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INTRODUCTION

Switching processes (switching transients) play a significant role in
the operation of electrical equipment. The parameters of the switching tran-
sients in full degree define ability of electrical and electronic apparatuses to
functioning in normal and extreme (faulty) circumstances. In this situation,
the analysis and determination of the switching transient parameters is a very
important task. Their findings are applied in the development process of new
equipment, its research and testing.

Switching transient takes place whenever a certain parameters of an
electrical circuit change in stepwise manner. In real electrical networks,
switching transients occur with stepwise changing operating duty of electrical
equipment. They are, first, associated with its individual operational specifica-
tions resulting in necessity of periodical scheduled switching operations in
electrical systems, as well as in the events of faults and their clearing. Among
them, in the first place, it should be noted such processes as:

- coming into operation of powerful generating units or load equip-
ment and outgoing from operation for the purpose of maintenance;

- starting and stopping electric motors in normal and abnormal cir-
cumstances;

- short-circuits in power systems, as well as reclosing operations at
faulty subsystems;

- voltage regulation in electrical systems made by power transformer
tap changing;

- forced excitation of powerful synchronous machines, as well as kill-
ing their magnetic field;

- occurrence of local three phase unbalance in electrical system (line
breaking);

- non-synchronous paralleling of synchronous machines and others.

Thus, the processes denoted above that happen in electrical systems
are frequently associated with switching (make-break) operations in electri-
cal circuits in various duties with the help of switching apparatus. Vital im-
portance in the operation process of electrical equipment is switching transi-
ents occurred with faults in power systems, since initiation and clearing fault
occurred with appearance of new or cessation of existing current path, i.e.
switching electrical circuits.
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1. GENERAL REGULARITIES OF THE SWITCHING
TRANSIENTS

1.1 The Concept, Varieties and Basic Investigational Methods of
Switching Transients

It is well known that the switching process is intimately associated with
an electrical transient. This process occupies a certain time span, involved with
changing the energetic state of the electrical circuit. Certain store of electrical
and/or magnetic field energy corresponds to every steady state of this circuit:

2 2
wo=tly G
2 2

The transition to a new steady state of an electrical circuit is occurred
with the generation or absorption of electrical and/or magnetic field energy.
It complies with the well-known transient switching laws defining the start-
ing conditions to analyze the switching transient that can be formally written
as follows:

(1.1)

Li-=L%"; Cu =C*u", 1.2)
where L~ and i~ refer to the inductance and current prior to switching,
and the plus signs denote current and inductance just after switching has oc-
curred but before any time has elapsed.

Although there may be situations where the inductance or capacitance
changes during the switching operation, most applications will be based on the
assumption that L~ is identical to L* and C is identical to C*. The net result is
that in almost all cases, the current through an inductance and the voltage
across a capacitor cannot instantaneously change at the instant of switching.

The analysis of the switching transient (and in particular the process of
interrupting the electric circuit) is usually performed by integrating the system
of integrodifferential equations setup in compliance with Ohm’s law, as well as
current and voltage Kirchhoff’s laws. Such a system is usually reduced to an n-
th order differential equation, which has the following form:

d" d"t d? d
a, dtr?/ +a,, dt”‘¥+m+ a2T2y+a1d—)t/+a0 =B(t), (1.3)
where y is the function explored (voltage across particular components
of the electric circuit, voltage across switching element, load current etc.);
tis the time;
B(t) is the disturbing function (for example, time-changing power voltage);
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ao...an are the equation coefficients that may be constant (then the
equation is linear) or time-variable (then the equation is non-linear).

To solve differential equations governing switching transients in elec-
trical circuits, operational Laplace method is frequently applied. It implies that
the solution is transferred from the real variable to the complex one. The trans-
formed equation is solved algebraically. The resulting solution is inversely
transferred to the real variable using special tables, thereby dependence of the
function investigated is found from the determining parameters. The opera-
tional Laplace transformation makes solving the linear differential equations
available and relatively simple. It can be also applied to solve equations with
variable coefficients.

When the circuit investigated has constant parameters and switching
transient is governed by a set of linear equations, the superposition principle
is also applied that implies in the following. The resultant switched factor is
determined as the sum of the steady state factor and equalizing transient fac-
tor. The equalizing transient factor (current, voltage) damps so that it could
be act alone with no action of an externally applied voltage.

Integration of nonlinear differential equations is frequently performed
by successive approximations, when the solution is started, the nonlinear
characteristic of the element, included to the circuit, is substituted by a linear
one and hence the problem is reduced to solving a linear differential equa-
tion. Then, the found solution (first approximation) is made more precise
according to a predetermined non-linear characteristic and a more precise
solution (second approximation) is found so forth.

The methods of integrated non-linear and piecewise-linear approxi-
mation are extensively used to integrate non-linear differential equations.
The first is based on substitution (approximation) of non-linear element char-
acteristic by another non-linear characteristic that enables to integrate initial
equations with known functions that exactly enough represent characteristic
of the real element. The second is based on substitution of actual non-linear
element characteristic by polygonal curve that consists of rectilinear sec-
tions. This enables in some instances to go from non-linear equation to some
linear equations distinguished only values of the coefficients and are valid
for corresponding time interval (approximation section).

Now numerical methods or methods of sequential intervals are ex-
tensively used to integrate nonlinear differential equations. This is primar-
ily due to the recent development of appropriate software for PCs



(MathCad, MatLab, etc.). The essence of these methods is the original dif-
ferential equation is substituted by an algebraic equation for the increment
of functions at certain time intervals. The solution is made by "step by step"
from one interval to another.

Analysis of transients in nonlinear electric circuits is also carried out
with the methods of stability theory (disturbances and perturbations). How-
ever, it should be noted that the stability theory is extensively applied to an-
alyze automatic control systems (electrical regulators) and practically not ap-
plied to analyze switching transients.

1.2 Simplest Cases of Switching Electric Circuits

Let us consider the simplest, but very important cases for practice,
when electrical circuits with lumped parameters are energized by DC voltage
or AC sine voltage using the so-called ideal switch. The ideal switch in the
closed position is an ideal conductor, having zero resistance, and in the open
position is an ideal isolator, having infinite resistance. An ideal switch
changes from closed to open position instantly, and the sinusoidal current is
always interrupted in zero of the current.

Switching on dc circuits. Let us consider at first a typical case of ener-
gizing a resistive-inductive circuit by dc voltage. Such case is of practically vital
importance. Firstly, it occurs when dc electromagnet, used, for example, as an
actuator for switching or other device, is energized. The transient parameters of
the electromagnet to be energized define one of most important its performance
that is speed response during actuation. Secondly, given case takes place when
switching tests of electrical apparatus are performed. In particular, the transient
parameters of the testing circuit are used for its adjustment. Another practical
example is the charging by current the coil of the inductive energy storage. Such
devices in some cases are used to perform synthetic testing high-voltage circuit
breakers [17, 22, 23, 26 30].

Lic: s The circuit contains series connected and
o—m—| constant in value active resistance R and induct-
Ly S ance L connected to a dc source with driving
R voltage Uo with the help of an ideal switch S, as

shown in Figure 1.1. The transient process of
energizing the circuit is governed by the fol-
lowing equation:

Figure 1.1 — Active-inductive
circuit energized by dc voltage



di

UO=iR+La (1.4
General solution of given equation will be
.U R
i = FO +Ce (1.5)

At zero initial conditions: i(0)=0 integration constant will be
C, =-U, /R, then solution of equation (1.4) will be as follows:

i U?:@—e‘f‘) (L6)

Curve of time-changing current is shown in Figure 1.2.
The inherent parameter for discussed
process is electromagnetic time constant:

L
T, =—. 1.7
-= @
L The tangent line drawn to the current

Figure 1.2 — Changing the cur- CUrve at initial section of its change cuts off
rent in active-inductive circuit On the steady state current line lo the time
energized by direct voltage span, which is identical to tem. The time con-
stant defines the rate of rise of the current at
switching on the circuit. For low-voltage net-
works, it is usually in the range of 1 to 10 milliseconds [22].
C i _ Letus cc_)nsigler also_the_case of the ac-
o—| I——I tive-capacitive circuit energization that shown
I S in Figure 1.3. This case is also of practical im-
0 . . . .
R portance. A case in point is a capacitor bank
charged from dc power source via resistor. It
Figure 1.3 — Active-capacitive should be noted that powerful capacitor banks
circuit energized by dc voltage  are important elements of testing equipment,
such as, short-circuit generators for short-circuit testing applications, high-
voltage impulse generators for dielectric testing applications, and others.
When the ideal switching element S closes, a switching transient oc-
curs defined by the following equation:

U, =iR+éjidt (1.8)

The corresponding Laplace transform equation is then:



UO —1 i' Uin
F_|(p)R+ pC|(p)+ ; (1.9)

where Uj, is the initial value of capacitor voltage at the instant the
switching element is closed. Assuming that Ui, is zero, the current as func-
tion of time is obtained by rearranging equation (1.9), and the inverse is:

i(t)= %e“/‘”). (1.10)
The transform of the voltage across the capacitor is
1.
uc(p)=E.(p) (1.12)
or
u, (t)=U,(1—e"*) (1.12)

The time diagrams of the cur-
rent and voltage on the capacitor at
,,,,,,,,,,,,,,,,,,,,,,,,,,,, zero initial conditions are shown in

Figure 1.4. Just after switching the
voltage on the capacitor begins to
build from zero up to Uy, but the cur-
! rentthrough the capacitor decays from
initial value, defined by driving volt-
age Uy divided by the circuit resistance
R, down to zero. A characteristic pa-
rameter of this process is the time con-
stant defining the rate of charge of the capacitor.
: L c Let us consider another basic case

c»'—”i/\f‘f\—H-—-I the series connection of an inductance L

Ui s and a capacitance C energized by dc power
\ source. In fact, the simplest representation
of such process is a high-voltage circuit
Figure 1.5 — Inductive-capacitive breaker switching a capacitor bank or a ca-
circuit energized by dc voltage  ble network. At the instant t =0 a dc power
source energizes the circuit by closing the

ideal switch S, as shown in Figure 1.5.

As can be seen from Figure 1.5, there are two energy-storage components
— the inductance storing the magnetic energy and the capacitance storing the
electric energy. After closing the switch, an oscillation can occur in the network.

Figure 1.4 — Changing the current and
voltage on the capacitor in active-ca-
pacitive circuit

o
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This is because an exchange of energy takes place between the two energy-stor-
age devices with a certain frequency.
The applying of Kirchhoff’s voltage law results in the equation gov-
erning the switching transient:
di 1.,
U,=L—+—|idt 1.13
° Tdt C I (L13)

When we look for the initial conditions, it is clear that i(O) =0, as the
current in the network is zero before the switch closes. This is the case im-
mediately after closing of the switch too. In the case of the capacitor, the
situation is not so easy because the capacitor can have an initial voltage, for
instance, because of a trapped charge on a capacitor bank.

Let us assume that there is no charge on the capacitor and therefore
U.(0)=0, then the solution of equation (1.13) will be as follows:

i(t)=Uo\/§sin o,t, (1.14)

In equation (1.14), we can recognize two important properties of the
LC series network:

- after closing the switch at time t =0, an oscillating current starts to
flow with a natural frequency

o, =LC, (1.15)

- the characteristic or surge impedance, Z, =(L/C)"*, together with
the value of the source voltage Uy, determines the peak value of the oscillat-
ing current.

When there is a charge present on the capacitor, solution of equation
(1.13) becomes:

i)=[u, —UC(O)],\/gsinmot, (1.16)

In the process, the voltage across the capacitance will change accord-

ing to the following expression
U (t)=U, —[U, —U (0)]cosayt (1.17)
Figure 1.6 shows the voltage waveforms for three initial values of the
capacitor voltage. From these voltage waveforms, it can be seen that for
U.(0)=0 the voltage waveform has what is called a (1—cosine) shape and



11

that it can reach twice the value of the peak of the source voltage. For a neg-
ative charge, the peak voltage exceeds this value, since the electric charge
cannot change instantly after the switch closes. In addition, when the char-
acteristic impedance of the circuit has a low value, for example, in the case
of switching a capacitor bank (a large C) and a strong supply (a small L), the
peak of the inrush current after the switch closes can reach a high value.

e |
}( vIl
U-(0y=-U,

20, -
—U~(0)=0

U UA0)y=+U,

E( ‘N

Figure 1.6 — Voltage across the capacitor for three dif-
ferent initial values of the capacitor voltage

Switching on ac circuits. Important
L i(1) practical application for electric equipment is en-
ergization of active-inductive circuit from sine

~ (1) R S voltage source, as shown in Figure 1.7. The clo-
sure of an ideal switching element S, in certain

Figure 1.7 — Active-induc-
tive circuit energized by ac

voltage

degree, simulates the initiation of a fault in an ac-
tual network (this process will be in more detail
discussed in section 4). Inductance L comprises
the synchronous inductance of feeding genera-

tors, the leakage inductance of the power transformers, and the inductance of
the bus bars, cables, and power transmission lines. Resistive losses of the
supply circuit are represented by the resistance R. The voltage of the network
is represented by the following function:

u=U_sin(ot+¥)=+2U__sin(ot+%¥), (1.18)

where Ug is rms voltage supply;
Y is switching phase defining instantaneous value of voltage supply at
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the instant of switching the circuit (u(0)=~/2U,sin ¥).
Applying the Kirchhoff’s voltage law gives us the nonhomogeneous
differential equation:
ﬁUosin(mt+‘I’)=iR+L% (1.19)
For the purpose to simplify the task, the initial current through the in-
ductance prior to switching is assumed to be zero, i.e. i(O) =0. The solution
of given equation for the current under this condition will be as follows:

J2u,
JR? + (L)

The solution includes periodical or steady state component and tran-
sient or aperiodic component, which is required to satisfy the conservation of
flux linkage and results, as shown in Figure 1.8, in an offset (dc) term, which
initially displaces the sinusoidal current. Since this type of transient occurs
during fault initiation, breaker designs must account for the additional mechan-
ical stresses imposed by the peak of the offset current and the interrupting
function must consider requirements imposed by the unequal spacing of cur-
rent zeros and the changes in current slope. At this diagram, the curves of the
voltage supply uo and the total current i are also shown (see Figure 1.8).

1] 0L

|
— oo

i= [sin(oat+‘1’—(p)—e’%’ sin(\P—(p)], (1.20)

”“

Figure 1.8 — Time diagrams of the current and voltage
supply in active-inductive circuit energized by alternat-
ing voltage

An analysis of expression (1.20) shows the significance of the electro-
magnetic time constant 1., that define the rate of damping the aperiodic com-
ponent and, hence, the duration of the transient process.
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As already noted, the energization of ac circuit can occur with the
initiation of a so-called peak current of switching on that can exceed ampli-

tude of the steady state current: | = \/EUO / Z .The value of the peak current

and the time required to attain it can be determined from the condition
di/dt =0 according to (1.20):

J2u 1

H HOM |o1 _ _ _% 1 _ . ~£=_
== [sm(n+‘P ©)—e L sin(¥ (p)] v o= A2

From expression (1.20) it follows that in pure active circuit, when
oL <<R, ¢=0 and t,, =0, the peak current value practically does not ex-
ceed amplitude value of steady state current (at W =m/2).

The most severe conditions of the switching on will take place in the
inductive circuit, when we have oL >>Rand¢~m/2. The peak current

achieves its maximal value in the case when switching on instant corresponds
to zero moment of the voltage curve ( W =0). In this case, the peak current

value will be determined by the following expression:

_ ‘/EZUO (1+ e*) (1.22)

The expression in brackets is usually named the peak factor for cur-
rent of switching on. It is the ratio of the peak current to the amplitude value
of the steady state current

ya

x :'Iy_ﬂ _14e (1.23)

The peak factor depends upon the degree of damping the aperiodic
component of the current that is defined by the value of the circuit electro-
magnetic time constant. For low voltage networks (below 1000 V), its value
is of the order of 1,3; for the networks of high and medium voltages it is 1,8
[1, 2,6, 10].

Switching on a power transformer. Let us discuss the switching on
of a single-phase power transformer with an open secondary winding to a
sinusoidal voltage. Basing upon Kirchhoff voltage law for the primary wind-
ing, the following equation can be written:

J2U, sin(ot +¥) = iR +w%, (1.24)

where R, w are active resistance and the number of turns of the primary
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winding, respectively;

i is the current in the winding;

@ is the magnetic flux in the transformer magnetic circuit;

Y is the phase angle defining the instantaneous value of the voltage
supply at the switching on instant (at t =0).

The second term of the equation right-hand part defines counter-EMF
induced in the primary winding caused by its changing flux linkage. It is pre-
sumed in the case that all primary winding turns linkage with common mag-
netic flux ®. Therefore the winding inductance is L =wd®/i, that gives

i =wd/L. Substitution of this expression into equation (1.24) leads to the
following equation:

%sin(mt+w)=d£+5cb, (1.25)
w dt L

The initial conditions for solving this equation will be as follows:
i(0)=0; ®(0)=,,

where @y is the residual magnetic flux.

Thus, the solution of given equation will be as follows

Ry

D=0, le_%t cos¥ —cos(ot + ‘P)Ji De (1.26)
where @y is the amplitude value of the steady state flux; its magnitude
without taking into account active losses will be determined by the following

expression:
O = % _ (1.27)
oW

Thus, when the transformer is switched on, an aperiodic component of
the magnetic flux will take place, causing the flux inrush that is significantly
greater than the amplitude of the steady state value. The most its value will
beat W =0, and also under condition that the residual flux has sign minus,
that is, it is in opposite direction relatively to the instantaneous value of
steady state flux at t =0. The peak value of the inrush flux will take place at
atimeinstant t, ~ t/o:

D =D, +(D, + Dyl . (1.28)

Because the magnetization curve is non-linear, switching on a trans-
former will occur with saturation of its core; therefore, the magnetic flux
actual values will be less than that calculated according to the expression
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(1.28). The current through the transformer winding is related with magnetic
flux by the following expression:
i= Lall , (1.29)
w

where H is the magnetic field intensity defined by the magnetization
curve, that is, by the dependency @ = f (H );

| is the average magnetic line length in the transformer magnetic circuit.

Thus, a more accurate solution of equation (1.19) can be found with

considering expression (1.24) and magnetization curve @ = f (H ) However,

more essential in this case is that the increase in magnetic flux, when switching
on the transformer, is occurred with significant inrush of the magnetizing cur-
rent. It is physically explained by the fact that high fluxes result in saturation
of the transformer core and, accordingly, high magnetic field intensities that
can be induced by the corresponding values of the magnetizing currents [22].

(5

E:
T

Figure 1.9 — Magnetic flux and magnetizing current as
a transformer is energized

Figure 1.9 shows a graphical determining of the current of switching on
the transformer with use of the magnetizing curve of the transformer core ma-
terial @ ~ B(H). Point a on a predetermined magnetic flux curve @(t) is
corresponded to point b on the B-H curve that is corresponded to intensity A1
of the magnetic field and, in turn, to the current i;. Analogous constructions
are performed for other points of the magnetic flux curve (see fig. 1.9). It re-
sults in the magnetizing current i(t) with well-defined inrush i.. Total dura-

tion of the power transformer switching transient is usually a few AC cycles.
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1.3 Electrical Circuit Interruption

Interruption of an electric circuit, especially at faults in a power sys-
tem, is very complex problem. It occurs with series of complex phenomena
that are not completely understood even at the present time.

Interruption of an electrical circuit is a process of highly quick ces-
sation of electrical current flowing through it, i.e. alteration of the electrical
circuit from the on state, when i(0) =1, to the off state, when i(t,,)=0.

Circuit interruption (and switching in general) is carried out by changing the
impedance of the switching element in a wide range. It is featured with so
named switching depth expressed by the following ratio:

where Zos, Zon are the switching element impedance in the off and on
position, respectively.

The ideal switch discussed above has infinitely high switching depth.
In actual situation, the switching depth depends on the type of switching el-
ement being used. There are two basic variations of switching elements ap-
plied in real switching devices:

- contact-based switching elements carrying out physical (i.e. mechan-
ical) breaking (rupture) of the electric circuit; they are characterized by a

very high switching depth (n=10" -10');

- contactless switching elements: among these, switch-operated semicon-
ductor devices or magnetic amplifiers are used. They switch the electric circuit
by changing its resistance or reactance in a wide range. The contactless switch-

ing elements offer vastly lower switching depth (n=10" —10") [8, 14, 19-20].

Energy analysis of the circuit interruption process. As noted above,
switching an electrical circuit is occurred with a transient process, which in-
volved with change in its energy state. The process of interrupting a circuit
is first involved with dissipating the storage of electromagnetic energy ac-
cumulated by inductive elements included by any real electric circuit. It
should be noted that most elements of an actual circuit offer a capacitance
(windings of electrical machines and power transformers, power transmis-
sion lines etc.) and respectively have a store of electrostatic energy that also
play significant role in the interruption process. In the process, any actual
electric circuit of any complexity may be simplified as shown in Figure 1.10.
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L Such a circuit contains: power source

oV ~~A lsn(t) uo(t) with generally time-varying voltage; R, L,

uo(,) D] C are _total reduced parameters of. the circuit

.—. T being interrupted; a switching device SD car-

rying out interruption of the circuit; its proper-

Figure 1.10 — Typical struc-  ties are featured with a dynamic volt-ampere
ture of interrupted active-in-  characteristic usp(isp).

ductive circuit When the switching device SD inter-

rupts this circuit, the transient process occurs governed with the following
set of differential equations:

ucnﬂvn

. di
Uy (t) =R+ La+uSD

(1.30)
sD
Multiplying both sides of the 1st equation by idt, we get:
Uy (t)idt = i?Rdt + Lidi + uSDdt(C dgiD 4 'SDJ
Integration of both parts of the equation gives:
ju (tidt= jl Rdt+ ledl +Cju5DduSD +tmjleruSD i, d
i’ uo2
Or Wyt Lo =W +C =W, (1.31)

where Wy is the energy coming from the power source for the
time of the circuit interruption defined by the integral:

tinter
W, = [u,(t)idt;
0

Whr is the Joule’s heat generated by the resistance for the time of the
circuit interruption defined by the integral:
tinter
= [i’Rdt;
0
Wsp is the energy generated by the switching device for the time of the
circuit interruption defined by the integral:

tinger

Wy, = [ugigdt.
0
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Consequently, when the electric circuit is interrupted, the electromag-
netic energy accumulated in the inductance Li®/2, as well as the energy
coming from the power supply Wo is dissipated in the resistance (as a thermal
energy), in the circuit capacitive elements Cu? /2 (as an electric field energy)

and also in a switching device Wsp. It should be pointed out that when the
circuit is interrupted with a contact-based switching device, the energy dis-
sipates by means of the initiation of an electric arc discharge between the
parting contacts. More detail study has shown that in this case, the main
source of energy dissipated in interrupting electrical circuits is the electro-
magnetic energy stored by the inductive elements and its main absorbent is
the electric arc discharge.

