
cross section is constant and amounts to

rotE = 0. Due to the conductive structure of the
leader, there is also a longitudinal capacitance of
the channel, which in the final conductivity is not
filled and not emptied currently. The longitudinal
value of the current is not the same and there are
leads:

ai(x,t)

OX

aq(x,t)

P (11)

where q(x,t) is the amount of electrification
(load).

The following equation should be solved when
calculating the field strength in the plasma
domain:

diVE = pe /&, divgradlvy_, )= pe/e  (12)

where v is the field potential, p, Vvolumetric
density of the load.

Boundary conditions are a potential at the
electrodes and the outer surface of the leader
channel, but due to the complex boundary
geometry, it is difficult to make a model for field
calculation outside the channel domain. The
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voltage at the leader's head does not depend on
electrode spacing for constant charges and thus
a calculation for each step is avoided. The
solution of electrothermal processes in gas is
complex because, due to different process
speeds, it is difficult to determine the integration
step. If it is chosen according to the criterion of
fast processes, the number of steps in time
increases infinitely, and if it is chosen according
to criterion of slow processes, the errors are
large. According to the criterion of propagation
speed, processes are divided into 3 groups: the
fastest processes with time 10° [s]
establishment of electron distribution function
and their temperature, medium-fast processes
with time 107 [s] - processes that change the
concentrations of loaded and excited particles,
and slow processes over time 107 [s] - gas
heating and ambipolar (multipolar) diffusion. The
division enables analysis of formation and
disappearance of electrons in context of
establishing a quasi-stationary value of electron
gas temperature and the gas temperature that
remains unchanged.

Potential-voltage v(x,t) and current i(x,t) per
intersection at a point X are:

av(x,t)__ _ i(x,t)
x E(xt) G(x,t)’
ai(x,t) _ aq(x,t) (13)
OX ot
where G(x,t) and q(xt) are drainage-

conductivity and load unit length leader.

The presence of electrodes affects distribution of
charge along the leader because it is determined
by the capacitance and potential of the streamer.
At front of the arc towards anode on streamer
casing is the surface density 7 =q/Sg; (cilindre

Sout = 271 ¢)) and electrification q = c\v(x =1,t).
The effective potential in the channel axis is
voltage difference o(x,t)=V(x,t)-Ve(x,t) (actual
voltage V(x,t) and voltage Vg(x,t)=V,y
electrodes). When there are no electrodes, size
p(x,t) corresponds to the true value of the

potential at a given point.

If the potential (p(x,t) proportional to the charge

of the electrodes, the field is shaped by the
charges at the top and the streamers in front of
the top of the leader. Potential o(x,t) points

X=X, =/ it is equal to the potential of the top



leader. At the point M(x,y) potential value
o(x,t) on the surface of the streamer is the sum

of the potentials of the streamer, the longitudinal
charge density q(x,t) and the potential of the

distributed charges on the electrode surfaces,
n(x,t):

t

g M) s (14)

y
-[O 47&51 £ Mix

By separating part of the potential-voltage
generated by the charge of the streamer at point
X the coordinate of the potentials of other
charges generated at the same point X it is in
the interspace:

a(xt)
C(x,¢)

where C(x,/) is longitudinal capacitance of the

streamer depending on the point coordinate
M(x,y) and channel lengths /.

V(x,t)= +Vout (x,1) (15)

Potential part Vg (x,t) of total potential V(xt)

when they create electrodes, the electrode is
significantly larger than the part of the potential of
the streamer, i.e. it's about:

Vout (X t)~ Vg X t —dS (16)
Are - Iy
For C(x,¢) potential
axt) _ ) _
C(x,t)_¢(x’t)_v(x’t) Vel (xt) defines

electrification of strimer.