It is quite evident that the more energy is generated by the switching de-
vice (and, correspondingly, by the electric arc), the worse technical-and-eco-
nomical performances of the switching device as a whole will be. Therefore, one
of the challenges to engineers, creating switching devices, is to minimize the
energy generated by the switching element. What are the ways to reduce the
energy generated in contact switching elements by electric arc discharges?

One of such ways may be connection of additional capacitance. Its re-
quired value can be determined from the simplified energy balance equation:

o _Ue
L 5 5 (1.32)
Assuming parameters of interrupted circuit that are typical for low
voltage network: L = 10 I'n; Uc = 500 B; 1, = 1000 A, required capaci-
tance is evaluated:
(1o f

C =0,001
5

=0,0040.

=

It is very large and therefore this way to reduce the energy generated
by the switching elements is not real.

Another way to reduce the arcing energy can be to decrease the value of
current being interrupted (cut off). This method can be used for interruption of
ac circuits, in which the value of current twice for a cycle becomes zero. If the
contacts of the switching device is started to separation precisely at this (or
close to it) instant, then the energy generated by the switching element will be
zero (or minimal value). Switching devices, in which this method is used are
named synchronous switches. However, investigations have shown that the re-
alization of the synchronous interruption of an electrical circuit is technically
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complex problem; therefore, at the present time synchronous switches are de-
veloped as prototypes and are not produced by the industry [14, 20, 21-23].

An electrical circuit can be also interrupted with no arcing by using
power semiconductor devices. They possess the property to be cut off at the
passage of the current through zero value and thereby to interrupt the circuit.
Semiconductor-based switching devices are extensively used in low voltage
networks for switching low currents and some application for switching high
currents. Nevertheless, semiconductor-based switching devices have series
of grave shortcomings that significantly limit its further acceptance [14, 22].

Thus, contact-based switching devices are extensively used now and
yet relatively long time will be used for switching power electric circuits.
Such switching devices usually have the contacts started to separation at an
arbitrary time instant relative to a sine-varying current to be interrupted. Un-
der such conditions, the behavior of the switching transient in interrupting
the circuit will be defined also by the properties of the electric arc discharge
— its volt-ampere characteristic that, in turn, is defined by the physical pro-
cesses in switching arc (arcing). More exactly, it is defined by the cooling
and deionizing effects of the surrounding medium (i.e., the arc-extinguishing
technology being used and the specific design of the switching apparatus
arcing device). The characteristics and arc-extinguishing methods are in
more detail represented in section 2.

Interruption of dc circuit with arcing. A distinctive feature of dc
circuit interruption process is that the circuit is interrupted by means of the
time-rising resistance of the switching element (of the contact gap in this
case). During the circuit interruption, its resistance varies from the resistance
of the closed contacts to the resistance corresponding to its "cold" strength
when the contacts have been opened. An intermediate element between these
extreme positions is an electrical arc that is extinguished in the process of
interrupting the circuit and behaves as its nonlinear element.

i 1 _ C_:or)sider the most t_ypi(_:al e>_<amp|_e,
which is interrupting the active-inductive cir-
U, ¢ cuit shown in Figure 1.11. Opening the contacts
R S S is occurred with a switching transient gov-

o 1 erned by the following differential equation:

Figure 1.11 — Interruption of . di .
dc active-inductive circuit U, =R+ La +U, (i), (1.33)
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where ug (i) is the expression of the arc dynamic volt-ampere charac-

teristic written in general form; its specific analytical expression is defined
by the way of mathematic modeling a dynamic arc (see section 2).

The solution of equation (1.33) in the presence of the dynamic arc
model would enable us to determine the basic parameters of the circuit inter-
ruption process:

- the duration of the interruption process, defined mainly by the time
of the arc existence across the contact gap or arcing time;

- energy dissipated by the electric arc;

- overvoltage levels etc.

These findings are required to analyze the engineering solutions for
switch design, in particular to fulfill the requirements imposed upon the arc
control system in respect to its normal operation. For example, the duration
of the circuit interruption process (arcing time) must not exceed 0.1 s; the
overvoltages must not exceed the specified values of test voltages etc. [14].

Let us first consider the general regularities of circuit interruption, in
particular, determine the conditions of interruption of a circuit. Note that a
general condition of interruption of an electrical circuit is a stable decrease
of the current in the circuit from maximal value (i.e., prior to its interruption)
down to zero. Let us present the equation (1.33) in the following form:

L%:(UO—iR)—us(i). (1.34)

The expression (Ug—iR) in this equation is the so-called external char-
acteristic or (Uo—iR)-line of the circuit to be interrupted. At the initial time
instant, this expression corresponds to a zero value, therefore the value di/dt
becomes a negative as soon as voltage us appears between the opening con-
tacts. It leads to the current initially decreases, but thereafter this process will
be defined by the relationship between (Uo—iR)-line of the circuit and the
volt-ampere characteristic of the arc.

Figure 1.12 shows the external characteristic of the interrupted circuit
and the current-voltage characteristic of the arc. However, in this case, these
characteristics intersect, forming a point of stable arc burning (point B),
therefore, a steady decrease in current is not provided, and accordingly, the
circuit is not interrupted. It should be noted that in this case a section of the
static current-voltage characteristic of the electric arc discharge of constant
length is presented having a falling behavior, (see Section 2).
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(Ug-iR) - circuit characteristic

ug(i) - arc characteristic

Stable point of arcing

Ldi/dt <0

Figure 1.12 — Graphical representation of equation (1.34)

To ensure the circuit interruption, the stable arcing point must be elim-
inated. Arc current-voltage characteristic should be placed so that it does not
intersect the external characteristic. This is possible only in the case, when
the arc current-voltage characteristic lies above the external characteristic of
the circuit to be interrupted. Hence, the condition of dc circuit interruption is
stated as follows: dc circuit interruption will be ensured only in the case if
the current-voltage characteristic of the switching element (electrical arc)
lies above the external characteristic of the circuit being interrupted.

Consider the influence of various factors on the duration of a circuit
interruption (arcing time). For this purpose, equation (1.34) is to be written
as expression defining the rate of decrease of the current during the circuit
interruption, and hence the time of its interruption:

di (U, -iR)-u,(i) AU
dt L L

This expression shows that the current decrease rate and, accordingly,
the circuit interruption time depends, first, on the inductance contained by
the circuit, as well as the difference between the arc voltage and the external
voltage AU. It means that:

- the high inductive circuits are more heavy to interrupt, since a greater
accumulated electromagnetic energy must be dissipated during the circuit
interruption;

- the higher the arc current-voltage characteristic with respect to the
external characteristic is, the faster the circuit is interrupted.

The key point in this case is the question about specific methods or
techniques to provide increase in voltage across the arc gap and, accordingly,

(1.35)
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fulfill the condition of the circuit interruption. As noted above, the arc dis-
charge characteristic and hence the voltage drop across it, are defined by the
arc-extinguishing method (see section 2). It should be pointed out that a sig-
nificant increase in arc voltage is attained by a highly intensive deionizing
effect on the arc column and, accordingly, by more complex and more ex-
pensive arcing devices. In other words, in order to provide a characteristic
lying significantly above (U-iR)-line, the more complicated arcing device
and the more expensive apparatus as whole are required.

This raises the question, is there a necessity for rapid arc quenching
and, respectively, circuit interruption with high rate? On the one hand, such
necessity exists, since reduction of arcing time provides lowering an electric
erosion wear of the contacts and enhancement of the switching life of the
device. However, on the other hand, circuit interruption with high rate leads
to appearance of overvoltages, since voltage across the switching element
essentially depends on the rate of decrease of current:

ug(t) = (U, —iR)— L% (1.36)

Taking into account that in circuit interrupting process %< 0, during all

this time the arc voltage will build up. Its maximum value will occur at the arc
extinction instant (at i =0 or t =t ). This value is usually named extinction peak:

W u,, =U,+ Lﬂ (1.37)
) t t=t,
" U, Figure 1.13 shows a typical behavior of
. ! switching transient, at different arcing time and

A the same current being interrupted, when a DC
Contact part instant

L circuit is interrupted. The time-changing current
T y during a DC circuit interruption is frequently de-
s scribed by the following expression [14, 18]:
Uy n
. t
; ; i=1 1—[t—j . (1.38)
Figure 1.13 — Typical time !
diagrams of transient for dc Hence: di _ nl, T nl, .
circuit interruption dt ot e ¢
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N nLli,

It is seen that the overvoltage, in DC circuit interrupting, is defined by
the relationship of the current to be interrupted and the arcing time, as well
as the circuit inductance. That is, the more rapid the arc is quenched, the
higher the overvoltage level will be, under all other factors being the same.

When designing arcing devices of switching apparatuses, there is need to
seek to optimal values, that is, the arcing time should be as short as possible, but
the overvoltages appearing across the switching elements of the apparatuses
must not exceed the test voltage level.

Interruption of ac circuit. Sinusoidal time-varying alternating cur-
rent has two natural zero values each cycle. When a current zero occurs, the
magnetic energy in the circuit becomes zero, by that favorable conditions for
interruption of the circuit are formed. Therefore, in this case it is not neces-
sary to provide an increase in the resistance of the switching element. The
task of interruption is to prevent a reignition (i.e., the initiation of an arc dis-
charge after the current-zero moment). As an example, we shall consider the
most frequent case, namely, the interruption of active-inductive circuit,
which is shown in Figure 1.14.

A
u,i 1, U
=~ Upye p
I N\ /
/0 /
/ /
0 / / {
1 N 2 3 N
\ /
A(p \\\_4///
. tarc .

Figure 1.14 — Typical time diagrams of transient for ac circuit interruption

When the contacts are started to separate (instant 1), an electric arc is
initiated between them and therefore the current continues to flow in the circuit
saving own practically sine waveform. The waveform of the voltage across the
contacts us, in the process, has a specific behavior defined by the arc dynamic
volt-ampere characteristic and the electrode falls (see section 2).

As already denoted, an arc discharge is nonlinear element of an electric
circuit. It should be clarified that in ac circuit the arc behaves like a nonlinear
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resistor, while the arc voltage in phase with the arc current. The most time of
the half-cycle the voltage across arc gap practically does not change, but in the
neighborhood of current-zeros it significantly higher and has peak values. At
the beginning of the half-cycle, the so-called arc reignition peak takes place,
at the end of half-cycle, when the current approaches zero value, (as noted
above) the so-called arc extinction peak occurs.

Let us assume that at the first current-zero (instant 2) arc extinction is
not ensured, so the circuit remains closed, a sine current continues to flow in
opposite direction. Suppose that at the following current-zero (instant 3) the
arc extinguishes and the arc voltage at this moment corresponds to extinction
voltage. However, the circuit is interrupted completely only after the voltage
across the contacts become equal to the supply voltage uo. Such transition
cannot occur instantaneously, since the actual circuit elements (windings of
electrical machines, transformers and reactors, as well as power transmission
lines) possess a capacitance. At this moment, another switching transient
happens named the transient recovery voltage process. (see chapter 3).

Consequently, the time moments, when the current passes through
zero value, have the key role and decisive importance at AC circuit interrup-
tion. More specifically, it is dealt with minor spans just after current-zero.
Exactly within these minor spans (tens to hundreds of microseconds), the
character of further progressing the circuit interruption process is defined.

Immediately after current-zero, within very short interval the contact
gap resistance rises from essentially small values, corresponding to the arc
resistance up to quite high values, corresponding to the electric strength of
the completely deionized contact gap. The physical phenomena in the arc
column and near-electrode zones will be consider in more detail below in
chapter 2. It can be only pointed out that within this time interval, two paral-
lel mutually influencing processes occur:

- the transient recovery voltage process that consists in steadying the
power voltage across the switching element; this process characterizes
mainly the properties of the interrupted circuit (electrical subsystem, wherein
the device is installed);

- the recovery of dielectric strength that consists in establishing the so-
called "cold" strength across the contact gap, that is, the electrical strength cor-
responding to completely deionized contact gap; the behavior of this process is
defined by properties of the switching device (i.e., its arc-extinguishing system).

The relation of these processes plays a key role in interrupting the cir-
cuit. If in post current-zero period the dielectric strength in excess of the
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transient recovery voltage, favorable conditions for final decay of the resid-
ual space and the complete restoration of the medium dielectric properties
are offered in the contact gap. That is, in this case, the arc is extinguished
and the circuit is interrupted. If there is an inverse relationship between the
transient recovery voltage and the dielectric strength, the intensive ionization
process occurs in the residual space, leading to the arc reignition, that is, the
formation of a self-maintained electric arc discharge. In this case, the arc is
not extinguished and the circuit is not interrupted.

Thus, the condition of interruption of AC circuit states as follows: the
electrical arc will be extinguished and the circuit will be interrupted, when
the dielectric strength after the current-zero instant exceeds the transient re-
covery voltage.

1.4 Circuit Interruption with No and Limited Arcing

In this subsection, we will discuss the methods that enable us either
fully to avoid the initiation of an arc discharge or to reduce significantly
the time of its existence.

Synchronous circuit interruption. Synchronous switching is not a re-
cent idea and for at least the last 50-60 years the feasibility of synchronized
switching has been studied; many concepts have been investigated and even
some commercial equipment has been built and utilized. Synchronous interrupt-
ing ac circuits is usually carried out by contact systems opening shortly before
the current-zero instant, when the storage of electromagnetic energy in the elec-
tric circuit is very small. If by the current-zero instant the contacts will be apart
such distance as recovery voltage will not be able to strike the contact gap, then
an arc discharge will not be initiated in the following half-cycle init. It is clearly
that for this purpose a sufficiently high velocity of the contact separation must
be provided. Under these conditions, an arc discharge exists a highly small time
span across the contact gap. It enables to create switching devices offering by
high breaking capability and switching wear-resistance [14, 18, 19, 22].

Since the time span between the moments the contacts are started to
open and the current-zero is very small, even at high opening velocities, the
contacts have no time to be apart a relatively long distance. This circumstance
enables to construct synchronous contact systems with significantly lower con-
tact gap in comparison with contact systems carrying out circuit interruption
with arcing. This, in turn, allows significantly reduce the magnitude of the op-
erating stroke and, hence, the power and overall dimensions of the actuator.
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However, it should be also noted the main shortcoming of synchronous
switching elements; it is complex construction realizing synchronous contact
opening. Therefore, as denoted above, now synchronous switching devices
are not extensively used and are not mass-produced.

Circuit interruption with combined contact systems. Contacts of
switching devices must provide not only reliable switching (make-break op-
erations) of the electric circuit, but also reliably operate in a closed state un-
der continuous current load. This is very important in cases when the switch-
ing device continuously operates under load current, while does not execute
switching operations. It is typical situation for devices such as high and low
voltage circuit breakers. When the circuit is interrupted, the contact faces,
due to arc erosion (thermal action of arc discharge), become worse and by
that reduce the reliability of operation in the closed position. One of tech-
niques to ensure reliable operation of the device, both in interrupting the cir-
cuit and the closed position, is to subdivide the functions of the contacts. This
is realized by the so called combined contact systems. In the simplest case, it
is a contact system including main and arcing contacts. The main contacts
carry the load current, when the switching device is in the close position. The
arcing contacts are used to interrupt the electric circuit and so they are fitted
with an arcing device.

When the switching device is in the on state, the main and arcing con-
tacts are closed. In interrupting the circuit, the combined contact system op-
erates in the following order. At first, the main contacts open, a short-time
arc discharge is initiated between them, since the current quickly transfers
into the arcing contacts subcircuit. In the process, the arcing time across the
arcing contacts must be limited as low as full absence of arcing. This is nec-
essary for the purpose to limit arc erosion and thereby save the main contacts
faces in a normal state. After that, the arcing contacts are opened, which ex-
ecute the arc quenching and final interruption of the circuit. The main task in
this case is to analyze the conditions of arcing across the main contacts. The
full equivalent circuit for such an analysis is shown in Figure 1.15.

il L] R % ‘Sl
i ’
- iz (\L/\z > ,\Mlz Rsh Rcz SZ,

Figure 1.15 — Equivalent circuit for analysis of arc shunting
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A I ) The circuit contains the main S; and arcing

L L r contacts S,, as well as their contact resistances Rc1

U, s ||r, and Rc2. The arcing contacts subcircuit can also in-

R i clude shunting resistance of relatively great mag-

) ) nitude: R, >>R_;; R, >>R_,. The inductances
Figure 1.16 — Interruption of

ac circuit with arc shunted by of the main L.l and arcir_lg L> subcircuits:, anql, con-
resistance sequently their mutual inductance M, in this case
can be neglected. Such case corresponds to arc
guenching by shunting by an active resistance. The scheme of arcing interruption
of a dc circuit with a shunted arc is shown in Figure 1.16.
If shunt R, is absent (i.e.,
UA uelia) R,, =o0), the circuit interruption
= condition is fulfilled; however, it
ugi) [ is close to the limiting case, as
shown in Figure 1.17. In the pro-
o cess, the overvoltage at the arc
(s Hin) extinction instant corresponds to
Ly value Umi. In the presence of the
ext ] s shunt, the aggregate volt-ampere
- characteristic of the switching el-
ement ug = f(iy, +i,) lies sig-
Figure 1.17 — Characteristics of interrupted  njficantly higher than the exter-
circuit and the arc shunted by resistance nal characteristic of the circuit,
therefore the rate of decrease of the current will be higher, and subsequently
arc extinguishing will happen more rapidly. At point i =i, the arc decays,

because for its further existence the current should increase, but this cannot
happen, since:

Ug

o | S|

-~

ml

AU = Lﬂ <0.
dt
By this why, starting from point iext the current through the shunting
resistor becomes equal to the current in the external circuit. In the process at
first, the voltage across the shunting resistance increases to the value Umy,
and then decreases to the point of crossing with the external characteristic of
the circuit to be interrupted. Correspondingly, the current in the circuit de-
creases to steady state value i . This current remains in the circuit; to break

the circuit finally, this current must be interrupted by arcing contacts.



28

Thus, the availability of shunting resistor leads to that the arc is extin-
guished more rapidly and the overvoltage across the switching element at the arc
extinction instant is essentially lower. Under decreasing the shunting resistance,
AU increases resulting in a growth of the rate of decrease of the arc current and
reduction of the arcing time across the main contacts. However, in the process
the current being interrupted by the arcing contacts i, also increases. This cause

the question. Is it possible fully to eliminate the arcing across the main contacts
if the shunting resistance will be decreased down to zero?

u In this case, the analysis of transition of

L ” the current from the main contacts subcircuit
i I :) M, to the arcing one is executed with the help of
h ~ the foregoing equivalent circuit. In the pro-

Figure 1.18 — Equivalent circuit for C€SS, the values of contact resistances are ne-
analysis of the current transferring  glected (R, = R, =0) and the equivalent cir-
from main to arcing contacts cuit takes the form shown in Figure 1.18.
The applying Kirchhoff’s voltage law for given circuit results in the
following equation:
di; di, di, di,
L, e +u, +My, it L, m M, m =0. (1.40)
Suppose that transition of the current to the arcing contacts subcircuit
happens sufficiently rapidly and the aggregate current has no time to
change appreciably, then:
di __di,
dt dt
In the process, the voltage across the contact gap will be expressed
as follows:
u, =(L1+L2—2M12)%. (1.41)
In order to preclude an arcing across the main contacts it is required that
during the current transition the voltage across the switching element does not
exceed the arc formation voltage. From the derived equation, it follows that
the arcing across the main contacts can be precluded by two ways. The first is
to decrease the rate of fall of the current; for example, because of slow reduc-
tion of the contact pressure in opening the main contacts. The second way is

to decrease the total inductance of the circuit L, + L, —2M,,: to reduce self-
inductances of subcircuits L; and Ly, or increase the mutual inductance of the
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subcircuits M, i.e. amplify their magnetic coupling. When magnetic coupling
is absolute M, =/LLL, and L, =L,, the total inductance of the circuit be-

comes zero, and the main contacts open without arcing. One of technical solu-
tions that enables in maximal degree to decrease the total inductance of the
circuit is, for example, construction “pipe within pipe”.

Switching of circuits by semiconductor devices. One of important
directions of the switching devices development is application of power sem-
iconductor devices (PSCD) as switching elements. Now PSCD are exten-
sively used in low voltage switching and protection devices. Due to the latest
advances in power semiconductor engineering (PSCD with a repeating volt-
age of 5 kV and an average current of 2.5 kA have been created) real prereg-
uisites for the effective application of PSCD in high voltage switching engi-
neering are provided. As practice has shown, the application of PSCD in
combination with traditional arc quenching technologies, that is, creating
combined (contact-and-semiconductor-based) switching devices is highly
effective. There are many various circuital solutions realizing the construc-
tion of PSCD-based switching elements and, accordingly, schemes of switch-
ing electrical circuits [14, 18, 20]. Let us consider the simplest ones.

At relatively small switched cur-
rents, wide application have power bipo-
lar transistors. Consider the simplest
U, variant of an electric circuit to be
Uee switched with use of p-n-p type transistor
5 | g~ connected according to a common emitter
circuit, shown in Figure 1.19. In this cir-
cuit, the transistor VT is in so-called
switching operation. The base-emitter
subcircuit is a control circuit energized by the driving voltage U and in-
cludes the ballast resistor Rpase. The subcircuit collector-emitter is a power
(controlled) circuit, with load Ricad, €nergized by the driving voltage Uy.. Ac-
cording to the voltage Kirchhoff’s law for the power circuit, the following
equation can be written:

Upc= IcRIoad+Uce(|c)1 (1.42)
were |, is the collector current;

Uce(lc) is the so-called output characteristic of the transistor, ex-
pressed in a general form.