The charge of the streamer sheath depends on
the charge of the electrodes that form the
channel and does not depend on the potential of
the point. If they are evenly spaced along the
leader axis, C(x,¢) is determined per Lama

method [12]:

it

The equation of effective potential in the domain

ol) )

axz

[=X

0 ,/x2+r2 o,x +r52

*X

Q (/—x+ (@—x)z+r52)(x+mj

In
2
4716 s

&
ar

17)

6¢(X,t) G(p(x,t

OX

+a(x,t) —b(x,t) = F(x,t)

(18)
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where a(x,t):G()l(,t)aGa()):’t) . b(x.t) Z(())((tt)) ,
F(xt)= EGe(E(Xtt)) aGa())((,t) . 8E2§(x,t).

Boundary conditions for the equation (18) (anode
¢ =0) they are at the top of the leaders:

_Op _ Chr.lead Vs¥s and ¢ =V, cat -
OX  bghger-rs '

For the solution, it is necessary to know the
concentration of charge during the formation of
the streamer at the point when gas temperature
is equal to ambient temperature. As the channel
expands and extends, the domain boundary
changes by d¢/dt =V () and for a given value

P rszfz:Cta:
a) channel radius rg [m] increases due to

thermal expansion (continuity equation for gas
molecules) or

b) dr2)idt=4D, it due to diffusion the
channel expands.

Experiments show that the radius of the
re ~10°* [m], ng~10% <108 |

(~107° [m] and for rg >> ¢ gas in transitions to
an electric arc.

avalanche

If the boundary conditions are met, the field
strength in the channel can be determined by the
eqguation:

E(X,t): E'V(th): 6EX’t)+Ee(X,t):Cf"‘eadVS s +Van.cal _ e Vg g +Van.cat
o o beneerr-i2 LTI ogngr2r

(19)

The field strength distribution around the

streamer face depends little on the length of the
streamer and is best suited to the field
distribution around the sphere with the potential
of the streamer head:

E-—4 =, r>ag, E= 9 5 [ =ag
Are-r 4re-a
E=-_14 ST, T <ag (20)

4re-a

The field strength next to the streamer front is:



E(x) n,-ne—-n_
X

dE,
dx

& Ne =N4 =Ne front (21)
An expression for potential is added to the
equation for the process around the streamer's

forehead (pS:J':: E(x)dx and the continuity
T

condition  (conduction current behind the
streamer front Jpenind fr = (0D/ 0t )aneaq  €QUA

to the dielectric displacement current in front of
the streamer front ng ¢ beeEf 7 - rfrz =CVgq 05 ).

Equality is enough for an approximate solution
®s =Vancat and data on pressure, temperature,

humidity and anode-cathode voltage field
strength in the streamer direction. The arc
voltage has three components: in the cathode
domain V, , anode V, and the length of the arch

pillar ¢, :
V/{ :VC +Va +VS/, :VC +Va + grad(p,(p=v,/f=[ (22)

The wiring diagram includes the parameters of
important elements. Circuit parameters can be
concentrated and distributed. For voltage
calculation u, two methods are used, namely:

the method of contour currents and the method
of superposition.

The first method starts from Kirchhoff's rules. For
a potential circuit scheme in the event of a power
failure and the appearance of an arc, a sufficient
number of equations for contours are compiled,
then the unknowns are excluded and one
differential equation is kept in which one
unknown is solved (voltage uj, ), which depends

on parameters and times (argument). The

equation is:

up /dt" +ayd" tup /dt" - agup =f() (23)

The solution of this equation consists of two
components up(t) = Urerc (t)+ Ugree (t)-

Forced component Uy (t) is a partial solution of
the inhomogeneous differential equation for the
stationary mode in the circuit, i.e. the source
voltage, ie. at the time of voltage establishment
after the current has passed through the zero
value. Free component Ugee(t) is general

solution:
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Usore (t) = Ale nt + A2er2t +

(24)

where A; — A, are constants, r; —r, the roots of

the characteristic equation corresponding to the
equation (23).