Rload ]c _

Figure 1.19 — Switching ac circuit
with application of power BJT
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The operation of the simple bipolar switch is illustrated in Figure 1.20
that shows the external characteristic or load-line of the power circuit

(Upc - |CR,oad) and a set the of the output characteristics of the transistor at

different base currents.

A fm e
B \%
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Figure 1.20 — Switching operation of power BJ

The operational point will be defined by the cross point of the power
circuit external characteristic with the corresponding output characteristic of
the transistor. The operational points of the transistor being in switching op-
eration will correspond to two values of the base current. When the voltage
Uc is zero, then the base current of the transistor is zero as well and the
collector current will correspond to the minimal value. In this case, the oper-
ational point is point A that corresponds to the cutoff region, that is, locked
state of the transistor as leakage current flows through the controlled circuit.
This is equivalent to the interrupted state of the power circuit, when the
switching element is in the open state. As voltage is applied to the transistor

base (UCC * O), current starts to flow in
it (Ib # O); if its value is such that point
B is operational one, then the transistor
will be in the saturation region and the
current through the power circuit will be
defined mainly by the load resistance
Rioad. Such state of the power circuit cor-
responds to its energized state and, ac-
cordingly, to the closed position of the
switching element.

Figure 1.21 — Switching dc circuit
with application of power thyristor
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In devices that switch high currents, power thyristors (with four-layer
structure) are extensively used. The simplest circuitry for switching dc circuit
is shown in Figure 1.21. Thyristor VS has three electrodes: A is anode; C is
cathode and gate. In this case, similar to the transistor-based circuitry variant,
the operational points are defined by the intersection of the external charac-
teristic of the circuit with the volt-ampere characteristic of the thyristor as
shown in Figure 1.22. If the current through the thyristor gate IG is zero, the
operational point corresponds to point A, then a small leakage current passes
through the controlled (load) circuit. This situation corresponds to the off
(i.e. non-conducting) state of the thyristor and the circuit is practically in
dead state. If current flows through the thyristor gate, the operational point
in this case corresponds to point B, then a current, defined practically only
load resistance Rioad, Will flow through the load circuit. This situation corre-
sponds to the on (i.e. conductive) state of the thyristor and the circuit in this
case is energized.

Iy

Figure 1.22 — Switching operation of a power thyristor

It should be noted that a thyristor is usually switched on (i.e., transfers
from point A to point B) by applying a short-term current pulse to the gate.
To switch off the thyristor, it is required to decrease the anode current down
to the value lower than the so-called holding current inga. Since its value is
usually very insignificant, to change the thyristor to the off state, the anode
current should be decreased practically down to zero value. In the case of dc
circuit interruption, forced cutting off the thyristor is used. It is realized, for
the most part, by applying the anode current reverse pulse from a pre-charged
capacitance [14, 18, 20].

Figure 1.23 shows an AC electric circuit being switched by the so-
called bi-rectifier (two parallel-opposite-connected thyristors). The circuit is
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energized by applying a control signal

Phase (control pulses) to the thyristors VS1 and

system VS2 from control-phase system. In this

VS2 case, the control-phase system must be de-

N signed so that to provide alternate applying

Lioad E F VSi the control impulses to both thyristors, de-
Ot

pending on the polarity of the network

~u, [ Rioad voltage, each half-cycle, since the thyris-
tors cut off at the current-zero moments.
The time diagram of the current in

Figure 1.23 — Switching ac circuit the working circuit at resistive load is
with application of bi-rectifier  ¢nown in Figure 1.24.
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Figure 1.24 — Time diagrams of the driving voltage and load current

The rms value of the current through the load will be defined by the
instant of applying the control pulses to the thyristors gates, that is, by control
angle (see Figure 1.24). The control-phase system usually provides regula-
tion of the control angle. In such a way, along with the function of switching
an electric circuit, such element provides also the function of the load current
regulation. Therein lays a very important advantage of semiconductor-based
switching elements. The circuit is in this case interrupted by stopping the
application of control pulses to the bi-rectifier; as current passes through zero
value, the thyristor cuts off.

The most important advantages of semiconductor-based switching el-
ements are as follows:

- no movable parts, therefore there is no mechanical wear and me-
chanical life is almost unlimited;

- no arcing and electric erosion at circuit interruption, therefore the
switching life of the device is practically unlimited,

- very low expense for maintenance and a big life expectancy;

- no sound and lighting effects;
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- they provide not only switching, but also regulation of the load current.

The disadvantages of semiconductor-based switching elements are as
follows:

- low switching depth and the absence of a visible rupture in the elec-
tric circuit;

- no galvanic decoupling between the control and the controlled cir-
cuits; application of optoelectronic devices partially eliminates denoted
shortcoming, but semiconductor-based switching elements in safety level are
as whole essentially below than contact-based ones;

- great thermal losses: they are by two-three orders more than in con-
tact systems, that’s why, powerful cooling systems (heat sinks etc.) are used
to drive out generated heat; it leads to an increase in the mass and dimensions
of the device and to complication of its construction;

- low stability to overloads and overvoltages, therefore, for semicon-
ductor-based switching elements especial high-speed protection is necessary;

- high cost.

The switching properties (i.e., behavior in transition from the on to off
state and vice versa) of semiconductor devices are defined by theirs dynamic
characteristics. Time diagrams of the anode current and voltage in switching
on the thyristor are shown in Figure 1.25. It includes three typical stages:

1. The delay of switching on is char-

Uy acterized by a slight changing the anode

L ‘ voltage; its duration tq is defined by the pa-

Uo | | \/1 & rameters of the control signal, as well as

L. the processes of diffusion and drift of car-

: ‘ ‘ ¢ riersin the bases necessary to start the re-
generative process in the p-n junction;

2. Switching is characterized by
Figure 1.25 — Time diagrams of the an avalanche-wise rising the anode cur-
anode current and voltage for thyris- rent; its duration ts is defined by the ve-
tor in switching on locity of spreading the on-state over the
area of the p-n junction;

3. Establishment of the on-state is characterized by a relatively
slight rising the anode current and lowering the anode voltage; this pro-
cess continues during the time ts until these quantities will correspond to
the static characteristic.

i,uJ

td ts tst
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Thyristors are switched off as the cur-
rent passes through its zero value, Figure
1.26. Just after current zero for some time
(tens of microseconds), the current contin-
ues to flow through the thyristor in the re-
verse direction. This phenomenon is caused
by the processes of cleaning-out the exces-
sive carriers in the wide base region. After a
lapse of this time, the reverse voltage and
the central junction capacitance rapidly
enough recovery and the current falls to a
Figure 1.26 — Time diagrams of  steady state leakage current. At this mo-
the anode current and voltage for - ment, the process of recovery reverse volt-
thyristor in switching off age begins. Its behavior is defined by the

same regularities as in ac circuit interrupting
occurred with arcing. It should be pointed out here that overvoltages taking
place in the process might be hazard for the thyristors. In order to decrease
overvoltages, thyristors are usually shunted by R-C circuits or varistors.

Switching circuits with contact-semiconductor-based elements.
Efforts to integrate the positive qualities of contacts and semiconductor de-
vices have led to the creation of so-called combined (contact-semiconductor-
based) switching elements and switching devices based on them (hybrid
switches). Now hybrid switches for low voltage applications (dc and ac con-
tactors) have been developed and are successfully operated. At the last time,
intensive investigations aimed to design contact-semiconductor-based
switching devices for high voltage applications are made. In these switches
the arc interrupting technologies commonly used in circuit breakers for high
voltage applications are combined with semiconductor elements [10, 11].

i S _ Let us _conside_r one of the simplest ci_r-

o»+—"— o+ o cuitsof combined switching elements shown in

Residual current

JUAY Figure 1.27. It includes contacts S with parallel
connected semiconductor devices VS1 and

V5214 VS2. The positive effect of combined switching
)\' elements is attained by the separation of func-

Figure 1.27 — Power circuit of tiOns performed by contacts and semiconductor
combined switching element ~ devices. The contacts perform function of car-
rying the load current whenever the switching
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device is in closed position. The semiconductor component performs the
function of switching an electric circuit.

The combined contact system carries out making a circuit in the fol-
lowing order. At first, the circuit is switched on with semiconductor compo-
nent, and then the contacts are closed. It should be noted however, that the
time span from the instant of the thyristors are switched on until the contacts
touch is usually no more than 1-2 half-cycles. At the instant the contacts
touch, the process of transition of the current from the semiconductor com-
ponent into the contacts begins. It is known that the contacts closing is usu-
ally occurred with contact bounce and momentary arcing. The presence of
the semiconductor component practically does not effect to the arcing time
due to the delay of switching on semiconductor devices.

Interrupting a circuit involves two stages. The first stage is the contact
opening occurred with momentary arcing. This stage continues until the cur-
rent completely passes into the semiconductor component. The second stage
is the operation of the semiconductor component under load. In the case of
ac circuit interruption, this stage continues until the first current-zero occurs.
At this moment, the thyristor switches off and, consequently, the process of
the circuit interrupting process is terminated. It should be pointed out here
that semiconductor devices in this case operate under load for a very short
time and therefore do not require intensive cooling and are not fitted with
heat sinks or other cooling systems.

The arcing time in this case essentially depends on many factors; pri-
marily, it is defined by the characteristics the arc discharge and the semicon-
ductor device. On this basis, the arcing time across the contacts of the contact-
semiconductor-based switching element will be added of three components:

t,=t, +t, +t,, (1.43)

where t, — is the rise time of the voltage across the contacts up to

threshold value Uo; this component is mainly dependent upon the electrode

voltage drop, the contacts opening speed and the threshold voltage of the
semiconductor device;

t, is the delay time for switching on the semiconductor device;

t, is the transition time of the current from the contacts to the semi-
conductor device; it is defined by the parameters of the components of the
circuit being formed.

As an example, let us consider the process of interrupting a circuit by
contact-semiconductor-based switching element, which is shown in Figure



Figure 1.28 — The analysis of
the circuit interruption by the
combined switching element
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1.28. The circuit includes the parameters of the
circuit being interrupted R, L, as well as the
switching element parameters, namely: active
resistances Ri, Rz, inductances Ly, Lo, as well as
mutual inductance M, of the incoming buses,
wires, cables of the semiconductor unit and the
contact system; Uy(i1) is the dynamic charac-
teristic of the semiconductor element; uy(i2) is
the dynamic characteristic of the arc appearing
across the contacts.

Basing upon the equivalent circuit repre-
sented by Figure 1.28, the following set of dif-
ferential equations, governing the transition

process of the current from the contacts into the semiconductor component,

can be written:

R+L—

u.(t)=iR + -

di

iR+L—

u.(t)=iR + -
i =i, +i,

di, .
dt’

d . di
+i,R, +L,—% i)+ My, —=;
dt a(2) 12 dt

+|1R +L1 +ud( )+ M, —2

(1.44)

Taking into account that the current transition process occurs suffi-
ciently rapidly (50—100 ps), the supplying voltage has no time to change es-
sentially, so it can be accepted as invariable [10, 11].

Thus, whenever a circuit is interrupted by a contact-semiconductor-
based switching element the arcing is not excluded. Nevertheless, it should be
noted that its duration is in this case reduced down to 100-200 ps That is why
contact-semiconductor-based switching devices have a significantly higher
switching life in comparison with purely contact-based apparatus [10, 11].
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2. PROPERTIES AND CHARACTERISTICS
OF THE ARC DISCHARGE

As it was noted above, the interruption of the electric circuit (i.e. ces-
sation of the current passing through it) by the contact-based switching ele-
ment is occurred with a number of complex phenomena that have not studied
in full degree until present time. One of such phenomenon is an electric arc
discharge, which is an absorber of energy stored in inductive elements of an
electric circuit. It should be noted that an arc discharge is initiated also due
to the bounce of the contacts carrying out making the electric circuit.

It was also noted above that contact systems remain the dominant type
of switching elements used at the present time for switching power electrical
circuits and contact-based switching devices. At the same time, the behavior
of the switching process will be also determined by the properties of the arc
discharge — its volt-ampere characteristic, which, in turn, determined by the
physical processes that occur in the switching arc (i.e., arcing).

2.1 General Description of Electric Arc Discharge

The phenomenon of electric arc discharge (electric arc) was discov-
ered in 1802 by Russian scientist, professor of the St Petersburg Military
Medical and Surgical Academy Vasilij Petrov. According to his suggestion,
in April 1802, the most powerful at that time power source was constructed.
It was “voltaic pile” packed of copper and zinc plates. In the same year,
V.V Petrov performed researches, and in November 1803 the findings of
these researches were published in his book “lzvestie 0 galvani-voltovskikh
opytakh...” (“News of Galvanic-Voltaic Experiments...”. The electric arc in
this book is characterized as “a light-carrying phenomena originating from
the galvanic-voltaic liquid”. [4, 6-8, 14]

In a number of (mainly Western) publications the priority of electric
arc discovery is attributed to the English chemist Humphry Davy. Neverthe-
less, an analysis of his scientific works has shown that his experiments only
repeated the researches performed by V.V. Petrov ten years ago. Although it
should be noted that H. Davy has performed more detailed researches and
has introduced the term “electric arc".

At present time, electric arc discharge is extensively used in a variety
of technical devices and, especially in industrial technological installations:

- arc steel-melting furnaces, in which an electric arc is used as a pow-
erful thermal source for steel melting;
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- installations for arc welding, in which an electric arc is used to pro-
duce non-releasable joints in metal constructions;

- plasma generators, where an electric arc is used for a variety of pur-
poses: for example, jet spraying of materials on the solid surfaces;

- powerful lighting devices where an electric arc is used as a light
source; a distinctive feature of arc lighting devices is high luminous effi-
ciency and, accordingly, high capacity at small dimensions.

If in the cases considered above the electric arc plays a predominantly
positive role, then in the switching devices it plays mainly negative role, but
there is also a positive one. The positive role of the electric arc implies that it
is an absorbent of energy generated during the circuit interruption and prevents
the appearance of overvoltages. The negative role of the electric arc in switch-
ing devices is in the following. When the arc discharge is in contact with the
electrode (contact) surface, electric erosion wear of the contact (i.e. loss of the
contact mass,) occurs limiting the switching life of the device.

An electric arc discharge (electric arc) is a type of gaseous discharge,
i.e. phenomenon of electric current passage through a gaseous medium.
There are two main types of gaseous discharges: self-sustained (self-main-
tained) and non-self-sustained (non-self-maintained) ones. The last one in-
cludes discharge wherein electric current carriers are produced mainly by
external ionizing agents (cosmic emission, X-rays etc.). As soon as the
agents are removed, the existence of discharge becomes impossible.

A typical representation of non-self-sustained discharges is the so-
called dark discharge. Its main distinctive feature is significantly small current
values (10t and below). At relatively small values of the voltage applied
across the electrodes, the magnitude of the discharge current is proportional to
its magnitude. However, at a certain value of the applied voltage, saturation
occurs, when its further growth does not lead to an increase in the discharge
current. The minimal value of the voltage leading to saturation depends first
upon the environmental conditions defining the ionization intensity, as well as
on the volume of the gas filling the space between electrodes and its pressure.

The discharge referred to the self-sustained discharge is that where the
current carriers are produced by means of processes occurring within the dis-
charge itself. Typical, in qualitative respect, varieties of self-sustained dis-
charges are Townsend's one (named after the scientist Townsend, which has
developed theory for this type of discharge), glow and electric arc ones.
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The Townsend's discharge is usually observed at a low capacity of the
source, which, however, provides a high voltage and, accordingly, high elec-
trical field intensity between the electrodes. In the process, the velocity and
kinetic energy of the charged particles available in the space between the
electrodes increases substantially that is sufficient to ionize neutral particles
(i.e. so-called field ionization takes place in this case). Therefore, Town-
send's discharge is a self-sustained one; however, it is mostly represented as
a transitional form between dark and glow discharges, since it is not lumi-
nous but is dark discharge. The current magnitudes, typical for this discharge
type, are of the order of 10

The glow discharge is most frequently represented as a natural devel-
opment of the Townsend's discharge. However, unlike the Townsend’s dis-
charge, a glow discharge is specifically luminous (i.e. is not dark discharge),
as well as it has inhomogeneous structure along its length. The most part of the
voltage applied across electrodes accounts for the cathode space with length in
the range 0.1-0.2 mm, where an increased current density is observed. The
cathode region of the glow discharge has a fall of potential in the range of 100
to 400 V. The current magnitudes, typical for this discharge, range up to 1 A.

An electric arc discharge (electric arc) takes place in the case when
the voltage and current in excess of the corresponding critical values of the
arcing. These values depend upon many factors and, at first, on the contacts
(electrodes) material, as well as the gas composition and the pressure of its
surroundings. From a qualitative standpoint, two main identifiable types of
arc discharges are usually distinguished. The first type is identified as high-
pressure arcs (i.e. arc discharges that exist at, and above atmospheric pres-
sure) and the second type, which is low-pressure arcs (i.e. arc discharges that
exist in vacuum environment or so-called vacuum arcs).

Let us consider, first, the properties of high-pressure arcs. Their basic
distinctive feature is the presence of a brightly luminous column, which is a
plasma channel including ionized gases, wherein the electric current flows
from one electrode (contact) to another. An idealized view of a high-pressure
electric arc discharge and a typical potential distribution along the arc chan-
nel between the cathode and anode are shown in Figure 2.1.

The plasma channel of the electric arc discharge has three character-
istic and qualitatively distinctive regions: the cathode region 1, the column
in the middle 2, and the anode region 3. It should be pointed out that the
cathode and anode regions have highly small extents (10#-10° sm) and con-
stricted cross-sections (at current densities as high as 107 A/sm?). However,
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essential voltage drops (10-30 V at the cathode and up to 10-12 V at the
anode) and, subsequently, high energy densities are concentrated in these re-
gions. The arc column has a high temperature, while the temperature on the
electrode (contact) surfaces is limited by the boiling points of their materials.
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Figure 2.1 — Arc channel and its typical axial potential distribution

The potential gradient in the column is dependent on the arc current
and heat exchange with the environment, including the gas type and pressure,
flow velocity, and the presence of solid surfaces. The column cross-section
tends to adjust itself automatically so that the potential gradient has the low-
est possible value. This potential gradient can vary by more than two orders
of magnitude according to the design of the arcing device. The mechanism
itself, which provides the required charge carrier densities, depends strongly
on the pressure in the arc column. For example, in vacuum arcs, current car-
riers are produced exclusively due to the ejection of electrons and ions from
the cathode (see subsection ), whereas in high-pressure arcs, current carriers
are produced almost exclusively because of thermal ionization.

Electrode regions adjacent to the arcing contacts perform two func-
tions for the arc column. They serve as a transition from a gaseous conductor
with variable conductivity (an arc column) to a solid conductor with essen-
tially constant conductivity.

The features noted show a qualitative distinction of the physical pro-
cesses occurring in the arc column and near-electrode regions. Let us con-
sider these processes in more detail.
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2.2 The Processes in High-Pressure Arc Column

As already noted, the arc column is a channel containing electric arc
plasma through which electric current flows. Plasma is generally a gas heated
up to a high temperature, containing ionized particles: the positive ions and
free electrons. It is distinguished high-temperature plasma with a temperature
of more than 50,000 K and low-temperature plasma with a temperature less
than 50,000 K. The electric arc plasma resulted from circuit interruption,
named switching arc, and is the low-temperature plasma. The maximum tem-
perature in the arc column can range from 7000 to 25000 K, according to on
the arcing medium and configuration of the arcing device. The arc column
has the properties of quasi-neutrality (i.e., the concentration of positive ions
and negative electrons is identical) and thermodynamic equilibrium, when its
physical properties are uniquely defined by the temperature.

One of the key parameters of electric arc plasma, defining the prop-
erties of the arc column as an electric circuit element, is its electric conduc-
tivity. It should be noted that its value is quite high and approaches the con-
ductivity of metals. It is determined according to the following expression:

n=qg-n-b, (2.1)
where @, n, b are the charge, concentration and mobility of ionized
particles, respectively.

It should keep in mind that practically only free electrons can be con-
sidered as the main current carriers because their mobility is several thousand
times higher than the mobility of positive ions. Free electrons permanently
come into existence in the arc column as a result of ionization of neutral
particles available within the column, as well as thermionic and field emis-
sion (i.e., electrons leaving the contact body). Let us briefly consider the
principle and main mechanisms of these phenomena.

lonization is the process of ionized particles generation, carried out
mainly by the disintegration of neutral atoms into a positive ions and free
electrons resulted from their collision with a high-speed electron or other
atom. For ionization, a certain energy, called ionization energy, is required,
which depends mainly upon the gas composition in the arc column, as well
as the presence of metal vapors in it. There are two variations of ionization
— field and thermal ones.

Field ionization is caused by the collision of a free electron, acceler-
ated by an electric field with a neutral atom. Under the action of an electric
field, the speed of electron motion increases, its kinetic energy increases as
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well. Therefore, the probability of collision of an electron with atoms and the
formation of ionized particles increases essentially. It should be pointed out
that field ionization plays a key role in the formation of ionized particles in
the Townsend's and glow discharges and is of low importance in the electric
arc discharge, where ionized particles are almost fully generated by the way
of thermal ionization.

Thermal ionization usually occurs through the collision of neutral par-
ticles resulted from their chaotic (thermal) motion. As the gas temperature
increases, the rms velocity of particles increases, their kinetic energy and,
correspondingly, the probability of collision between them with the for-
mation of ionized particles increase as well. The process of thermal ioniza-
tion is preceded by the dissociation process, that is, disintegration of mole-
cules into single atoms resulted from collision during their thermal motion.

The concentration of ionized particles in the arc column is determined
by the ionization degree, i.e. the ratio of the ionized particles concentration
to the one of all particles. Thermal ionization degree xth of plasma being in
thermodynamic equilibrium state at relatively modest pressures is frequently
determined by the Saha's equation:

X2 p Sail
—0= =316-107T*% T, (2.2)
— Xin

where p is the gas pressure;

T is the gas temperature;

@i is the ionization potential of the gaseous medium;

k is the Boltzmann’s constant equal 1,38-10%,

e is the charge of an electron equal 1,6-102°.

As can be seen from equation (2.2), the degree of thermal ionization is
a complex function of temperature. In addition, it should be pointed out that
degree of the thermal ionization depends significantly on the pressure, namely,
it decreases under increasing pressure. The degree of thermal ionization is de-
pends significantly also on the ionization potential defined by the gas compo-
sition of the arc plasma, especially the presence of metal vapor in the plasma.
Even if little metal vapors is available in the arc plasma, the ionization potential
essentially decreases and, hence, the degree of thermal ionization increases.
The relationship defined by the Saha’s relation for normal atmospheric pres-
sure is shown in graphical form for oxygen, hydrogen, and nitrogen and for
the metal vapors of copper and mercury in Figure 2.2 [22, 26].
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Figure 2.2 — The degree of thermal ionization for some
metal vapors and atomic gases

From the graphical diagrams represented, it can be seen that in air at
normal pressure, thermal ionization begins approximately at 8000 K and is
completed around of 22000 K. It is also informatively represented that metal
vapors at the same temperature have essentially higher degrees of thermal
ionization. Considering the fact that the arc plasma existing during interrupt-
ing an electric circuit (switching arc) has a relatively low thermal ionization
degree, all denoted parameters substantially affect it and largely determine
the properties of the electric arc as the electric circuit component in general.

In parallel with ionization, the reverse process, called de-ionization,
happens in arc plasma. It occurs through recombination and diffusion. Re-
combination implies that oppositely charged particles combine together, for
example, two ions with opposite charges or a positive ion with free electron.
Recombination process is considerably influenced by the density of the gas,
its temperature, the velocity of the arc column motion, as well as presence of
neutral solids (flats) in the arc plasma zone. Diffusion implies that ionized
particles go out from the arc column to its surroundings. It is resulted from
non-uniform distribution of the ionized particles density over the cross-sec-
tional area of the arc column. It should keep in mind that the density at the
outlying zone of the arc column is considerably lower than at its axis.

2.3 Energy Balance of an Arc Column

As discussed above, the process of electric circuit interruption is de-
fined by the switching element properties defined in turn by the energetic
state (energy balance) of the arc discharge at every instant. In its turn, the
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energetic state of the arc column, as any thermodynamic object, at every mo-
ment of time is determined by the ratio between the energy generated in it
(input energy) and the energy dissipated (driven out from it).

As already noted the main parameter characterizing the state of the arc
column is its electrical conductivity determined mainly by its temperature.
Just these parameters, in much degree, define the characteristic of the arc
column as a component of the electric circuit and the process of its interrup-
tion. It should keep in mind that the main condition of circuit interruption is
a stable decrease in the electrical conductivity of the arc column plasma. For
this purpose, it is necessary to provide a stable reduction of the degree of
thermal ionization in the arc column, and, consequently, its temperature. In
other words, in order to provide the circuit interruption, it is necessary to
make arc-extinguishing or to have quenched the arc.

The energy balance equation for a volume unit of the arc column in
general case has the following form:

v = JE - P (2:3)

This equation includes the thermo-physical parameters of the arcing
plasma: ¢, is specific heat at constant pressure; T is the temperature; v is the
density. The equation also contains the parameters of the arc column: j is the
current density; E is the voltage gradient; p, is the specific power driven out
from the arc column. Analytic solution of this equation is formidable task,
since almost all quantities included by it depend in complex manner on the
arcing plasma temperature and its distribution over the volume of the arc
column. Therefore, let us consider this task from qualitative standpoint.

The left-hand side of the equation characterizes the change of the arc
column internal energy; the right-hand side determines the relationship be-
tween the power generated by the arc column (input power) and the power
dissipated (driven out from it. If the power generated by volume unit of the
arc column in excess of the power driven out from it, then the internal energy
will increase. Accordingly, the temperature, thermal ionization degree and
specific conductivity of the arc plasma will increase as well. Under such con-
ditions, the electric arc will not be quenched and, accordingly, the electric
circuit will not be interrupted. Under a reversal relationship between the gen-
erated and driven out powers, the process will change in the reverse direc-
tion. Internal energy, the temperature, thermal ionization degree and specific
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conductivity of the arc plasma will decrease. In this case, the electric arc will
be quenched and the electric circuit will be interrupted.

In such a way, the main technique of arc extinguishing and, accord-
ingly, the circuit interruption is to increase the power driven out from the arc
column, i.e. its cooling. Let us consider the features of heat exchange be-
tween an arc column and its surrounding medium. It should keep in mind
that the heat exchange between arc column and environment occurs through
all three ways, that is, radiation, conduction and convection.

Radiation. Due to the high temperature, electric arc plasma is a source
of the radiant energy. It is distinguished:

- deceleration radiation or bremsstrahlung resulted from the collision
of a free electron with an atom leading to the loss of the kinetic energy and
the emission of a certain energy by the electron;

- recombination emission resulted from recombination (i.e., capture of
a free electron by a positive ion); the energy emitted in this case corresponds
to the sum of the Kinetic energies of the particles;

- excitation emission resulted from the transfer of atoms or ions from
an excited energy state to a normal one.

The emission of the arc plasma is substantially affected by the external
pressure. At low pressures (of the order of free air or higher), the arc plasma
is transparent, and the arc column is a volumetric emitter. At high pressures
(tens, hundreds of atmospheres), the arc plasma is not transparent (opaque to
radiation), and the arc column in this case is superficial emitter. The elec-
trode (contact) material also significantly affects the emission process
through the presence of metal vapors in the arc column. The fraction of emis-
sion energy in the total amount of energy driven out from an arc column
varies in wide range from a few percent to 80-90% according to the temper-
ature, pressure and composition of the arc plasma.

Conduction. The rate of heat loss by the arc column through conduction
depends essentially upon temperature, pressure as well as the gaseous compo-
sition of the arc column and its surrounding medium. Highly significant exam-
ple for this case is comparison of an arc in air with an arc burning in a hydrog-
enous medium. At the same temperature, the power dissipated in a hydroge-
nous medium is 8 times higher. Taking into account that the temperature of the
hydrogenous arc is 1.5-2 times higher, the total power dissipated in hydrogen
will be 20 times more than that in air. This situation enables to use substances
generating hydrogen at elevated temperature for arc extinguishing. This is, first
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and foremost, transformer oil, as well as solid substances, such as, fiber, acrylic
plastic, boric acid and others.

Convection. In this case, it implies in that particles of cold gas pene-
trate into the arc column or, in contact with its surface, acquire kinetic energy
and go out beyond it. The fraction of energy driven out through convection
is significant in those cases when the arc column experiences intensive axial
or cross blowing. It can be pointed out that the hot gas column like a solid
rod, therefore the most mass of the cold gas bypasses (i.e., flows around) the
arc column.

2.4 Processes in the Electrode Regions

As already noted, the arc discharge has three characteristic regions:
the arc column and near-electrode regions, namely, the anode region and the
cathode region. Let us consider in more detail the processes that occur in the
near-electrode regions.

The surfaces of the electrodes that are in direct contact with the arc
column are named root points or arc spots. It is distinguished a cathode spot
and an anode spot, that is, the surfaces of the anode and the cathode, respec-
tively, which are in contact with an arc column. As noted above, a very small
length and a significantly smaller cross-sectional area, compared with the arc
column, is highly typical for near-electrode zones (i.e., the regions directly
adjacent to the arc spots). Due to this, they are featured by a very high energy
density and contain the gas in the state of strongly compressed plasma. Its
properties are still not clearly understood at the present day.

The cathode region. According to the present day notions, because of
highly different speeds of electrons and ions, the so-called excessive space
positive charge is formed in the cathode region. This positive charge pro-
duces a potential barrier, which is the main cause of cathode voltage drop,
and electrical field accelerating the electrons, released from the cathode. The
cathode spot is bombarded with positive ions resulting in the generation of
the energy providing the ejection of electrons from the cathode spot to the
arc column called emission of electrons. In this complex combination of cor-
related processes the emission of electrons plays governing role that may
behaves differently under various environmental conditions.

First and foremost, it should be noted that the mechanism by which
the electrons leave the cathode (emission of electrons) depends on its mate-
rial. Refractory materials with high boiling points, such as tungsten, carbon,
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molybdenum, or zirconium, emit electrons when they are heated to a tem-
perature higher than their evaporation temperature, that is, in given case, the
so-called filament or thermionic emission occurs. In the process, there is typ-
ically one stationary hot spot with a temperature over 3500 K, which is
heated predominantly through the bombardment by ions accelerated in the
cathode sheath. The current densities j, which can be resulted from the ther-
mionic cathodes, is given by the Richardson-Dushman equation:

j=AT? —e—q’j, 2.4
] exn[ T (2.4)

where T is the cathode temperature;

¢ is the work function of the cathode material, that is, the energy required
to release one electron from a metal surface, typically from 4 to 5 V for electro-
negative metals and 1.5 to 4 V for electropositive metals, such as thorium;

e is the electronic charge;

k is the Boltzmann constant;

A is the materials constant with value ~60 A/(cm? K?) for most metals.

A cathode made of a non-refractory material with a low boiling point,
such as copper and mercury, undergoes significant evaporation of the mate-
rial. These materials emit electrons at significantly lower temperatures. Cal-
culations in accordance with equation (2.4) show that the current density of
thermionic emission must be three orders less than that actually occurs dur-
ing burning an arc. Higher current densities in the cathode region are evi-
dence that in this case the mechanism of electron emission is more complex.
Many investigators consider that cathode spot electron emission involves a
combination of thermionic and cold or field emission (i.e. leaving electrons
from a metal surface under the action of an electric field), called TF emission.

The anode region. The role of the anode spot in the process of arcing
is mainly passive. It serves as a receiver of electrons carrying current from the
arc column. Nevertheless, the anode spot plays an active role as well. The
bombardment of the anode by the electrons current leads to its heating; thereby
the mechanism of thermionic emission comes into act. However, electrons re-
leasing from the anode spot return under the action of an electric field. Positive
ions are not released from the anode, whereas positive ions produced in the
vicinity of the anode spot come to the arc column. In such a way, an excess of
electrons is produced at the anode region, i.e. a space negative charge, gener-
ating the anode fall, is formed in the anode region. The current density across
the anode spot is a few times less than that across the cathode spot, and the
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anode region is significantly larger in length than the cathode one. Therefore,
much lower energy densities take place in the anode region.

Plasma jets in the arc column. The availability of axial plasma jets
in the arc column has been discovered relatively recently. However, this phe-
nomenon quickly has called attention to researchers, since it exerts signifi-
cant effect upon the features of the arcing and some other processes associ-
ated with the arc discharges [7, 24, 29]. Let us briefly consider the essence
of the phenomenon and its influence on the behavior of the physical pro-
cesses taking place in the arc column.

It was found long time ago that the arc column deflects from the short-
est distance between the electrodes (contacts) and takes a highly whimsical
shape, with no experience of visible external forces. In the process, fast-mov-
ing flame tails emanate from the arc roots. This phenomenon was explained
by the presence of axial plasma jets caused by electromagnetic forces pro-
duced by the self-magnetic field of the arc column.

It is evident that any conductor with an electric current excites a mag-
netic field producing radial forces tending to compress the conductor and to
reduce its cross-sectional area. In solid conductors, these forces do not lead to
any changes, although at very high currents they can result in deformation or
collapse of the tubular shaped conductors. In gaseous and plasma mediums,
including in the arc column, these forces lead to uneven distribution of pressure
over the cross-section. So, the maximal pressure will be observed at the arc
column core. This phenomenon is named the pinch-effect.

Moreover, as it was noted above, the arc column cross-section is uneven
along its length. In the vicinity of the electrodes (contacts), it drastically re-
duces that lead to uneven distribution of pressure along the arc column. In the
neighborhood of the arc spots, a considerable difference of pressures is pro-
duced that is the cause of the axial plasma jets emanating out from the near-
electrode regions. In the present day, it has been found that electrodynamic
forces and the pinch-effect produced by it is an important, but not the only
cause of axial plasma jets. Under certain conditions, thermal processes play
an important role for coming of the plasma jets into existence.

Important factors of the availability of axial plasma jets and their in-
tensity are the magnitude of the current, external pressure and the rate of heat
driving out. Axial plasma jets occur only in the event, when the current value
is higher than a certain level called the boundary current. Increase in external
pressure and rate of driving out of heat contribute decrease of the plasma jets



49

intensity and vice versa. An important feature of axial plasma jets is that they
are always perpendicular to the electrodes (contacts) surface.

Axial plasma jets essentially influence on the processes occurring in
the arc column. First and foremost, the influence of plasma jets on the pro-
cesses of its cooling should be mentioned. The plasma jet, due to friction,
captures a layer of cold gas, which exposes the arc column to intense axial
blowing and, accordingly, cooling. The more intensive plasma jets are, the
more intensively arc is cooled. However, the cooling process in this case
essentially depends upon the direction of the plasma jets and, accordingly,
the mutual arrangement of the electrodes (contacts) surfaces. When the elec-
trodes are in align arranged and, accordingly, the surfaces are parallel, the
plasma jets are oppositely directed: in this case, cooling process becomes
significantly more difficult. However, when the electrodes are positioned at
an angle (i.e., the surfaces are non-paralleled), the plasma jets are directed
into the outer space, in this case the arc column is cooled considerably better.

The effect of plasma jets upon electro-erosion phenomena in electrodes
(contacts) must be pointed out as well. In the present day, majority of re-
searches are inclined to opinion that the carrying away the material from the
electrodes (contacts) surface occur by means of the axial plasma jets. Hence,
their intensity is directly associated with the intensity of the contacts wear due
to electrical erosion.

2.5 Mathematical Modeling of Arc Discharges.

The electric arc discharge, initiated as the electric circuit is interrupted,
becomes one of its components. Like other electric circuit components, an
arc discharge is characterized by its current-voltage or volt-ampere charac-
teristic. It represents the dependence of the voltage drop across the arc col-
umn (including near-electrode zones) from the value of the current passing
through it u, = f (i ).

Note that an arc, as an electric circuit component, is a non-linear el-
ement. Its V-A curve is generally determined by complex physicochemical
phenomena taking place in the arc column and near-electrode regions that
have not been studied in full degree until the present day. An essential influ-
ence of environmental factors on the behavior of the arc and, hence, its volt-
ampere characteristic must be noted as well. Therefore, to set up equations
governing the volt-ampere characteristic of an arc, or to construct the model
of an arc is a very difficult task. At the same time, it should be noted that this
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task is extremely important as arc mathematical models are used not only in
the development of new constructions, but also in practice of investigation
and testing of switching devices.

Arc models can be classified into three categories: black box (also of-
ten called P-t) models, physical and parameter models. The circuit breaker
design engineers work mostly with physical arc models when designing a
new prototype. They consist of a large number of differential equations.
Physical arc models are based on the equations of fluid dynamics and obey
the laws of thermodynamics in combination with the Maxwell’s equations.
The arc-plasma is a chemical reaction and, in addition to the conservation of
mass equation, describes the rate equations of the different chemical reac-
tions. In the case of a local thermodynamic equilibrium, the rate equations
become the equilibrium mass action laws and that, in the simplified case of
the reaction of a monatomic gas, becomes the Saha equation, describing the
degree of ionization in the gas. Because the arc-plasma is conducting elec-
trically in the momentum equation, also terms describing the interaction with
magnetic fields either coming from outside, or generated by the arc current,
must be taken into account. Because of the resistive heat dissipation of elec-
tric energy calculated with the Ohm’s law, a volumetric heat generation term
is part of the energy equation.

The arc-plasma is strongly radiating and this makes the radiation-
transport term in the energy equation very important. A considerable portion
of this radiated energy, however, is being reabsorbed in the plasma and this
is described by the radiation-transfer equation or by the tabulated value for
the net emission coefficient. For every component in the plasma, such as
electrons, ions, atoms, and molecular species there is a thermodynamic equa-
tion of state present in the equations.

Thus, taking all these physical considerations into account, we arrive
at the very comprehensive a set of equations [22]. It should be noted that
solution of such set of general equations is a formidable task, but for most
practical purposes, considerable simplifications can be made. In particular,
some qualitative predictions of the arc behavior can be made by using the
simplest form of the energy conservation equation [e.g. equation (2.3)].

In the Black box or the so-called adaptive models, the arc is described
by a simple mathematical equation and gives the relation between the arc
conductance and measurable parameters such as arc voltage and arc current.
These black box models are not suited to design circuit breaker interrupters
but are very useful to simulate arc-circuit interaction in the network studies.
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Black box models are based on physical considerations but are, in fact, math-
ematical models; the behavior of the arc rather than the physical processes is
of importance. Usually, black box models consist of one or two differential
equations. Parameter models are a variation on black box models in the sense
that more complex functions and tables are used for the essential parameters
of the black box models [20, 22].
Volt-ampere characteristics of
U the electric arc. There are two variations
of characteristics of an electric arc: static
and dynamic ones. Static V-A curves are
characteristics gained at invariable
(steady-state) current and voltage values.
One of the well-known static V-A curves
an arc is the characteristic of an arc burn-
ing in free air, shown in Figure 2.3, which
Figure 2.3 — Typical static arc volt- has three specific zones. At relatively
ampere characteristic in free air small currents (up to 10...20 A, zone I) V-
A curve of the arc has a falling behavior,
i.e. with growth of current the voltage drop decreases. Over a wide range of
currents (up to 8...10 kA, zone Il) the arc voltage drop is practically inde-
pendent upon the current; this is explained by the fact that under increasing
current, the cross-sectional area of the arc column increases almost propor-
tionally. At very high currents (zone I11) due to the pinch-effect, the cross-
sectional area of the arc column is practically independent on the current;
therefore, the arc V-A curve is similar to an active resistor characteristic, i.e.
with growth of current, the voltage drop increases.
The mathematical description of the falling part of the arc characteris-
tic is frequently carried out by applying the so-called Ayrton's formula ex-
pressed as follows:

I I I e

E.. =Coic P", (2.5)

where Eu is the arc column gradient;

p is the pressure;

Co, n, m are constants depending on environmental factors.

Equation (2.5) is the simplest black box model of an electric arc.

The simplest physical model of an arc static characteristic (stationary
arc) is so-called channel model based on the following assumptions. The arc
column is cylindrically symmetric and wall-constricted with a predetermined
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radius. The axial pressure drop is negligible in the arc column and, hence, in
this case the one-dimensional task is considered. The arc column cross-sec-
tional area includes conductive and non-conductive parts with predetermined
dimensions. The arc column is relatively long, by this why the processes in the
column are dominant compared with the electrode processes. The arc column
has local thermodynamic equilibrium. The thermal energy is driven out from
the arc column to the wall mostly through conduction (convection and radia-
tion are absent). Under these conditions, the energy balance equation, known
as the Elenbaas-Heller equation, is written in the following form:

10 oT 2

o [M arj 1] = (2.6)

where n, A are the electric and thermal conductivity, respectively, of

the arc plasma;

r is the variable radius of the arc column.

This equation is derived in 1935.

It should be pointed out that circuit interruption processes, especially
the clearing faults, are usually featured by high rate of change of current and
their analysis applying static characteristics (i.e. stationary arc models) leads
to significant errors caused by considerable thermal lag of the arc column.
As it was noted above, the characteristic of the arc is determined by its ther-
mal state at each time instant, which has no time to change according to the
changing current. That is why the analysis of processes of interrupting cir-
cuits by the switching devices is performed by applying dynamic character-
istics (i.e. dynamic arc models).

Dynamic V-A curves are characteristics gained in the process of chang-
ing current. It is highly evident that they will behave not only in accordance

with the value of the current, but with its

A U i £ S rate of change. -
N ‘ Evident example of the dynamic
N Y 7, characteristics is the set of V-A curves

gained for the arc current containing two
components: dc and sine-waved. In the pro-
! ‘ cess, the sine-waved component varies with
- L different frequencies, as shown in Figure
) . . 2.4, where fy is very low frequency, at which
Figure 2.4 — Dynamic characteris- 4 ie \/ A curve practically coincides
tics of an arc at different frequen- . . . .
cies of pulsating current with static curve; f2 is low frequency; fs is
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high frequency, at which dynamic characteristic significantly differs from
static curve; f4 is very high frequency, at which dynamic V-A curve practi-
cally coincides with characteristic of the ohmic resistance [22].

Thus, to analyze the arcing system, it is necessary to have a mathemat-
ical model of the arc dynamic characteristic.

Mathematic models of the arc dynamic characteristics. There is a
great variety of mathematic models of the dynamic characteristics for the
switching arc. Majority of them is constructed with the help of the power
balance equation (2.3), which in this case is written as follows:

W _gip

, 2.7
- =Ei-P, @)

. dwW N .
where expression ot features in this case the change in the arc column

internal energy that determines the electrical conductivity of the arc plasma.
To construct an arc model, a specific dependence g = f(W) should be

available. Among the multitude of arc dynamic models the most extensive ap-
plication has the Cassie and Mayr models developed for axially blown arcs
(i.e., for high-voltage circuit breakers with air arc quenching). These models
are classical representatives of black box models.

Cassie model: this model is constructed basing on the following as-
sumptions:

- the temperature over the arc column cross-section is invariable (i.e.,
T =const);

- the cross-sectional area of the arc column is proportional to the mag-
nitude of the current;

- thermal energy is driven out from the arc column through radiation
and the arc column is considered as a volumetric emitter.

Taking these assumptions into account, the cross-sectional area of the
arc column can be expressed in terms of its internal energy

S= w , (2.8)
CP

where ¢, is the specific heat of the arc plasma at constant pressure.