During the transition from the time domain to the
complex domain, the initial conditions are taken
into account and no integration constants are
required, because at the beginning a system of
equations in the operator form was compiled.
Transformations of unknowns are excluded from
the system of equations and only the
transformation of the required quantity remains
Urore (P) < up (t) in the form:

Urorep (P) = A1(p)/ Az(p).

In the superposition method, the process of
current interruption in a switch with an arc is
equivalent to the inclusion in the circuit of a
conditional source with a current equal in
intensity and opposite in direction to the tripping
current (the resulting current is equal to zero)
[17,18]. Combined with the operator this method
allows the setting voltage to be determined with:

Up(p)=1(p)-Z(p) (25)

where I(p) and Z(p) operator form of current

and impedance of a circuit reduced at a short-
circuited power supply.

Due to the small value of the inductance of the
arc, the active part of the impedance of the arc
has a nonlinear character. Value Up after the

passage of current through zero heavier values
Uy . Before it reaches zero, the arc resistance

R, switches increase significantly, so does the
arc voltage U, . The arc current i; decreases
compared to the conditions when it was R} =0
and U; =0 . There are also experimental
methods for measuring values u,. The voltage

establishment process, depending on the
relationship of the contour parameters, has a
periodic or aperiodic character.

4. INFLUENCE OF ELECTRIC ARC ON
ESTABLISHED VOLTAGE IN A
CIRCUIT WITH ONE FREQUENCY

The established voltage with the frequency of the
source in RLC the circuit in Fig. 1 is:



Up =v2Urkgy sin(et +¢) (26)

where U; is phase voltage of the source, ¢

phase position between current and voltage.

Changing the voltage at the arc leads to the
occurrence of current through the capacitance:

ic =C(duc /dt), uc =uj =u, (27)
. di o .
uo(t)=|R+La+up, i =igc +is,
. du u u
IC ZC_py i| = P y g :_p (28)
dt Rarc Rs

The nonlinear volt-ampere characteristic of an
arc pole has three exponential functions for the
reference current (0.5 or 1 [kA]): segment 1K
and parameter of segment «;, segment 2K and
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parameter of segment «, and segment 3K and
parameter segment a3, Fig. 1 and is:

u /Uref =K; (I /Iref )]Jai (29)

For source voltage ug, the role of resistance on

the source side R it is not large and can
therefore be neglected:

d%u du
el f b, b % g L R Up =Uo(t)
dt? \Rs Rg ) dt Rgrc dt

(30)

where ug is source voltage, R and L active and
inductive resistance of the side of source, Ry
and C,. nonlinear resistance and capacitance
of the arc in the switch P .

Table 1. Equivalent arc resistance (active character)

Equations Schier Burgsdorf Warington
Rarc [Q] Rare =370 (e 1138 Rac =1.05-lac/lac R, =8750-¢/1%4
Value Lare [M] lare [A] | > 10% [A] E ~15+20 [V/cm]

R 9 fu,) 2
- iarc‘R Is¢ IC‘ Uref j 0y %
u(t) SO e | |
)0 7 R ,, |
L Oy i /ref i iarc
== ——

Fig. 1. Single-frequency electric circuit in which the action of the arc is analyzed and the
establishment of voltage at the switch contacts: a) classical circuit diagram, b) new circuit
diagram, c) nonlinear resistance of the electric arc

For easier integration, the right-hand side of the
equation is multiplied by a coefficient LC and
with another excerpt u, an equation is obtained:

A +B—+Cx=A-f
dt? dt

dx | g () (31)

The obtained equation is translated as a

characteristic equation Ar? +Br+C =0 whose
solutions

2
DB S asm.
2A

r2:k2=—

If C, and C, are integration constants, then is the solution of the equation (31):

2m

x=e & {Clem +Ce™ +i(em [e  (t)t—e™ jekz'tf(t)dt)}

(32)
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With help of equation (32) and equation (30) can
be sovled with conditions ug(t)=Uq =const. ,

R =, dR, /dt=0 and it gets:

d?u du u
L 1 Pr—P Yo (33)
dt? CacRs ) dt LCac LCac
With initial conditions t=0 |, up =0 and

dup /dt =0 it gets:

up :Uo{l—(%shnt +chntje_at} (34)

|

In equation (34) m represents an imaginary and
hyperbolic function that turns into an ordinary
trigonometric function and the process of
establishing voltage has a periodic character
(curve 2 in Fig. 2).