Hence, the dependence of the arc plasma conductivity from the inter-
nal energy will be as follows:

g=—om, (2.9)
CoP



54

where p is the electrical conductivity of the arc plasma.
Differentiation of expression (2.9) with respect to time gives:
dg_ 1 dw
dt cp dt’
Dividing both sides of equation (2.10) by g, and also taking into ac-
count the power balance equation (2.7), we obtain:
1d 1 .
~89_ 2 (E-p,). (2.11)
g dt  gcp
Thermal power driven out through emission per length unit will be
proportional to the cross-sectional area of the arc column. Taking into ac-
count that the arc column cross-sectional area is expressed asS =pg , it will

be as follows:

(2.10)

Pout =9PPo . (2.12)
where po is the specific (per arc column volume unit) power output.
Substitution of expression (2.12) into equation (2.11), with considera-

tion g =i/E, gives the Cassie’s equation:

H 2
1.2_3@_&1(5_ pOJ. 213)
i dt E dt c, | p
In static state (i.e., at di/dt=0 and dE/dt=0), the Cassie’s equa-
tion will look like:
E=.pp, - (2.14)
Hence, the arc static characteristic in accordance with the Cassie model
will behave as a current-independent curve, which corresponds to the character-
istics of an actual arc discharges in a wide range of currents (zone 2, Figure 2.3).
Note, however, that the Cassie model does not correspond to the actual arc char-
acteristics at low currents, i.e. in the region of the current-zero crossing.
The Mayr model is based on the following assumptions:
- the arc column cross-sectional area is independent upon the current
(i.e., S=const);
- the temperature of the arc is proportional to the magnitude of the current.
Hence, the electrical conductivity of the arc column in compliance
with the Saha equation exponentially depends upon the internal energy:

g=g,e""", (2.15)
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where Wy, go are the internal energy and electrical conductivity, re-
spectively, of the arc column under predetermined conditions.

Differentiation of equation (2.15) with respect to time with consider-
ation S =const, and hence P, = P, =const, gives:

out

dg _ do wimw, (g
—=="e" " (Ei- 2.16
atw, (Ei-py) (2.16)
Dividing equation (2.16) by g, and also taking into account g =i/E,
we get the Mayr equation:

ldi 1de_1TE ) 2.17)
i dt E dt S | R

where 9= \% is the arc thermal time constant that features its thermal
0
lag in the circuit interrupting process.

The magnitude the arc thermal constant is usually from 1 to 10 us (for
the high-voltage switching devices) and for the low-voltage devices, it is in the
range from 50 to 200 ps [8, 14, 17-20].

The represented arc models deal with very rough assumptions and,
therefore, are highly inaccurate. Attempts to construct unified model, based
on these two models, involved considerable mathematic complications.

2.6 Dielectric Recovery during the Near-Current-Zero Period

Near-current-zero processes. As it was noted above (see section 1),
when an electric circuit is interrupted, the processes occurring in the region
where the alternating current reaches its normal zero value play the key role.
Just here (i.e., in the neighborhood of current-zero) the behavior of further pro-
gressing of the circuit interruption process is determined. Either the electric arc
will has been quenched and, accordingly, the circuit will has been interrupted,
or in the next half-cycle of the current a self-sustained arc discharge will has
been initiated and, accordingly, the circuit will has been not interrupted. It
should be pointed out here that the arc existence after a current-zero value is
an emergency condition for majority of switching devices. For example, for a
high voltage circuit breaker that interrupt short-circuit current the appearance
of an arc discharge after current-zero means a failure to operation.

When the arc current approaches to zero, a very intensive deionization
process and a drastic reduction of the degree of thermal ionization occur.
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Shortly before the nominal current zero crossing, the arc plasma very quickly
decays and the contact gap resistance increases drastically. For a very short
time span, it changes from very small values corresponding to the arc re-
sistance to very large values corresponding to dielectric strength of the al-
most fully deionized contact gap. The arc current in the process is somewhat
differentiated from the sine waveform and becomes practically equal to zero
prior to its normal zero. In such a way, the arc column losses the properties
of a self-sustained discharge and comes to take qualitatively new properties
named residual arc space. From this moment, in essence, the recovery of
dielectric strength in the contact gap begins to occur; nevertheless, there is
still-hot gas between the contacts.

In parallel, the transient recovery voltage process begins to occur be-
tween the contacts of the switching device (see chapters 3 and 4). Under the
recovery voltage stress, a very low post-arc current flows across the residual
space. If the energy generated in the residual space is high enough, a process
of active ionization occurs that can eventually lead to initiation of the self-
sustained arc discharge. Note that from the moment the residual arc space
forms until the moment when the arc discharge is again initiated, a certain time
elapses, conventionally called the current zero pause.

Consequently, the recovery process plays an essential role in interrupt-
ing a circuit. As differentiated from the recovery voltage, the dielectric re-
covery represents the switching device properties. It characterizes appearing
and rising in time the dielectric properties of the contact gap in the vicinity
of the current-zero value, namely, a highly rapid transition of the contact gap
from a state of high conductivity to dielectric state.

The notion of dielectric recovery. The notion itself of dielectric re-
covery evidently derives from the general notion of dielectric strength,
which is the minimal voltage, which is able to produce a strike of the elec-
trode (contact) gap. That is, the minimal voltage which is able to initiate an
electric discharge in it, and thereby to transfer it from the dielectric state to
the state of high conductivity.

The dielectric recovery is the instantaneous value of the dielectric
strength of the switching device contact gap rising during the interruption
process. The recovery of dielectric strength of the arc residual space during
tens-and-hundreds microseconds after the current-zero instant is of the great-
est importance for contact-based switching devices. For semiconductor-
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based switching devices, dielectric recovery implies in establishing the off-
state of a semiconductor device (see chapter 1).

The recovery of dielectric strength during the interruption process is
determined by the maximal voltage, which the switching device contact gap
is able to withstand with no strike. From other hand, the dielectric recovery
can be determined as the minimal voltage causing the residual arc space to
transfer in the state of a self-sustained arc discharge. In the contact-based
switching devices, strike of the contact gap after the current-zero results in
the appearance of an arc discharge (electric arc). In this case, an unsuccessful
interruption of the electric circuit happens that means in some cases a failure
to operation of the switching device. In semiconductor-based switching de-
vices usually breakdown of the p-n junction of the semiconductor device oc-
curs. In this case, switching device fully losses its operability. Let us consider
the recovery processes in the contact-based switching devices.

Recovery of dielectric strength, i.e. the ur(t) curve is usually determined
for the most critical stage of the interruption process, namely, time span from
10 to 100 s after the current-zero crossing. For most switching devices for
high and low voltage applications, the dielectric recovery curve behaves as
shown in Figure 2.5, where U. is the so-called "cold" strength that establishes
across the contact gap after the circuit interruption completion.

The recovery of dielectric strength across
the contact gap usually consists of two typical
stages. The first is the so-called "transition" stage
or thermal breakdown or reignition zone when
relatively rapid rise of the dielectric recovery hap-
pens (zone I, see Figure 2.5). At this stage, an arc
_ ] _ discharge rapidly transforms to other types of
Figure 2.5 — Typical dielec- gasaqys discharges. The residual arc space is still
tric recovery curve significantly ionized and relatively modest volt-
age can lead to strike of the contact gap. The second stage is the establishment
of "cold" strength, or electric breakdown or restrike zone when relatively slow
growth of the dielectric recovery occurs (zone 11, see Figure 2.5). The existence
of other types of gaseous discharges (glow, Townsend) is typical for this stage.
The residual arc space is just practically almost deionized and to strike the
contact gap, a sufficiently high voltage is required.

Urg
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It should be noted that the mechanism of the arc discharge restoration
after current-zero moment is not completely understood at present time. Nev-
ertheless, the available findings suggest that there are two ways to restore the
arcing after the current passes through zero value:

- thermal breakdown, also known as reignition, exhibited in those
cases when u(t) curve crosses ur(t) at the moment when the residual arc
space has been still ionized in significant degree; i.e., mostly at the instant
corresponding the first stage of dielectric recovery ;

- electric breakdown, also known as restrike, exhibited in the cases
when u(t) curve crosses ur(t) at the moment when the residual arc space has
been almost fully deionized and practically has been restored its dielectric
properties, i.e. mostly at the instant corresponding to the second stage of di-
electric recovery.

Operational experience of switching devices for high and low voltage
applications has shown that electrical breakdown (restrike) is extremely sel-
dom the case. These are mainly cases when a low rate of rise of recovery
voltage at its high amplitude (i.e. interruption of low inductive and capacitive
currents) occurs. The regularities of restoring the arc discharge in this case
are the same as the breakdown of "cold" inter-electrode gaps. In the great
majority of events of circuits interruption (load, overload and short-circuit
currents) at high and low voltage, the arc restoration is exceptionally resulted
from thermal breakdown (reignition).

Dielectric recovery in switching devices. In spite of the qualitative ap-
parent similarity, the recovery processes in interrupting the electrical circuits of
high (medium) and low voltage are significantly different both in respect to pa-
rameters and to qualitative respect. First and foremost, it should be noted that as
low voltage circuit is interrupted the contact gap strength recovers up to several
thousand volts while interrupting a high (medium) voltage circuit the recovery
voltage reaches as high as hundreds of thousands and even several million volts.

When the high (medium) voltage electric circuit is interrupted, the val-
ues of the power frequency recovery voltage and, correspondingly, the re-
covery strength are several orders of magnitude higher than the values of
electrode fall (usually 20-50 V, depending on the contact material, see
above). That is why, in the high voltage switching devices, exclusively pro-
cesses that occur in the residual arc space determine the process of recovery
voltage. To analyze the process of raising the recovery strength, the Mayr
equation in this case can be applied:
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2
1dg_1(E'9 ;) (2.18)
g dt 9 P,

where g is the residual arc space conductivity;

E is the voltage gradient;

po is the specific power output.

At invariable conductance of the residual arc space (i.e., at dg/dt=0), the

value of the dielectric recovery will be determined by the following expression:

E, = |P (2.19)
g

Consequently, in order to ensure normal operability in respect to elec-
tric circuit interruption and, respectively, interrupting ability, switching de-
vices for high voltage applications must have powerful arcing devices
providing large values of the output power and high rate of rise of the recov-
ery strength across the contact gap. Taking into account the fact that rela-
tively low rate of rise of recovery voltage takes place in high voltage power
systems, the circuit interruption process will be determined mainly by the
relation between rates of rise of recovery voltage and dielectric recovery.

As differentiated from high voltage apparatus, switching devices for
low voltage applications usually have low-power arcing devices in terms
of the power output. Therefore, they provide a significantly lower rate of
rise of dielectric recovery that is usually governed by an equation like as
follows [14, 18, 19]:

Ug =U 4 + Kt (2.20)
where Uq is the initial dielectric recovery;

Ky is the rate of rise of the dielectric recovery.

It should be noted that low voltage power systems are characterized
by significantly higher rates of rise of recovery voltage. Therefore, in this
case, the value of initial dielectric recovery U4 plays an essential role in the
circuit interruption process. The initial dielectric recovery is a conditional
value found by the way of extrapolation of the experimentally gained u(t)
curve. In actual situation, the value of dielectric strength immediately at the
current-zero instant can substantially differ from Uq. However, this is insig-
nificant, since in real situation thermal breakdown happens after laps of
sometime the current-zero, depending on the rate of rise of recovery voltage.
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The value of the initial dielectric recovery is defined by the processes
occurring in the near-electrode regions. Just in their immediately after cur-
rent-zero instant generated heat is intensively driven out to the contact body.
Thus, the value Uy is significantly dependent on the contact material prop-
erties: heat conductivity; boiling point; work on escaping; ionization poten-
tial etc. It should be noted the influence of other factors on the value Usgo:
current interrupted; type of the switched load; velocity of the arc movement;
the instant of the contact parting relative to sine wave-form of the current;
the environmental gaseous mix; external pressure and others.
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3. CONTACTS AND ARCING DEVICES OF
SWITCHING APPARATUS

3.1 General Insight into Electric Contacts

As it was noted in the foregoing sections, at present time the contact-
based switching elements are mainly used in switching apparatus as the ele-
ments providing switching of the electric circuits. It is usually a pair of solid
conductors having electric contact. It should be noted that electrical contact
is an integral part of not only switching apparatus. Almost any electrical
equipment and all electrical installations include electrical contacts, because
their current-carrying systems are not all-metal constructions, but usually
consist of several separate conductors. Electrical contact is also an integral
part of relay protections and automatics, microelectronic and microproces-
sor-based devices, computers and computer systems, all of which include at
least contact joints for connection to an external circuit.

The operating experience of electrical installations shows that electrical
contact is the weakest (in terms of reliability) elements of the electric circuit.
A sufficiently high percentage of damages in electrical installations is the re-
sult of failures in the contact functioning. Therefore, the questions related to
the reliable operation of contacts are of vital importance. It can be pointed out
that the operation of electrical contacts is occurred with very complex and di-
verse thermo-physical and gaseous-dynamic phenomena that still to date have
not been adequately studied. Nowadays electrical contact is the object of wide
scientific researches. The study of phenomena in electrical contacts is large
enough scientific segment including a few separate scientific directions.

An electrical contact is a place of touch of two conductors, which
serves for transition of current in an electric circuit from one conductor to
another. In some cases, an electrical contact is defined as the interface be-
tween the current-carrying members of electrical/electronic devices that as-
sure the continuity of electric circuit. In general case, an electrical contact
can be formed by conductors being in various aggregative states. From this
standpoint, the following types of electrical contacts are distinguished:

- metal-metal (i.e., the contact formed with solid conductors);

- metal-liquid metal (i.e., the contact formed with solid and liquid
conductors);

- liquid metal-liquid metal (i.e., the contact formed with liquid con-
ductors);

- metal-arc discharge (i.e., the contact formed with solid conductor



62

and plasma);

- liquid metal-arc discharge (i.e., the contact formed with liquid con-
ductor and plasma).

In this section, first and foremost, electrical contacts formed by solid
metal conductors are considered. The classification of contacts considered
below refers to this type of contacts. Another contact types take place usually
in the cases, when solid contacts fulfill switching operations in an electric
circuit (i.e., in closing and opening state) under current load, as well as in the
event of an emergency situation (short circuit). The exception is the so-called
liquid-metal contacts, in which an electrical contact in normal static state is
provided with liquid metals [14, 20].

The main constructive elements and concepts that characterize the
contacts in electric equipment are as follows:

- contact face is the surface of solid conductors contacting directly to
the surface of another conductor and producing an electrical contact;

- contact piece or contact member is a conductor directly forming an
electrical contact in electrical apparatuses;

- contact pressure or contact load is the force acting between the
closed contact-pieces, normal to the contact face; to ensure operability of the
electrical contact, the contact faces must be pressed to one another with pre-
determined force;

- contact unit is an assemblage of contact-pieces with the elements
providing contact pressure.

Contact units perform different functions in electrical installations and in-
dividual electrical apparatuses and, correspondingly, are variously designed. De-
pending on the functions performed, they may be shared into two fundamental
groups: non-arcing contacts (connectors) and arcing (switching) contacts.

Connectors are electric circuit contacts intended for conduction of
electrical current only and not intended for switching an electric current.
Connectors perform the function of electrical connection of conductors and
do not rupture the electric circuit in the functioning process. The main con-
structive and functional varieties of connectors are as follows.

Bolted connectors. In this case, contact-pieces are connected and
pressed by means of fasteners (bolts, screws etc.). The connectors of such
type are extensively used in electricity distribution centers, electrical appa-
ratuses for the electrical connections of buses, cables and other current-car-
rying parts, as well as electrical machines and apparatuses with other equip-
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ment of the electrical power system. According to the material of the con-
ductors being connected and other factors, there are connectors that do not
require the use of means for electrical resistance stabilization and ones that
require the use of such means. In the first case, connectors are provided with
steel fasteners protected from corrosion. The stabilization of the electrical
resistance is usually ensured by the application of color metal fasteners, disc
springs, protective metallic coats, transition plates, transition and pin points,
electrically conductive lubrications etc.

Plug-and-socket connectors. This type of connector is intended for
quick electrical engagement and disengagement of electrical or electronic
units. Distinctive feature of this type of connectors is they provide make-
break operations in dead electric circuits without the use of a tool.

Current-collecting connectors. This type of connector is intended for
current collection by movable contact from fixed one. In such connectors,
the movable contact-piece moves relatively to the fixed one without disturb-
ance of the electrical contact between them. They are permanently in closed
position with the corresponding contact pressure. A sliding or a rolling con-
tact is usually used in this type of connectors: in the first case, the contact
exists when movable contact-piece slides over fixed one, in the second case
the rolling occurs, correspondingly.

Permanent connectors. In this case, the electrical connections are per-
formed by means of welding, soldering, rivet and finally cemented connect-
ors have been used recently.

Switching contacts. Switching contacts are the contacts of an electric
circuit, intended not only for conducting electric current, but also for switch-
ing (make-break, changeover) operations in alive electrical circuits. In the
switching process, they carry out the physical (mechanical) rupture (break)
of the electric circuit under current flowing or without one and its restoration.
The switching contacts usually have a moving contact-piece termed as mov-
able contact and stationary contact-piece termed as fixed contact.

While the device is operated, the switching contacts can be in two static
positions: open (off) and closed (on). In the stationary open position, the switching
contacts are featured by the so-called contact gap. It is the shortest distance be-
tween contact faces of the movable and fixed contacts. In a stationary closed posi-
tion, as it was noted, the switching contacts are featured by the magnitude of the
contact pressure or contact load.

Contact pressure of the switching contacts is mainly carried out with
springs of various types. In order to ensure a predetermined contact pressure,
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it is necessary, by construction way, to provide a predetermined deformation
(stroke) of the spring. The travel of the switching apparatus movable parts
required to press the contact force spring and to provide predetermined con-
tact pressure is usually called contact follow-through. In other words, contact
follow-through is the distance that one (movable) contact-piece moves from
a closed position as another (fixed) contact-piece is withdrawn.

Switching contacts usually perform different functions. For example,
in switching apparatus for high current switching applications, combined
contact systems are used (see section 1). In such apparatus, the main contacts
carry the current load, and the arcing contacts perform make-break opera-
tions in the electric circuit. A great variety of switching devices contain the
main circuit contacts (power or main contacts) and auxiliary (secondary)
circuit contacts (auxiliary contacts). Depending on the contact position in
dead and alive state of the apparatus, normally open (NO), normally closed
(NC) and changeover contacts are distinguished. NO contacts are in the open
position as the apparatus is in dead state, and transfers to the closed position
as the apparatus is energized. NC contacts are, in contrast, in the closed po-
sition as the apparatus is in dead state, and transfer to open position as the
apparatus is energized. The changeover contact opens one circuit and closes
another one when the apparatus is energized (de-energized).

Depending on the character of the contact interface, the point, linear
and surface contacts are distinguished. In the first case, contact occurs at
least at one point. For example, when a contact is formed by two spherical
surfaces or a spherical surface with a plane one. Such contacts are mostly
used at low currents. In the second case, contact occurs by the line, when it
is produced, for example, by a cylindrical surface with a plane one. Finally,
in the third case, two plane surfaces form the contact. Linear and surface
contacts are used at high currents.

There are a number of other indications by which electric contacts can
be classified, but they have a secondary importance and are in detail de-
scribed by textbooks [13, 14, 18-20, 29].

3.2 Transition Contact Resistance

Contact resistance is the resistance of a current-carrying subsystem re-
sulted from the availability of electrical contact, that is, this is the electric re-
sistance of the contact zone, defined by the effective (real) contact area and equal
to the relation of the contact voltage drop to the current through this contact.
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a) b) Let there be a conductor section of length |

¥ and resistance R, as shown in Figure 3.1a. If to cut
the conductor across and then to press the two
4% gained sections face-to-face with a certain force P,
as shown in Figure 3.1b, then the total resistance of
the conductor will be somewhat higher:

S8 5 ;
Figure 3.1 — Conductors: R'=R+R;, (3.1)
a) without contact; where R; is the contact resistance.

b) with available contact The availability of contact resistance is, first

and foremost, resulted from the fact that the contact
~__interface is only an apparent (nominal) contact area.
 Cuwrreptlines | In actual situation, direct contact is discrete and oc-
Lidibiiiininl - eyrs just over separate sections with area that is many
times smaller than the nominal contact area. This in-
terface is usually named the effective or real contact
bt iiiai il area. If even the contact surface has been finish-ma-
— chined, it will have asperities (microroughnesses,
) a o macroroughnesses, waviness), which lead to for-
Figure 3.2 — Distribution - ation of zones of the actual contact called contact
é)i;ﬁl;/rgin;:gaezt' inniff;’; spots (o-spots), as shown in Figure 3.2.

Because of this, in the neighborhood of the
contact interface, the current lines bend and pull into converge at the contact
spots. Thus, the lines path of the current significantly increases. Additionally,
the dimensions of the contact spots will be defined by the presence of various
films caused by the interaction of the contact material with its surroundings.

Accordingly, the contact resistance in general case has two components:

RC = RCOHStI‘ + Rf (32)
where Reonstr IS the constriction resistance caused by curvature of the
current lines in the neighborhood of the contact interface;
R is the resistance caused by pollutions and various films available on
the contact faces.
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Let us consider every of these components in more detail.

- Contact constriction resistance is formed
in the region, where bending (constriction) of
current lines occurs. This region is named the
constriction region. To determine the con-
striction resistance, let us consider an idealized
contact formed by two isotropic conductors of
infinite dimensions. The contact has one circu-
lar-shaped contact spot of radius a. In the pro-
cess, the current lines equally radiate outward
from the contact spot center, and the equipoten-
tial surfaces are half-spheres as shown in section in Figure 3.3. Such a repre-
sentation of the constriction region is named a spherical model of contact.