1 1
4C2 . R2 LCy

where a =
arc RS

The aperiodic character arises from inequality
Rg < (l/2NL/Carc (curve 1 on Fig. 2).

If inequality is met 1 < L then
2C§ICR§ 2L Cyrc
RS>l L .
2\ Cyhe¢

The transition from the aperiodic to the periodic
process can be achieved by changing the active
resistance Rg.

5. SIMULATION MODEL, SIMULATION
DIAGRAMS AND RESULTS

The performed analytical considerations show
the functional possibilities of the electric arc
process model in the circuit breaker.

As this is a new method based on application of
artificial intelligence in high voltage technology,
no similar approach was found in the accessible
references that would allow comparative
analysis. As stated in references [2,5,6] there is a
certain resemblance to the theoretical part, but in
practical terms it does not exist, so this paper
can be considered special because of its ability
to replace expensive and complex experiments.
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The system of previously derived equations is
easily implemented in blocks offered by the
MATLAB Simulink software package [19]. The
model compiled for the MATLAB Simulink
software package allows to simulate the transient
processes of electrical circuits in which an
electric arc occurs.

The presented method and simulation enable
fast and quality solving of processes that are
important for electrical equipment. Using
experiences in process simulation in a single-
phase electric circuit with the appearance of an
electric arc during circuit switching, voltage and
frequency values can be evaluated.

The parameters of the scheme elements are
given in Fig. 3 (line-SCOPY1, SCOPY2), and
simulation current and voltage diagrams in Fig. 4
(a,b).

An adapted program in the MATLAB
psbnewarc.mdl software package with the
following parameters was used to verify the
model and algorithm:

- Source 35 [kV], 50 [Hz], impedance Power
System: R; =1 [Q], L1 =3.5e-3 [H], R, =30
[Q], L, =5.2e -3 [H], C, =1.9e-9 [F],

- Block parameters Arc in a Breaker:
g=1e4 [S], Rac =1e—4
Carc =1.98e-9 [F], Rshant =f(\/,|),

[Ql,

-Block parameter VA characteristic in arc:
Ve =35.0e3 V1, [KA],

Seg.Ch. =0.955, kl =50, oy = 1.0, k2 =0.25,
ap =0.99, k3 =165, az =0.98,

Iref =1

- Load parameters:
V, =35e3 [V], f =50 [Hz], L=6.2e -4 [H],
R =450 [Q].

An adapted part of the MATLAB Simulink
software package was used to determine the
voltage diagram. The shapes that indicate
overvoltages on the switch are shown in Fig.
4.(a,b). This means that before measuring the
overvoltage on the circuit breaker contacts,
according to the described method, their values
as well as their time course can be estimated.
From the diagram in Fig. 4.(a,b) concludes how
the process took place at each time point
(comparative diagrams of currents and voltages
are shown: models of M. Kassi and O. Mayr and
a new theoretical model of an electric arc).
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The process simulation. Although the natural
frequency is set f,, the capacitance of the arc is

important for the appearance of the arc in the
circuit Cg. which is often not known. If

inductance is known L (and other parameters),

frequency fy or by applying some of the
derived equations. By switching off the
capacitance C,. conditions can be obtained

for the transition from periodic to aperiodic
process in which voltage will be established

capacitance Cg,. can be determined from the up
uh AUpm
|
|
I
i
SR NI I " N S

|
|
|
I
I

Uy i

P

U, |

|

2 /1
|
+ ! for the rest
! t

B 0 t .., The moment the current passes

crit. through zero

Fig. 2. Diagram uj, in periodical (curve 2) and aperiodical process (curve 1)