The electrical resistance of the elemental layer of the constriction re-
gion of thickness dr located at a distance r from the center of the contact spot
will be expressed as follows:

dr

d =
Re p27tl‘2

Integration of this expression in the limits from a to o gives the ex-
pression for constriction resistance of either of the contacts:

Ro—Pfdr_p( 1) _p( 1 1) _p (3.4)
cl/2 2
2nar 2r\ r), 2n{ o a 2na

The total constriction resistance of contacts of the same materials will
be twice as large:

Figure 3.3 — Spherical model
of contact

(3.3)

R = (3.5)
ma

It should be noted that in practical engineering the spherical model is
used seldom, because it operates with very rough assumptions. In the theory
of electrical contacts, there exists a more accurate elliptical model, which has
gained extensive application. The main assumption of this model is that the
equipotential surfaces in the constriction region are the rotational half-ellip-
soid shaped (for a circular contact spot) with focuses located on the boundary
of the contact spot. In this case, to find the constriction resistance, an analogy
between the pattern of the current lines outgoing from the contact spot of
radius a and the pattern of the electrical field of an infinitely thin charged
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disc of radius a is used. For such analogy, there is well-known ratio between
capacitance of the disc C and electrical resistance of the medium R:
RC =peg,, (3.6)

where p, g, €, are the parameters of the medium; in this case it is the

contact material.
The disc capacitance relative to the half-space being considered is de-
termined in accordance with the well-known expression:
C=4e,a. (3.7)
Substitution of this expression into the previous one gives the formula
for determining the constriction resistance:

p
Raz=—. 3.8
c1/2 4a ( )

The total constriction resistance of contacts of the same materials will
be twice as large:

p

© T oa (3.9
The expression derived is named the Holm'’s formula. If the actual con-

tact occurs by a few spots located far enough from each other, (mutual effect

on the pattern of the current lines radiation will be absent), then the constriction

resistance will be proportional to the number of contact spots n:

P
R, =——. 3.10
© = 2an (3.10)

The area and, accordingly, the radius of the contact spot a depends on
the contact pressure. Its value defines the behavior of the contact face defor-
mation. At relatively small values of the contact pressure (a few Newtons)
elastic deformation usually takes place.

In the case, when the contact faces (plane and spherical of radius r)
are pressed, then the radius of the contact spot can be evaluated by the Hertz’

formula [13, 18-20, 29]:
a=112/" 'EPC , (3.11)

where P is the value of the contact pressure;

r is the radius of the contact face sphere;

E is the modulus of elasticity.

As two spherical surfaces with the same radiuses are pressed, the radius of
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the contact spot will be determined by the following expression [13, 18-20, 29]:

a=0863/" 'EPC , (3.12)

It should be noted that elastic deformation occurs in contacts designed
for small currents (relay contacts etc.), when contact pressure values are of
order of few Newtons. Under high contact loads, the contact pressure per unit
of the contact spot area usually in excess of the ultimate bearing strength of
the contact material. In this case, the so-called plastic deformation will take
place in the contacts and the contact material bearing strength [ocv] Will de-
termine the radius of the contact spot:

P](
a= /n[cm] . (3.13)

Substituting this expression into the Holm’s formula, we will derive
an expression for evaluation of the constriction resistance for the case of

plastic deformation:
T[Cem
Rc:% | n[P I (3.14)

It should be pointed out that multiple close operations of switching
contacts lead to certain changes on the contact face and to determine the con-
tact spot radius, the following dependence is used [13, 18-20, 29]:

P
a— /nE_,MHB , (3.15)

where Hg is the Brinell hardness number (BHN) of the contact material;

& IS a coefficient characterizing the contact surface finish machining;
its magnitude usually ranges from 0,02 to 1.

Correspondingly, the constriction resistance will be:

Y TE&M H b
Re AN (3.16)

It should be noted that the expressions represented above are appro-
priate only for a qualitative estimation of the contact resistance magnitude.
Nevertheless, they good represent the factors affecting the constriction re-
sistance, which depends, first and foremost, on the properties of the contact
material, such as, resistivity, ductility (hardness), as well as on the contact
load and the contact spots number.
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Theoretical and experimental findings show that the number of con-
tact spots is a random quantity, defined by the probability to come the mi-
croroughnesses into contact under the contact pressure action. By this why,
it is naturally that the constriction resistance will take on different values
after each close operation at the same magnitude of the contact pressure.
The spread in these values is characterized by a quantity called static in-
stability of the constriction resistance. It is defined as mean square or
standard deviation of the constriction resistance. At sufficiently large con-
tact pressures, the distribution of the constriction resistance values for the
same contact pair complies with normal law. Under decreasing contact
pressures, an asymmetry of distribution comes into appearance, approach-
ing to a logarithmically normal law or lognormal law.

Along with the notion of static instability, there exists also the notion
of dynamic instability of contact resistance (constriction resistance). Dy-
namic instability takes place at the presence of mechanical (shock and vibra-
tion) loads action upon the switching apparatus, and accordingly, to the con-
tacts. In the process, the contact resistance can both increase and decrease.
The range of this change will be defined by the load action intensity (fre-
guency, acceleration etc.) that determines the dynamic instability value.

In practical engineering calculations of the magnitude (mathematical
expectation) of the transition contact resistance, empirical formulas (i.e., for-
mulas based on experimental findings) are usually used. The most exten-
sively used expression is as follows [13, 14, 18-20]:

=R, + (3.17)

C

K
(0a02pP )"’
where R, ¥ and m are the contacts depending on the materials, shape
and condition of the contact interface;

P is the contact pressure value.

Thus, the contact resistance for a given contact pair is mainly depend-
ent on contact pressure. A typical experimental dependence between the con-
tact resistance and contact pressure is shown in Figure 3.4. In the region of
small contact pressures, the contact resistance is highly dependent on contact
pressure. It is explained by the fact that the conditions of bearing here are
more favorable and a small increase in contact pressure leads to a substantial
increase in the total actual contact area. At high contact loads, the larger real
contact area undergoes the pressure and the contact resistance increases in-
significantly according to curve 1 (see Figure 3.4). Under decreasing contact



70

pressure, the contact resistance increases by curve 2 (see Figure 3.4), because
the micro-ridges are partially broken under plastic deformation.

The factors considered above, defining
the contact resistance, are valid only for case the
contact faces are brightly scraped, when the con-
striction of the current is practically the only
cause of the availability of contact resistance.
However, in real conditions of production,
transportation, storage and operation the contact

Figure 3.4 — Typical experi-  faces interact with its surroundings. This results
mental dependence of contact i the formation of the surface layer (superficial
resistance from the contact load film) on the contact face. Its properties may be
drastically distinct on the properties of the metals producing the contact inter-
face. It concerns, first and foremost, such a property as electrical conductivity.
The formation of films is highly probable on the faces of the contacts operating
in aggressive environments, in conditions of elevated temperatures, humidity,
dust, etc. In this case, the constriction of current lines is important, but not only
it, is the cause of the availability of contact resistance. The presence of surface
films on contact face in some cases increases the contact resistance by tens of
thousands of times. It in turn results in additional heat generation in the con-
tacts, a reduction of their reliability and service life, and in some cases to a
complete failure of the contacts.

Physicochemical phenomena occurring during the formation of super-
ficial films are highly diverse. There are several variations of superficial
films on the metal surface. It is, first and foremost, so-called tarnish films
that are usually referred to dielectric films. Tarnish films encountered on a
metal surface are essentially of two types, oxide films, formed as result of
compounding a metal with air oxygen, and sulfide films (compound of metal
with sulfur). Tarnish films have usually an uneven thickness (of the order of
10 sm); their resistivity ranges usually from 10* to 10° Ohm-sm [19, 29].

Oxide film is formed in the following manner. At first, oxygen deposits
on the metal surface, forming an oxide film. Metal atoms penetrate (by the way
of diffusion) into this film resulting, due to a chemical reaction, in the for-
mation of the metal oxide molecules. This process is usually called metal cor-
rosion in free air. The corrosion is generally the process of chemical changing
and destruction of the metal surface layers resulted from the chemical and elec-
tro-chemical exposure of its surroundings. The intensity of corrosive processes
significantly depends on the temperature on the contact surface.

Py
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Elevated temperature contributes to higher rate of the diffusion process
and the oxide formation. Therefore, this process is activated when the contact
face is in contact with an arc discharge, when the current continuously flows
through the contacts, as well as when the contact face is surrounded by the
medium with high oxygen content. Humidity of the atmosphere, its pollution
by dust and gases increase the intensity of corrosive processes. The contacts
operating in the conditions of tropical and marine climate are exposed by in-
tensive corrosion. A number of metals are coated with an oxide film, which
inhibits further disintegration of the metal. Noble metals are little or absolutely
unexposed by corrosion and, therefore, are frequently used as contact material.

When H:S (hydrogen sulfide) or SO (sulfur dioxide) is available in the
atmosphere, sulfide films offering high enough resistivity (up to 108 Ohm-sm)
are produced on the metal surface [29].

In parallel with tarnish films, there exists another variation of superfi-
cial films. This is so-called adhesion films formed because of absorption and
adhesive effect, that is, taking up and deposition of substances on contact
surfaces. Such films have frequently a sufficiently high resistivity. For ex-
ample, the deposition of evaporation solid insulation products (coil wire, coil
forms, etc.); deposition of arc thermal action products (contact erosion, soot,
thermal black, etc.); pollution by products of mechanical wear (friction of
the apparatus pieces), industrial dust and so forth.

Films of this type frequently have a relatively small thickness (in the
range of 2.5 to 3 nm), nevertheless, they withstand significant mechanical
loads and do not destruct in closing the contacts. Due to the tunnel effect,
they are not isolators of the electric current circuit. However, whenever the
film thickness increases, the tunnel effect ceases and it becomes a dielectric.

Passivating films as for conductivity take intermediate state between
tarnish films and adhesion ones. They are frequently made right on the
metal surface to preclude corrosion. They are often artificially made on a
metal surface to prevent corrosion. The thickness of passivating films is
usually from 1 to 1.5 nm, so they, like adhesive films, are not insulators
due to the tunnel effect.

When a relative humidity of the atmosphere is 70-80% and above, the
metal surface adsorbs water and forms a water film with a thickness of up to
10 nm. It contains metal ions incoming to it under action of the electric field
produced by water dipole molecules. It should be noted that the water film is
easily destructed under the contact load action.
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Thus, a contact spot or a real (effective) contact area generally con-
tains three types of areas:

1) ones including organic and tarnish films (oxide and sulfide) that
refer to isolating (practically non-conductive) films;

2) ones including thin (adhesion and passivating) films with thickness
of up to 3 nm having tunnel conduction; they are usually named quasi-me-
tallic contact areas;

3) ones where pure metallic contact takes place; they are formed due
to great forces disrupting the superficial film.

It should be pointed out that at zones of purely metallic contacting large
forces of intermolecular and interatomic bonds are produced, therefore it oc-
curs only at very small areas; otherwise, such a contact could not be broken by
the forces taking place in real devices. Hence, films available on the metal
surface play positive role, precluding the development of large forces of inter-
molecular couplings. In addition, the films play the role of specific type lubri-
cant, reducing the friction force during the mutual sliding of the contacts.

A wide variety of processes leading to the formation of superficial films,
as well as a rather complicated structure of the contact area, do not allow us to
analytically evaluate the contact resistance taking into consideration the re-
sistance of superficial films. That is why, in engineering practice, the contact
resistance due to the presence of superficial films is taken into account on the
base of experimental researches, mathematical statistic methods, etc.

In the contacts designed for operation under high currents, tarnish
(non-conductive) film is mechanically destroyed under the action of large
contact loads. If contact pressure is sufficiently small, it may be destroyed
under action of a voltage drop because of electrical puncture with the for-
mation of a thin metal bridge. This phenomenon derived name film fritting.
Thus, for switching devices designed for operation under high currents the
formation of non-conductive films does not substantially effect on the con-
tact operation and is not a problem of great concern.

For the contacts designed for operation under small currents and corre-
spondingly having small contact loads the superficial films is a great problem
because they do not destroy when the contacts are closed. In this case, the en-
gineering solutions of the contact systems are usually aimed to restrict the pro-
duction of non-conductive films, first and foremost, by the use of noble metals,
such as silver, gold, platinum and others. Another method to reduce the for-
mation of superficial films is encapsulation of contacts. An example of such
technical solutions is the use of hermetically sealed and magnetically operated
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contacts of reed switches. The contact elements of the reed switches are made
of ferromagnetic material and at the contact place are coated with a thin layer
noble metal (gold, palladium etc.). Such technology enables to stabilize the
contact resistance since the exposure of environment (including the active me-
dium) is precluded. There are also other constructive techniques to reduce the
influence of superficial films on the contacts operation. It is, first and foremost,
application of so-called self-scraped bright (wiping) contacts.

3.3 Arc Extinguishing in Switching Devices

As it was already mentioned, interrupting the electrical circuit by
contact-based switching devices is impossible without arc quenching, i.e.
a certain action on the arc column for the purpose its deionization and in-
crease its electric resistance.

Arc extinguishing (quenching) in contact-based switching devices is car-
ried out by the so-called arc control systems or arcing devices. Since arcing de-
vices operate in combination and strong interaction with parting contacts of the
switching device, this component is frequently named a contact-arcing system.

The arc column touching with contact faces and arcing device compo-
nents causes their heating and wear. Therefore, the main requirement imposed
upon arcing device is to limit the arc column thermal action on the switching
device components. In most cases, the arcing time is confined by a few hun-
dredths of a second (maximal time is 0.1 s). At the present time, there is a wide
variety of technologies to extinguish an arc. Let us consider the most exten-
sively used ones in switching devices for high and low voltage applications.

Arc extinguishing in free-air (unclosed rupture). This technology
consists in mechanically stretching of the arc column by opening contacts. It
should be pointed out here that to stretch the arc column, the magnetic field,
produced by the current-carrying parts or magnetic systems designed for this
purpose, plays an essential role. The use of such a simplest arc extinguishing
technology is possible in the case of low voltage circuit interruption at rela-
tively modest currents (lower than 50 A).
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P, In order to increase the interrupting

ability, when this arc extinguishing technol-
ogy is applied, the so-called multiple rupture
is frequently used (i.e., the circuit is inter-
rupted by simultaneous formation of a few se-
_ _ ries contact gaps). The performance of such a
Figure 3.5 — Bridge contact system - method js caused by the fact that increase in
the number of series contact gaps results in proportional increasing in the
value of initial recovery strength. The most extensive application has devices
with a double rupture, realized by the so-called bridge contacts represented
in Figure 3.5.

An essential advantage of the systems with unclosed arc extinguish-
ing is simplicity of the construction. Disadvantage is the relatively small
currents to be interrupted.

Arc extinguishing with deion grid. This technology of arc extinguish-
ing was offered by the Russian scientist Dolivo-Dobrowolsky in 1912. It is
extensively used in switching devices for high and low voltage applications.
The arc chute with deion grid is a stack of copper-covered 2-3 mm thin steel
plates placed on some distance one from another as shown in Figure 3.6.

In the circuit interrupting process, the arc
column is drawn into the chute where it is split
into a series of short arcs. The grid plates serve
in this case as heat sinks intensively cooling the
arc column. In the near-electrode regions, that
is, at each plate, the initial recovery strength is
initiated. Its total value determines arc extin-
guishing performance and, respectively, the in-
terrupting capability of the switching device. It
should be noted that experimental findings do not confirm the direct propor-
tionality between the number of plates in the grid and the total value of the
initial recovery strength. Nevertheless, this technique is very effective. Its
basic advantages are as follows:

- high interrupted currents: switching devices with application of
deion plates offer high interrupting capability;

- comparative simplicity of construction; the arc column is drawn into
a grid and held within it by means of self-magnetic field, therefore additional
elements for this purpose are not required;

- deion grid possess the property to limit overvoltages, their values are

Figure 3.6 — Arc chute with
deion grid
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determined by the number of plates.

- The main disadvantages of this arc extinguishing technology are as
follows:

- the arc chute withstands a small number of switching operations, since
the plates are quickly destructed under the thermal action of the arc column;

- in the grid made of simple plane plates, the reverse movement of
individual arcs is possible caused by the action of electrodynamic forces.

Gapped arc chute with magnetic blowout. This arc extinguishing
technique has found extensive application in low voltage switching devices,
carrying out frequent switching (make-break) operations. The simplest con-
tact-extinguishing system with application of gapped arc chute combined
with magnetic blowout system is represented in Figure 3.7.

Figure 3.7 — Gapped arc chute with magnetic blowout system

It consists of a movable 1 and fixed 2 contacts, magnetic blowout coil 3
with a core 4, magnetic blowout system poles 5 and gapped chute 6. If the
blowout coil are in series with the contacts, so the system is a series magnetic
blowout system. When they are parallel connected, then it is a parallel mag-
netic blowout system. One of the key elements of the arcing device is a gapped
chute made of an arc-resistant material, such as asbestos cement, arc-resistant
ceramic etc. The chute has a narrow clearance (slot) into which the arc column
is drawn, where it is deformed and, being in touch with the chute walls, is
deionized and quenched. Driving the arc column towards the chute is carried
out by the action of a magnetic field produced by a magnetic blowout coil.
Magnetic flux, providing magnetic blowing out, is conducted to the arc column
zone with the help of poles made of ferromagnetic material.

The main advantage of such an arc extinguishing system implies in
that it provides a great number and a high frequency of switching operations.
The shortcoming is the limited interrupting capability.
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Arc extinguishing by an airflow. This technique has found extensive
application in high voltage circuit breakers since make possible to construct arc-
ing devices for the ultimate parameters of the circuit to be interrupted (current
80 kA at voltage 1150 kV). The arc extinguishing in this case occurs within en-
closed chambers, where the arc column is cooled and deionized under the action
of a powerful high-speed airflow. There are arcing chambers, in which the air-
flow is axially directed in relation to the arc column (axial-blast type chambers)
and directed across to the arc column (cross-blast type chambers).

Arc 2 1 As an example, let us consider an arc-
{LI\_I\XUUM ing device of axial-blast type represented in
/ 7 AL / 7 /\ Figure 3.8. Such devices are most exten-

S - y  sively used at present time. It consists of a
porcelain shell 1, in which tubular contacts 2
) ) are placed. The internal space of the tubular

W contacts is communicated with free air. Com-
pressed blast air is conducted to the arcing
Figure 3.8 — Arc extinguishing  chamber from a special-purpose tank. As the
within air axial-blast chamber ~ contacts open, the appearing arc column is
stretched and cooled by the intensive airflow,

which rushes into the internal space of the contacts.

The main advantage of this arc extinguishing technique is a very high
breaking capacity. Until the recent time, just this arc technique had the most
extensive application in the circuit breakers rated by the voltage 110 kV a
higher. Correspondingly, air-blast circuit breakers (i.e., switching devices,
wherein this technique is used) occupied a dominant position; however, at pre-
sent time the situation changes significantly, since the so-called SFs circuit
breakers have become available. Disadvantages: sufficiently complex con-
struction of switching devices where this principle is realized; the need to have
a compressed air source and, as a result, great energy expense is required.

Arc quenching in SF¢ gas medium. SFs gas (sulfur hexafluoride) was
first prepared as long ago as 1890 by Henri Moissan and Paul Lebeau. At this
time, it was revealed that it possess enhanced (compared with air) electrical
strength had been. In the 30s of the last century, in the context of wide researches
performed in the field of nuclear physics, the Soviet scientist B. Gokhberg and

his research workers complexly investigated the electrical strength and other
properties of various vapors and gases. Among all investigated substances, only
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sulfur hexafluoride most fully meets all the requirements with respect to appli-
cation in switching devices and other electrical equipment. This gas possess
good combination of electrical, physical and chemical properties; that is why it
is frequently named electrotechnical gas (elegas).

Pure gaseous sulfur hexafluoride offers the following properties:

- enhanced electrical strength: it is 2,5 times higher than that of free
air; besides growth of pressure leads to increase in this difference;

- excellent ability to quench an arc: interrupting capability of the con-
tacts that open in SFs gas medium is 4-5 times higher than in free air;

- enhanced cooling ability: it enables to increase the load of current-
carrying parts and, accordingly, reduce their mass and cost;

- absolute harmless (no toxicity);

- no chemical activity: in normal conditions it does not react with ma-
terials applied in electric equipment;

- the one has a low liquefaction point: i.e., electrical equipment can be
operated with no additional heating in normal conditions;

- it does not burn and does not maintain burning (i.e. equipment is ex-
plosion-proof and is no fire hazardous;

- almost no ageing: therefore the electrical equipment does not re-
quire specific maintenance and has low exploitation expenses;

- solid products of SFs gas thermal destruction under the action of an
arc practically do not affect the electric insulation strength.

The positive electrical qualities of SFg gas result from its the so-called
electronegative properties. At a relatively low temperature (of the order of
3000...4000 K) SFs gas almost fully dissociates with the formation of a sulfur
atom and six atoms of fluorine. Fluorine atoms offer the feature to capture free
electrons, forming massive negatively charged ions with very low mobility.
These ions are slightly involved in the current carrying. However, the number
of the electrons (involved dominantly in the current carrying) reduces signifi-
cantly, what leads to a drastic decrease in the arc plasma electric conductivity.
This is especially important when the current reaches a zero value and due to
electrons capture the dielectric strength sharply increases that results in the
contact gap becomes little sensitive to the rate of rise of recovery voltage

A number of investigators, however, consider that the electronegative
properties of SFs gas play an auxiliary role, whereas the thermo-chemical
processes that occur under the action of high temperature are of main im-
portance. In particular, the main meaning have the property of SFs gas, that
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makes possible to decrease rapidly the temperature of the residual arc space
at current-zero moment [17, 20].

In 1956, the first switching device with employment of SFe gas was
patented. By now, high-voltage circuit breakers with arc quenching in SFe
gas medium have been designed and successfully operated. In SFs gas circuit
breakers the arc is quenched, at the same manner as in the air-blast ones, by
means of intensive cooling of the arc column by SFg gas current. SFs gas
circuit breakers have an extremely high switching capability per one contact
pair at present time. 245 kV contact gap is standard today. For voltage of
420 kV two contact pairs in series per one pole are used. The application of
four contact pairs per one pole is known (US, 800-kV substation). At present
time, SFe gas circuit breakers intensively supersede air-blast ones and, as
estimated by leading experts, in the near future they will take dominant po-
sitions at voltage ratings 220 kV and above.

Arc extinguishing in a vacuum medium. First and foremost, it
should be pointed out that an electrical arc discharge in a vacuum medium
differs significantly from high pressure arc discharge, in which current car-
riers (free electrons and positive ions) are mainly produced from neutral at-
oms of the medium (air, SF6 or oil) that surrounds the opening contacts. In
a vacuum medium, where ionized gas particles are practically not available,
an arc discharge is initiated due to the presence of ionized metal vapors pro-
duced by the explosion of metal bridge produced on the early stage of the
contacts opening. Its further existence is maintained due to metal vapor com-
ing from the cathode spots, while in the high-pressure arc the metal vapors
coming from the cathode and anode spots play an insignificant role. That is
the main distinctive feature of the vacuum arc.

Thus, because of the high electric conductivity of ionized metal vapors,
a steady arc discharge is produced across the contact gap. As differentiated
from high-pressure arcs, a multitude of fast-moving cathode spots is produced
in vacuum arcs. The number of cathode spots is determined by the value of
interrupted current. The magnitude of the current being carried by each of the
cathode spots is a function of the contact material, and in most cases it is ap-
proximately 60-100 A. Considering that the sizes of cathode spots are very
small (from units to several tens of microns), current densities as high as of
105 A/mm? that leads to intensive heating the metal in the cathode spots up to
several thousand degrees, its boiling and evaporation. Furthermore, a very high
pressure (tens of atmospheres) is produced in the cathode spot resulting in out-
flowing from the cathode spot supersonic jets of dense highly ionized plasma.
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As the current passes through zero value, the metal vapors condense
very rapidly (within about 10 ps). It results in disappearance of electric current
carriers across the contact gap, which practically completely recovers its die-
lectric properties. The possibility of arc reignition resulted from the recovery
voltage comes after 50 ... 60 ps. This phenomenon explains high interrupting
capability of switching devices, in which an arc is quenched in a vacuum me-
dium. It should be pointed out that attempts to employ vacuum as an arc-ex-
tinguishing medium for interruption of dc circuits did not yield positive out-
comes because the current does not pass naturally through zero values.

Vacuum arc can be exist in two modes according to the value of the
current being interrupted. At currents below 8-10 kA, the vacuum arc is usu-
ally in diffuse mode; when a certain part of the contact gap space is evenly
filled with an arc plasma having a characteristic glow. Under increasing cur-
rent, the arc volume increases and, at a certain its value, fills all space of the
interrupting chamber. At currents above 8-10 kA, the behavior of the vac-
uum arc drastically changes taking coalescent or constricted mode. The arc
column becomes like brightly glowing cord and a single anode spot appears
thus creating a new source of metal vapors, which because of the thermal
constant of the anode spot continues to produce vapors even after current
zero that makes difficult the interruption. At a certain current value, reigni-
tion occurs, i.e. a current of reverse direction is started to flow across the
contact gap. This phenomenon is considered a circuit breaker failure.

To interrupt the current successfully, it is necessary to preclude the
appearance of anode spots because of constriction of the arc. The minimal
current at which the vacuum arc takes the constriction mode, is the physical
limit of the current to be interrupted. For butt type contacts, this value is
8...10 KA. Currently, more advanced constructions of contact systems with a
significantly higher interrupting capability have been developed [13, 19, 20,
23]. Nevertheless, the condition stays invariant, that is, constriction of the
arc discharge must be excluded.

The vacuum interrupter is structurally shown in Figure 3.9. It is an en-
capsulated vessel evacuated to that or other degree: low vacuum (10°...102
Pa); medium vacuum (102...0,1 Pa); high vacuum (0,1...10° Pa); deep vac-
uum (below 10° Pa). The interrupter consists of a case 1 with a ceramic insu-
lator 2, a fixed 3 contact, movable contact 4 fastened to the case by means of
bellows 5 (flexible corrugated tube of sheet steel) that enable its movement.
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The evident at first glance simplicity
of the vacuum interrupter construction is
highly deceptive. In actual situation, it in-

2 cludes many scientific and technological in-
novations (“know-how”). At present time,
vacuum interrupters are extensively used in
the switching devices for high and low volt-

5 age applications. Suffice it to note that vac-

uum circuit breakers are now the dominant
Figure 3.9 — Vacuum interrupter switching devices in 6...35 kV electrical
power systems. Vacuum switching devices

have a number of important advantages:

- high switching wear-resistance: they ensure a great number of
switching operations by the same contact pair; therefore, vacuum interrupters
are used in apparatus for frequent switching operations (control apparatus);

- minimal maintenance: expenses for service significantly less than
ones for service of apparatus with other types of arcing devices;

- full safety against explosion and fire;

- enhanced stability against impact and vibration loads;

- normal operation under conditions of pollution and dust content;

- small dimensions and mass.

It should be noted also the disadvantages of vacuum interrupters: difficul-
ties in matching the contact materials as well as great capital outlays for setting
mass production because vacuum industry is sufficiently complex.

Arc extinguishing in transformer oil medium. Transformer oil is a
product of the petroleum refining, a hydrocarbon liquid with excellent die-
lectric properties. The use of transformer oil as an arc-quenching medium
has long history. In first switching devices for high voltage applications, the
only transformer oil was used. E. Thomson (USA) proposed this arc extin-
guishing technology in 1893; engineers D. Hyllardy and Ch. Parsons (USA)
developed the first construction of an oil switching device. In 1907, J.N. Kel-
man (USA) patented the first oil circuit breaker.

Let us consider the properties of an electric arc burning in a medium of
transformer oil. Burning of an arc in a liquid, and in particular in transformer oil,
is occurred with the formation and expansion of a gas-vapor cavity (gas-vapor
bubble) resulted from its thermal action. Thus, in the process of arc quenching
the arc column is surrounded by inhomogeneous gas-and-vapor mix. It includes,
first, transformer oil vapors located at the periphery of the cavity. The layers

Yy, /- -//////”4
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located closer to the arc column are heated more strongly and therefore the trans-
former oil vapors decompose into the hydrocarbon gases CoHa, CoH, etc. At a
temperature of 1500 K and above, in the layers that contact immediately with
the arc column, hydrocarbon gases decompose into hydrogen and carbon.

The hydrogen, which forms in the process, possess high heat conductivity
and carries out intensive driving of the heat out from the arc column, and thereby
provides its quenching. Arcing within a closed space is occurred with drastic
increase of pressure within the cavity that also contribute to the arc-extinguish-
ing process. However, in real oil-based switching devices, arc guenching is
mainly carried out by means of positive pressure produced by the arc (self-blast).
Such principle is used in the so-called minimum oil circuit breakers. Operating
cycle of such an arcing device is represented in Figure 3.10.

a) b) )

Gas-vapor cavity Gas-vapor cavity

Figure 3.10 — Operating cycle of minimum oil circuit breaker

It includes three typical stages:

I. Just after the contacts are started to open, the arcing occurs within a
closed gas-vapor cavity, as shown in Figure 3.10a; in the process, a rather
high pressure (30...40 atm) is produced in the chamber;

1. Asthe movable contact is beyond the arcing chamber, under the action
of positive pressure, the gas-vapor mix begins to flow outside the arcing
chamber as shown in Figure 3.10b; in the process, axial blowing the arc col-
umn happens;

I11. After the current-zero moment, the arc extinguishes and the hot gases
start to outgo from the arcing chamber, which is filled with transformer oil
as shown in Figure 3.10c.

Among the numerous existing methods to extinguish an arc, one more



82

method, used extensively in switching devices for low and high voltage appli-
cations, is worth to consider. The case in point is the so-called self-gas arcing
devices. In such systems, an arc is quenched with the flow of a gas produced
because of the arc column thermal action on solid gas-generating material,
such as red fiber, polymethacrylic acid (organic glass) and a number of other
materials. Under the action of high temperature, these materials decompose to
a number of components: CO., CO, H,, vapors of H>O. Such arcing devices
are usually enclosed chambers that result in high pressure (2...5 amp) is pro-
duced during the arc-quenching. The combination of these factors exhibits a
deionizing effect on the arc column. In a number of such types of the arcing
devices, a pressure drop is produced resulting in self-gas blast.

3.4 Electric Erosion Phenomena in Switching Contacts

General notions and classification. Electric erosion phenomena are
highly typical for switching devices, in particular for contacts that fulfill
make-break operations in electric circuits (i.e., switching contacts). It is well
known that opening the contacts under current load leads necessarily to the
initiation of an arc discharge, which attacks the contact surface resulting in
its erosion destruction. It should be pointed out that such phenomena are typ-
ical not only for switching devices. The phenomena occurring on electrode
surfaces and across electrode gaps, selection of electrode materials and struc-
tural materials operating under conditions of contact with arc discharge
plasma are investigated by a wide circle of scientists and investigators work-
ing in various scientific and engineering fields.

Among them, first and foremost, it should be noted such important
industry as electric technology, which, in turn, has several large scientific
directions. It is based on the employment of electric erosion phenomena in
such technologies as arc and resistance welding, electric erosion (discharge)
machining, electro-thermal, electro-physical methods of machining metals
(electron-beam technology and others), technologies of plasma jet spraying
of materials and number of some others.

Another important direction associated with the study of electric erosion
phenomena is the development of high intensive light sources. At present time,
it happens by the employment of arc and impulse-arc technologies. Besides, to
ensure high technical-and-economical performances of arc light sources, it is
necessary to choose rationally electrode material with predetermined emissive
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and thermophysical properties that is impossible with no consideration of elec-
tric erosion phenomena. This enumeration could be continued. In this case, we
consider electric erosion processes at the contacts of switching devices taking
place during the contacts close and open under current load.

Electric erosion is a combined notion including a complex of phenom-
ena resulting in local destruction of the material in places, where heat is lo-
cally generated, under current flowing. Hence, electric erosion phenomena
are not always associated with the action of an arc discharge on electrodes
(contacts). They have wide variety and, depending on the feature of the local
heat generation, these phenomena can be subdivided into two groups: contact
erosion phenomena and contactless erosion phenomena.

Contact erosion phenomena take place, where metallic contact of elec-
trodes or narrow bridges of monolithic conductors are located, under current
load. First and foremost, the so-called bridge erosion refers to the contact
erosion. It takes place when the contacts, designed for low current devices
(such as relays), are opened, as well as at the initial stages of opening the
contacts, designed for switching high currents. In this case, the contact sur-
face zones being immediately at electric contact are exposed by local de-
struction. The cases when electric contact itself is absent, but a constriction
of current lines takes place, are also referred to contact erosion phenomena.
When let through current density becomes as high as a certain critical value,
the so-called electro-explosive erosion takes place in narrow bridges of mon-
olithic conductor. Such processes occur, for example, in the narrow necks of
safety fuse links in interrupting of the fault current.

Contactless erosion phenomena are referred by forms of electric ero-
sion involved in the availability of electric discharges and their exposure on
electrodes (contacts) and other structural components of apparatus. It is, first
and foremost, gas discharge erosion, when electrodes exposed by the dis-
charge involved in its initiation. The contact surfaces of switching devices
are most frequently subjected by the attack of an arc discharge. Respectively,
in this case we deal with gas discharge erosion named electric arc erosion.
Another variety of contactless erosion is the so-called plasma erosion, when
an electric discharge attacks components that are not involved in its initia-
tion. The types of electric erosion discussed above take place in switching
devices when contacts close and open. As practical experience shows, elec-
tric erosion processes during contacts opening in most degree effect on the
contacts operability. By this why, let us consider first electric erosion phe-
nomena occurred with the process of contacts opening.
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Electric erosion during opening contacts. When the contacts being un-
der load current open, it is evident typical sequence of processes. At the initial
state, when the contacts are in close position, the contact spots are available on
the contact surfaces, produced by the action of the contact force through elastic
or plastic deformation. When the contacts is started to open, at first, the contact
pressure is decreased and relatively the contact spot area is gradually reduced.
Its instantaneous disappearing is impossible, since the speed of contacts opening
in real apparatus constructions is much lower than propagation speed of an elas-
tic wave in metals. That is, on early stage of the contact opening the contact spot
area will decrease proportionally to the contact pressure.

Accordingly, the contact resistance grows leading to heating of the
metal near to contact spot, its melting and formation of the molten metal
"bridge". After the contact load has decreased to zero, the contacts start going
apart with certain speed and thereby draw formed metal "bridge”. As the
temperature in any point of the "bridge" as high as boiling point, explosion
occurs resulting in break of the "bridge".

Thus, in the early stage of contact parting until the rupture of the
"bridge", contact erosion takes place usually called bridge erosion. The
main feature of this process is the outcome of bridge erosion is usually the
transfer of the material piece from one contact to another known as bridge
transfer. As practical experience shows, bridge transfer occurs even in the
case when the anode and cathode are made of the same materials and the
contact system is symmetrical.

There are a number attempts to explain the cause of the bridge transfer.
However, the thermal theory of bridge erosion is the most recognized today.
According to this theory, its main cause is the thermal asymmetry of the
bridge, that is, asymmetric temperature distribution along the stretching
bridge, which is explained by distinctive conditions of heat generation at the
contacts. In some cases, the bridge thermal asymmetry can be resulted from
the electro-thermal effects, such as Thomson effect, Peltier effect, Kohler
effect. One way or another, the bridge thermal asymmetry leads to its break
not at the middle point, but at the point shifted to one of the contacts (more
often closer to anode). The outcome of these phenomena is usually the for-
mation of incrustations and hollows on the contact surfaces that can cause
disturbance of the contacts normal operation. It should be noted that the selec-
tion of the dissimilar materials and their thermal-and-physical parameters could
compensate bridge erosion.
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Bridge erosion and bridge transfer play a significant role in switching
devices in which electric arc discharges do not form in the process of inter-
rupting electrical circuits. First and foremost, it refers to switching contacts
interrupting small currents at small circuit driving voltage (relay contacts). In
this case the current being interrupted and (or) power frequency recovery volt-
age can be less than the corresponding values of arcing. Bridge erosion can
play a significant role in the contacts shunted by semiconductor devices or
arcing contacts (see chapter 1). In this case, the initial stage of contact parting
proceeds in the same manner followed by the current being interrupted transits
into a parallel circuit, thereby significantly reducing the arcing time.

The volume of bridge erosion (bridge transfer) per one interruption of
the circuit can be evaluated by the following empirical formula [13, 18, 19]:

vV, =x,12, (3.18)
where |, is the current to be interrupted;

kv IS @ constant, depending on the thermal-and-physical properties of
the contact material.

If the interrupted current and voltage of the interrupted circuit exceed
the corresponding arcing parameters, then the next stage of the contact open-
ing, from qualitative standpoint, is the initiation of an electric arc discharge.
This stage is occurred with the so-called arc erosion. Just this process plays a
key role in contacts destruction due to electric erosion and determines their life
span (switching life). In actual practical situation, the destruction (wear) of
contacts because of arc erosion is 15-20 times more than due to bridge transfer.

First of all, it should be pointed out that the electric erosion exposure
of an electric arc discharge to contact surfaces is occurred with interaction of
complex thermophysical and gas-dynamic processes occurring in small
spaces, namely, the places where the arc column in contact with the contact
surfaces (i.e., in the anode and cathode spots). These spots are inhomogene-
ous in their structure and are multitude of elementary spots with a very high
current density (10108 A/sm?). The concentrative generation of thermal en-
ergy in the near-electrode zones of the arc column (in the anode and cathode
spots) results in local heating of the surface and near-surface layer of the
contact faces that leads to melting, vaporization and partial ejection (carrying
away) of the contact material from the regions of anode and cathode spots.

In spite of the apparent simplicity and evidence of the processes, the
specific mechanism of arc erosion stays currently not clearly established. The
complexity to study of these processes implies in in the fact that they occur
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within extremely short time spans (measured in the range from fractions to a
few milliseconds) and depend on specific conditions of arc extinguishing
(technique, medium, pressure, structure of the contact material, etc.).

At the same time, complex thermophysical and gas-dynamic pro-
cesses, which occur across the contact gap, are governed by complex systems
of differential equations that usually include heat conduction equation, Na-
vier-Stokes equation, continuity equation and others. Moreover, these equa-
tions have indefinite boundary conditions in zones sharing the high-temper-
ature arc roots and phase changes of the contact material in vaporous, molten
and solid states. The analytic solution of such systems is a formidable task,
but just they determine the processes of erosive destruction and, in particular,
one of the most important among them is the mechanism of ejection of the
contact material from the anode and cathode spots. In this regard, the calcu-
lations of the arc resistance of contacts (i.e. quantifiable determining arc ero-
sion) are mostly performed by empirical formulas derived on the base of ex-
perimental investigations.

Thus, the so-called thermal hypothesis of arc erosion is the most rec-
ognized at present time. According to this theory, the destruction and ejection
(carrying away) of the contact material occur in a few manners according to
the type of the switching device operation. At relatively small interrupted
currents and a short arcing time, arc erosion occurs in separate micro-craters
and mainly because of the vaporization of the contact material due to the so-
called superficial thermal source (i.e. thermal energy generated in near-elec-
trode zones). Under increasing the interrupted current and the arcing time, a
continuous pool of molten metal, called usually macro-pool, is formed. At
this time, boiling and intensive vaporization occur with spraying of molten
fractions of metal. In addition, the ejection of the molten metal drops can
occur under the action of electrostatic and electrodynamic forces. Recently
the prevailing standpoint that explains the mechanism of material ejection
and erosive wear of contacts as a whole is the assumption that contact mate-
rial is ejected by virtue of axial plasma jets (see subdivision 2.).

A quantitative performance for arc erosion is wear of the contacts, i.e.
reduction of their mass (volume) under the exposure of arc discharges. For
low-voltage apparatus, the most frequently used performance for contacts
wear is a reduction the "follow-trough™ of contacts. In some cases, the so-
called arc erosion rate (dm/dt), i.e. loss of contact material per unit of arcing
time for a given interrupted current is used as such performance. However,
most extensively used performance is the specific wear my, (Vy,) expressed
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as the ratio of the lost contact material mass (volume) to rms current and time
(i.e. quantity of electricity) of the arc discharge. Numerous investigations
dealing with arc erosion show that wear of contacts depends on many factors.
Let us consider the most significant ones.

First and foremost, the rate of arc erosion of contacts is dependent upon the
value of the current being interrupted. This dependence behaves usually in sophis-
ticated manner and is determined by environmental conditions. For contacts, open-
ing in a gaseous medium, typical experimental curve for the rate of contacts ero-
sion as function of the interrupted current is shown in Figure 3.11a [8].
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Figure 3.11 — Typical dependencies the contact wear vs the interrupted current.

As can be seen, the contacts wear has the tendency to grow under in-
creasing the current being interrupted. The dependency represented has three
characteristic regions. A is the region of light interrupted currents wherein the
contacts wear is mainly determined by the vaporization of the material and its
ejection by plasma jets. B is the transition region. C is the region of high inter-
rupted currents, wherein enhanced wear is resulted not only by the contact ma-
terial vaporization, but also spraying of molten metal. For contacts opening in a
vacuum medium, such dependency behaves as shown in Figure 3.11b [20]. It
has two regions with a practically linear increasing the contacts wear and dis-
similar slopes. Region | accords to the diffuse vacuum arc; region Il accords to
the constricted vacuum arc.

The rate of electric arc erosion also substantially depends upon the contact
material. In particular, the melting point of the metal plays a significant role; the
more refractory metal is, the less the contacts wear rate, at other equal factors,
will be. In this case, the transition region is right shifted, that is, the transition
from region A to region C happens at higher currents. In addition, it should be
pointed out the influence of the material heat conductivity on the erosion rate
that consists in the following. Materials having high thermal conductivity cause
more intensive plasma jets and, hence, undergo more intense wear.
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The arc erosion rate of also depends on the design of the contact unit con-
struction. In this case, the mutual arrangement of the contact faces has essential
significance. The least wear takes place in the case when the plasma jets are di-
rected to encounter and partially compensate each other. The intensity of plasma
jets is also affected by the contact face area. The larger area is, the less the plasma
jets intensity and, accordingly, wear of the contacts will be. The design of the con-
tact unit defines the velocity of the arc roots movement over the contact surfaces.
The higher the movement velocity is, the less the rate of wear will be.

Contact surface temperature cases can play a certain role in individual
cases. It effects, first, on the plasma jets intensity: an elevation of temperature
leads to a decrease in the intensity of plasma jets and, accordingly, the con-
tacts wear. Contact heating by extraneous source can significantly weaken
the plasma jets intensity.

It should be pointed out here practically no effect of arc-extinguishing
medium on the rate of electric arc erosion. Experimental findings has ascertained
that the rates of arc erosion are practically identical both in free air and in trans-
former oil at the same interrupted currents, arcing times and other equal factors.

As already noted, mathematical simulation of electric arc erosion is
highly difficult because of the wide variety of metal ejection mechanisms.
Therefore, at present time electro-erosive wear of contacts is evaluated mainly
by use of experimental findings and empirical dependencies.

For example, in practical engineering calculations, the following for-
mula is frequently used [13, 18, 19]:

dm 16
it o (3.19)
where |, is the current being interrupted;

k is a constant depending on the contact material properties.

The erosion rate both in region A and in region C (see Figure 3.11a) is
determined from given formula, but the constant x will be different in magni-
tude. It should be noted that there exists a number of other empirical depend-
ences to evaluate the arc erosive wear for specific constructions of contact units
and conditions for the existence of an electric arc discharge [16, 20, 24, 29].

Electric erosion of the contacts on closing. It should be keep in mind
that in a number of electric apparatus, switching devices, in particular, for
high voltage applications, the erosive processes on closing contacts may play
a significant role in their wear. In the process, both contact-based forms of
erosion and its contactless forms take place. Whenever contacts close, as well
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as during the opening, a certain attributive sequence of processes is evident.
When the contact faces having different potentials approach to each other, in
many cases, at a certain gap (that depends on many factors) an electric break-
down happens, and accordingly, an electric discharge initiates

There are various explanations for the mechanism of breakdown of con-
tact gap during the closing contacts. The most well-known standpoint is pre-
changes on the contacts faces under the action of an electric field occurring
with drawing macro-particles out from the contact body, the formation of
"bridges" and "nibs" that cause a reduction of the gap or its full overlap. The
electric discharge, appearing in the process, causes electric erosion. Its inten-
sity is determined by the form and duration of the discharge, generated power
and properties the contact material.

By further rapprochement of contact faces, a metal contact forms with
a changing resistance down to a certain minimal value determined by the
contact load. At this stage under the action of the flowing current, thermal
energy is generated that leads to the formation of molten zones and redistri-
bution of material over the contact face. The intensity of contact-based ero-
sion at this stage depends on the contact material properties, the conditions
of its closing and the parameters of the circuit to be interrupted.

When the contacts, moving on closing with certain velocity, collide, the
kinetic energy converses into potential one, which, in turn, is liberated resulting
in the opening of the contacts. The next stage is the approach of the contacts
under the action of external driving forces, and the process qualitatively occurs
repeatedly until the system fully damps. This process is named contact bounce
(chatter). As the contacts open in a bouncing process, the phenomena discussed
above, such as bridge erosion and then arc erosion, take place. The operating
practice of switching devices shows that just the contact bounce plays key role
in erosive wear of the contacts on closing under current load.