1[ohml 3.5e-3[H]

g=1ed[S]
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] . 6.2e-4[H] A
s;;;sfe Cassie arc 450 [ohm],
o 30 ohm model Ly ANN——
5.2e-3H
I i 1.9e-9F
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>
. E—
voltage current
1[ohm] 3.5e-3[H] g=1ed[S] -
+ ! A~
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. . 6.2e-4[H] A
e?su&e 450[ohm],
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1
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sinwt

Rarc— 1e-a wonm)]

A 4
\ 4
+

—» >|
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»

1 — T
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-
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The Cassie and Mayr and new arc model for simulating circuit breaker interruption

Fig. 3. Model scheme for simulation of transient process in arc in circuit breaker
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w10 Current[d]: Arc model, Mapr [pink],

4
%10

Current [&]: New arc model [vellow]
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4
%10
E

Yolk: Arc model, Mayr [pink), C

Yolk. Mew arc model [vellow]

0.01

Fig. 4. Comparison of diagram of a) current and b) voltage of arc in the Breaker

From the functions and diagrams obtained by the
simulation, the influence of the parameters of the
circuit elements on the voltage is obvious u,, .

Capacitance present C,. is loaded from the

source through inductance L and resistance R
which dampens the process, absorbs some of
the energy and converts it into losses. If
capacitance Cg, increases, the voltage can be

lower and the speed of voltage establishment is
lower u,. Resistance Rgpay In parallel branch,

on switch or residual resistance of arc column
serves for partial discharge of static charge from
arc capacitance Cg,. and thus reduces the rate

of voltage establishment.

On the one hand, an increase in inductance L
slows down the capacitance load C,. and

reduces the rate of voltage establishment, but on
the other hand leads to an increase in the phase
position between currents and voltages, which
also means an increase Uy, i.e. to an increase in

the absolute value and the rate of voltage
establishment u, . For higher circuit natural

frequencies, residual resistances have a greater
impact on process damping during the first curve
domain u,, since by that time it is not yet great. If

the trip circuit has a low natural frequency of the
circuit, the residual resistances also affect the
shape of the set-up voltage uj,.
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The active resistance in the electrical circuit
dampens the oscillations, but does not affect
their character. To the obtained result, if it is of
interest for obtaining exact values, a function
related to oscillation damping can be added.

6. CONCLUSION

In order to check the previously performed
equations of the electric arc in the switch, a
simulation was performed in the part of the
software package MATLAB Simulink called
psbnewarc.mdl, Fig. 3 (according to the
developed mathematical model in parts 3 and 4).
The obtained diagrams, Fig. 4 (a,b), confirm that
the derived relations are in accordance with the
given values in the simulation model.

A basic analytical model is required to create a
process model in an arc circuit. Analytically
derived equations with simple conditions and
assumptions, although they introduce certain
inaccuracies, provide a very objective picture of
the process. The model is adapted to new
tendencies and knowledge based on the
application of artificial intelligence, and obtained
result is a special model that presents real
processes. Theoretical model of work included
important influences, and derived current and
voltage equations were successfully introduced
into the software part of package for simulation
and to obtain approximately accurate results of
modeling process of arc interruption.



MATLAB Simulink programs simulate electrical
circuits where an electric arc occurs quite
accurately, but their own development of both
models and programs has special advantages
such as detailed insight into all components of
models and programs and making various
changes that would not otherwise be possible in
available software packages.

The advantage of the simulation in relation to the

practical model (experiment) is that it is
completely safe for the drive system
and personnel, and the obtained results

agree very well with the real situation and
processes.

In order for the work not to be too extensive in
some of the following works, new results related
to additional simulations with a larger number of
parameters that affect the processes in the
electric arc will be presented.
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