It should be noted that, in general, electrical erosion of contacts on clos-
ing is usually not significant in the total volume of electric erosion processes in
switching devices. Nevertheless, in certain cases it can play a quit appreciable
role. For example, in contacts shunted by semiconductor devices or arcing con-
tacts, wherein an electric arc is practically eliminated when the contacts open
and electrical erosion is resulted only from the bounce when the contacts close,
as well as in the early stages of the contacts opening.
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4. TRANSIENT RECOVERY VOLTAGE PROCESSES
AT INTERRUPTING ELECTRIC CIRCUITS

In parallel with the dielectric recovery, the transient recovery voltage
is one of the most important quantity defining the interruption process of ac
electric circuits. To the present day, it has been reliably established that the
switching capability of the apparatuses is defined not only by the parameters
of the circuit being interrupted (its value, cosg), but also by the parameters
of the transient recovery voltage.

4.1 The Definition and Specification of Transient Recovery Voltage

Transient recovery voltage (TRV) is the instantaneous voltage value
across the contacts of the switching device during the transient process of the
recovery voltage. As the transient recovery voltage process has completed, the
power frequency voltage restores between the contacts of the switching device
named power frequency recovery voltage (PFRV). Let us consider at first the
recovery process in interrupting the simplest electric circuits.

In a pure resistive circuit, shown in Figure 4.1a, the current being in-
terrupted i is in phase with the supply voltage uo. As the current passes
through zero value, its instantaneous value equals zero as well. If no arcing
after current-zero, the voltage identical to supply voltage uo restores across
the switching element S as shown in Figure 4.1b.
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Figure 4.1 — The recovery process in a pure resistive circuit:
a) equivalent circuit; b) time diagrams

In a pure capacitive circuit, shown in Figure 4.2a, the current being in-
terrupted i leads the supply voltage u by 90°. At the current-zero instant the
supply voltage corresponds to its crest value. If after the current-zero no arcing,
the voltage on the capacitance C is trapped at the crest value while the supply
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voltage continues to follow its sine waveform. In the process, a voltage equal
to the sum of these voltages will restore across the switching element S, as
shown in Figure 4.2b. In such a way, one-half cycle after the current-zero in-
stant the voltage across the switching element S will become equal to the dou-
bled supply voltage amplitude.
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Figure 4.2: — The recovery process in a pure capacitive circuit:
a) equivalent circuit; b) time diagrams

In a pure inductive circuit, shown in Figure 4.3a, the current being inter-
rupted i lags the supply voltage u by 90°. At the current-zero instant the supply
voltage u equals to its crest value, therefore the voltage across the switching el-
ement S rapidly restores as high as this value, as shown in Figure 4.3b. In this
case, the transient recovery voltage may have a high-frequency component and
an overshoot. An inductive circuit is significantly more difficult to interrupt than
resistive one.
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Figure 4.3 — The recovery process in a pure inductive circuit:
a) equivalent circuit; b) time diagrams

It should be noted that real electric circuits that usually contain sup-
plying generators, power transformers, power transmission lines etc., include
all these (resistive, capacitive and inductive) components. In such case, the
transient recovery voltage behaves in a more complex manner, since all these
components essentially affect its behavior and parameters. Let us consider
the most typical practical case, that is, the transient recovery voltage across
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the contacts of the switching device SD when it interrupts the active-induc-
tive circuit as shown in the equivalent circuit represented in Figure 4.4.
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Figure 4.4 — Equivalent circuit for determining TRV

In the circuit represented, L, R, C are the parameters of the circuit be-
ing interrupted. Note that the capacitance C is in this case a significance in
the recovery process, but does not affect the value of the current to be inter-
rupted. Rarc, Ro are the parameters of the switching device SD, namely, re-
sistance of the electric arc at the instant of its extinction and resistance of the
residual arc space just after the arc extinction, respectively. S is an ideal
switching element that opens at the current-zero instant with no arcing, hav-
ing zero impedance in the closed position and infinite one in the open posi-
tion (see Chapter 1). Ry, is shunting resistance, i.e. resistance connected
across the switching device SD. uo(t) is time-varying PFRV. It should be
noted that the duration the recovery process is very short; its instantaneous
value has no time to change substantially. Therefore, in analyzing the recov-
ery process it is assumed to be time-invariable and corresponding to its in-
stantaneous value at the arc current-zero:

UO :\/Euph KcircuitSin(p ’ (41)

where Upn is the phase supply voltage;

¢ is the phase angle between current and voltage;

Keireuit IS the coefficient of circuit; for most typical cases, it equals to:

- 1.5 when 3-phase circuit is interrupted with a 3-pole switching de-
vice (for a first pole to clear);

- 0.865 when a single-phase circuit is interrupted with a 2-pole switch-
ing device;

- 1.73 when a single -phase circuit is interrupted with a one-pole
switching device [3, 4, 13, 18, 19].

For the equivalent circuit represented in Figure 4.1, the following set
of differential equations is valid:
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UOZiR-i-Lﬂ-FUr
dt

@ u (4.2)

dt Ro (t) Rsh

From this system of equations, it can be seen that the behavior of
the recovery process is determined by the parameters of the circuit being
interrupted (L, R, C, Rsh, Uo) as well as by the properties of the switching
device: Rarc, Ro(t).

The transient recovery voltage, which is determined with taking into
account the properties of the switching device, is named actual TRV. It should
be noted that the actual TRV is of exceptionally scientific significance, but has
no wide practical importance. Of vital significance is the so-called system TRV,
which is determined without taking into account the properties of the switching
device. This enables us objectively to evaluate the switching conditions gen-
erated by the power network.

Such approach makes it possible to estimate the operational conditions
for switching devices, because the actual TRV (taking place when the circuit
is interrupted with a real switching device) is dependent upon the properties of
arc-quenching system. Thus, when the same circuit is interrupted with differ-
ent switching devices, the behavior and parameters of TRV will be different,
while the operational conditions will be identical. At the present day, it has
been reliably established that interrupting capability of circuit breakers is in
much degree defined by the parameters of the system TRV, which are speci-
fied by standards as for the corresponding types of switching devices.

The main parameters characterizing the TRV are the following:

- fundamental frequency (for oscillating behavior of the TRV);

- maximal value (peak of TRV);

- rate of rise of recovery voltage (RRRV); it is the most important pa-
rameter for medium and high voltage power systems.

Until recently, to specify the TRV, its average rate of rise and the peak
value had been used. Currently, the TRV for medium voltage switching de-
vices (with voltage ratings from 3 to 35 kV) is specified by two-parameter
reference line 1, shown in Figure 4.5a.; for switching devices of high and ul-
trahigh voltages (with voltage ratings of 110 kV and above) one is specified
by four-parameter reference line 1, shown in Figure 4.5b. In both cases, TRV
is also specified by the so-called delay line 2 [17, 23, 24, 26, 27, 30].
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Figure 4.5 — Representation of a specified TRV by a two-parameter (a) and four-
parameter (b) reference line and a delay line

The magnitudes of these parameters depend upon the rated voltage, as
well as the relation between the short-circuit current to be cleared and rated
short-circuit current of the breaker [17, 23]. The TRV curve complies with
norm, if it lies below the reference line and only once crosses the delay line.
It should be pointed out that during testing of medium, high and ultrahigh
voltage circuit breakers in order to provide a margin, a TRV curve is gener-
ated so that it lay somewhat above the reference line.

For switching devices for low voltage applications, in compliance with
JCTY 2993-95 (I'OCT 2933-93) TRV parameters are specified by free fre-
guency fo and peak factor k,, and determined from the following empirical
formulas:

fo = AIS2U,%8 £10%, Kl ; (4.3)

k, = B+ C-exp(—0,016A13U,*¢)+0,05, (4.4)

where o is the value of the current interrupted,;

U is the power frequency recovery voltage;

A, B, C are constants depending on service conditions of the apparatus.

The parameters of TRV can be calculated, however, if the electric sys-
tem has a complex configuration, includes components with distributed pa-
rameters, the computational determining the TRV parameters is highly diffi-
cult problem. The TRV parameters frequently enough are found from exper-
iment [3, 18, 19]. Let us consider at first the most frequent practical cases of
the computational determining the TRV parameters.
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4.2 Simplest Cases of Transient Recovery Voltage

i) Single-frequency circuit. The
o= " discussed above electric circuit (see Fig-
U, _1¢ /S k. S ure 4.4) is the simplest single-frequency
R = circuit. The system TRV is determined
o—1 71 under assumption that the circuit is inter-

rupted with the ideal switching element S
and, hence, the equivalent circuit be-
comes simpler as shown in Figure 4.6.

The system of differential equations describing the transient recovery
voltage process, in this case, will have the following form:

Figure 4.6 — Single-frequency circuit
for determining the system TRV

U0=iR+L2+ur
dt

(4.5)
dt R,
Differentiation of the 2-nd equation gives:
; 2
di Cd u,Jridur (4.6)

dt dt R, dt
Substitution of this expression into the first equation of system (4.5)
gives a differential equation of the second order:

2
ay, lir + E+ ! %+i 1+i ur=U° . 4.7
dt L R,C)dt LC R,, LC
Solution of this equation with the initial conditions:
0,0)=0: 3% Z0, will be as follows:
t=0
a —at
u, =U{1—(—Shmot+cha)ot]e } (4.8)
(’00

where a =%(%+ 10] is the damping factor of the TRV;

sh
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®, = 1 B+ L is the fundamental angular frequency of
4L R,C) LC

the transient recovery voltage.
1 1(R 1

LC 4(L R,C
monic ones and hence the recovery process will have an oscillatory behavior.

If j then the hyperbolic functions become har-

If 1 < 1[5 + LJ , then the hyperbolic functions become exponen-
LC 4(L R,C
tial ones and the recovery process in this case will have an aperiodic behavior.
It should be noted that parameters of the circuit to be interrupted R, L,
C can always be consider as predetermined for a given electric subsystem. The
value of shunting resistance R, depends on its operating conditions: first and
foremost, on the location of the switching device in the system. Let us consider
the effect of shunting resistance value on the recovery process behavior.
When shunting resistance is not available in the circuit, or its value high
enough (100 kilo-ohms and above), the recovery process has usually clearly de-
fined oscillatory behavior with a very slight damping as shown in Figure 4.7a.
Power systems wherein the transient recovery voltage behaves in such manner
are named "rigid" systems. If shunting resistance ranging from a few to several
tens kilo-ohms is available, the recovery process is "damped"”. It means that os-
cillatory behavior of the process persists, but it decays considerably more rapidly
than in the absence of Rsn. The lower its value is, the more rapidly transient re-
covery voltage process decays as shown Figures 4.7b and 4.7c. Under significant
decreasing the value of shunting resistance (below 1 kilo-ohm) the recovery pro-
cess becomes aperiodic one as shown in Figure 4.7d.

a) b) c) d)
ud U,
U, U,
Uy A Uy -~ U,
0 0 L oo L .

Figure 4.7 — Transient recovery voltage at different values of shunting resistance
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The frequent enough practical case is interruption of a practically pure
inductive circuit (R ~0) in the absence of shunting resistance (Ry, =). In
this case, the following inequality will be almost always valid:

1 1R
—_— > —_,
LC 4L

and hence the transient recovery voltage will behave as oscillating

practically non-damping process:

(4.9)

u, =Uo(l—COS(DOt : e‘at), (4.10)
where o, =2nf;
1 .
f, = is the natural frequency of the TRV.
0 Zﬁ\/E a y

Double-frequency circuit. There are frequent cases, when the circuit
being interrupted contains two induct-
ances L and L, with the correspond-

L L,
U, /D _ﬁl@_rcﬂ (S > ing capacitances C; and C; in the ab-

(?

U

sence of shunting resistance and

small values of active resistance, as

Figure 4.8 — Double-frequency circuit  shown in Figure 4.8. Such circuit is
for determining the system TRV named a double-frequency one.

In this case, the recovery process will be more complex in behavior.
Typical for practice is the case when subcircuit L1—Cs is formed by power
generator, and subcircuit Lo—C, is formed by power transformer. It is well
known that the capacitance of the generator windings laid in stator slots con-
siderably greater than the one of transformer windings (i.e.,C, >>C,). The

subcircuits | and Il form in this case practically autonomous (i.e. non-inter-
acting) subcircuits. In the process, the natural frequency of the subcircuit 11

o

1
fo,=—— 4.11
"L, -
will be significantly higher than the one of the subcircuit |
-1 (4.12)

f .
*2nfLC,

The high-frequency oscillations of subcircuit Il will practically freely
close through a great capacitance C1 as through a jumper with an almost zero
impedance, whereas the low-frequency oscillations of subcircuit I cannot
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close through subcircuit II, since a small capacitance C2 represents a very
high impedance for them.

When current flows through the circuit, the PFRV Uo will be distrib-
uted proportionally to the inductance values of:

U01:U0L; Up, =Uj L
L +L, L +L,

At the current-zero moment the voltage across the capacitance C, will
be zero and the voltage across the capacitance C; will be equal to Ug,. During
the recovery process, the voltage ug, with the frequency fo, will restore across
the capacitance C,, and the voltage un from the value Ug, up to Ug, with
frequency fo1, will restore across the capacitance C,. Since no current in the
circuit, the potential at the point a will be identical to the potential at the
point b. As a result, the total voltage of these oscillations will restore across
the switching element S:

(4.13)

u = Um(l— COSmy,t -7 )+ U, (1— CoSmy,t -6 ) (4.14)

Double-frequency recovery pro-

U /}o\ cesses, shown in Figure 4.9, are typical

Us " S fo_r high voltage systems 110 kV and
Ut ity higher.

Circuit with a transmission

Yoy line. In the operational practice of elec-

0 ‘\/ VAN ! tric equipment, there is frequently a ne-

oo cessity to interrupt electric circuits con-

Figure 4.9 — Double-frequency taining sections of power transmission

transient recovery voltage process lines. These are, as a rUIe, events of

clearing fault in transmission line at
some distance from the circuit breaker. In this case, the behavior of the re-
covery process is affected not only by the power source side processes, but
also by the transmission line side processes.

An equivalent circuit to determine the transient recovery voltage for
this case is represented in Figure 4.10. In this circuit Lsource and Csource are the
parameters of the circuit being interrupted, from the power source side; Liine,
and Ciine are the parameters of the transmission line section. As the current
passes through the circuit, the PFRV Uy is distributed into two components:
the supply side voltage Usqurce Caused by the voltage drop across the inductance
Lsource @nd the line side voltage Uiine resulted from the voltage drop across the
line section Liine (See Figure 4.10).
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(o) Once the circuit is interrupted,

a S b Lijne the potential of point A increases by
Con Cie the value Usource (from Uiine Up to Up),
and the potential of point B decreases
U 3 from Ujire down to zero (see Figure
‘ ‘ ‘ 4.10). The TRV on source side be-

haves usually as an aperiodic process.
The TRV on line side will be deter-
mined by wave processes in the trans-
mission line, that is, by travelling and
reflecting wave of the voltage with an
amplitude Ujire. The TRV on line side
has usually saw-tooth oscillating
waveform, as shown in Figure 4.11. In
the process, the following cases are

Lsuurce

Uo

: Uscurce i

Us

Uo

Figure 4.10 — Equivalent circuit to find
TRV with power transmission line

uk Hsowee  tg=u, possible:
(A I. The section of the line is long
) T T enough (50...100 km); in this case,
‘ Uine ; thereflected voltage wave comes al-
A ‘ ’ |~ ready after the termination of the re-
Uline T Ujine covery process and practically does

not affect its behavior;

Il. The line section has very
small length (less than 1 km): in this
case the TRV on line side has very low amplitude and does not play a signif-
icant role in the recovery process, i.e. the TRV is defined by the only param-
eters of the supply subcircuit (as in the discussed above cases);

I11. In the operating practice of switching devices, there is frequently need
to interrupt the circuit containing the line section of relatively small length
(2...5 km), the so-called short line fault. In this case, the TRV curve has saw-
tooth waveform, and the especially heavy-duty takes place for the circuit
breaker that clears short-circuit. It is caused by a combination of sufficiently
high current being interrupted with high rate of rise of the recovery voltage.

When the fault is located on a small distance from the circuit breaker,
high-frequency TRV sawtooth oscillations at small its amplitude takes place.
In this case, the dielectric recovery curve lies above the TRV curve, as shown
in Figure 4.12a, because of that successful clearing fault occurs. Under some
increasing the fault location distance, the frequency of sawtooth TRV, and

Figure 4.11 — Time diagrams of the supply
and line side transient recovery voltages
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hence its rate of rise, decreases. In this case as the dielectric strength yet has
not sufficiently increased, as shown in Figure 4.12b, thermal breakdown and,
accordingly, the arc reignition can take place. It disturbs design operation
duty of the circuit breaker, i.e. in this case unsuccessful fault clearing hap-
pens. Further increasing the fault location distance leads to still further de-
crease in short-circuit current and, accordingly, to an increase in the dielec-
tric strength of the contact gap. In the process, the frequency of sawtooth
TRV and its rate of rise decrease, because of that the first peak of the TRV
reaches its maximum when the dielectric strength has already increased suf-
ficiently that is shown in Figure 4.12c.

Figure 4.12 — The behavior of the TRV and the dielectric recovery
at different distances from the fault location: a) small distance;
b) moderate distance; c) great distance

4.3 Practical Methods for TRV Parameters Calculations

Above we have dealt with relatively simple cases, when finding the
TRV parameters is not a difficult task. However, in a number of cases this
problem is difficult due to the complex configuration of the electrical system,
which cannot be reduced to the elementary schemes. In such cases, this prob-
lem is solved using specific calculation procedures, as well as the experi-
mental measurements, as already noted [3, 18, 19, 30]. Let us consider the
basic computational methods to find the TRV parameters.

Mesh-current (loop) method. This method is used for computational
equivalent circuits, containing mainly elements with lumped parameters. It
is based on direct employment of Kirchhoff’s current and voltage laws to
analyze transients in electrical circuits. Just this method was used above to
determine the TRV parameters. It consists in the following. For the compu-
tational circuit resulted from opening the switching element, in compliance
with Kirchhoff’s current and voltage laws the required number of differential
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equations are compiled. From the resultant system of equations, all un-
knowns are eliminated, except for the desired value of the TRV us, that re-
sults in the following differential equation:

d"u d"'u du
T+a,——+...+a _,——+au ="f(). 4.15
dtn a‘l dtn.l n-1 dt n-r () ( )
where n is the order of the equation defined by the number of energy

storages.

The solution to this equation is the solution of the task. Methods for
solving such equations are well known: classic, operational, numerical with
application of software for PC.

Current opposition (countercurrent) method. This method is based
on the Thévenin’s theorem [28], which in this case states that the TRV across
the breaker contacts coincides in value and waveform with the voltage that
should be applied to the breaker contacts that results in the current equal but
opposite to the interrupted current in this branch at zero driving voltage.

Thus, the fault clearing process by the circuit breaker Q, shown in Fig-
ure 4.13a, is substituted by the insertion of a conditional power source into
the closed breaker branch so that it provides in this branch the current, equal
in magnitude and opposite in direction, to the fault current. It results in the
total current in this branch is zero that becomes identical to the interrupted
circuit, as shown in Figure 4.13b.

a) b)
e 1,=0
Electrical 9 Electrical 9
system system
u(1)
Figure 4.13

Countercurrent method is usually used in combination with the oper-
ational (symbolic) method. Applying the Laplace transformation, the TRV
value being found is generally expressed as follows:

u.(p)=1(p)-Z(p), (4.16)
where Z(p) is the Laplace transform of the input impedance seen from
the breaker with shorted terminals of the generators;
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I(p) is the Laplace transform of the fault current being interrupted
whose time form is:
i) =2l ,sinot, (4.17)

where Iy is rms symmetric component of the fault current.

Assuming that the time of the recovery process is very short and the
process is considered in the neighborhood of the current-zero, this expression
can be written as follows:

i(t) =2l ot (4.18)

Its Laplace transform is:

21
I(p) = Il : (4.19)
p
Hence, the Laplace transform of the unknown TRV will be as follows:
\/EI 0
u,(p) =—=—-Z(p). (4.20)

The time form of this expression ux(t) can be found by the way of in-
verse Laplace transformation.

Thus, the task to determine the TRV in this case is reduced to finding
the Laplace transform of the circuit impedance seen from the breaker con-
tacts Z(p). Let us consider an example of using the countercurrent method
for the elementary single-frequency circuit (see Figure 4.6).

The time form of the fault current is:

. U U
it)=—"2-ot="2-t; 4.21
(t) oL (4.21)
its Laplace transform is:
. U
i(p)=—2. (4.22)
pL
Laplace transforms of impedances for the circuit components:
1
X =pL; x =—. 4.23
L(P)=pL; xc (P) oC (4.23)

The total operational impedance of the circuit seen from the breaker
contacts:

2(p)= pL (4.23)

+piLC’
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The Laplace transform of the unknown TRV:

U,
u =—3 4.24
(P) 1+ p°LC (4.24)
Its time form is:
u, (t) =U,(1-cosm,t), (4.25)

1
where oy =—.
°Jie

The expression derived is analog to the one derived above (4.10), ex-
cept that it does not take into account the decaying of the process.

When the TRV process is analyzed in three-phase systems relative to
the first pole to clear, it should be taken into account that at once the arc is
extinguished after the current-zero, an asymmetrical mode is produced.
Therefore, the countercurrent method is usually used in combination with
method of symmetrical components.

Short circuit interruption is the heaviest mode of circuit interruption,
especially clearing short line fault. In this case, interruption of a high current
is combined with a high rate of rise of the TRV, which often leads to failure
of the circuit breaker. However, the operational practice of circuit breakers
shows that in some cases rather heavy duty in terms of TRV are produced
when modest (small capacitive or inductive) currents are interrupted.

4.4 Recovery Process in Interrupting Small Capacitive Currents

Power systems contain lumped capacitors, such as capacitor banks
for the voltage regulation or the power factor improvement and capacitors
that are an integral part of filter banks to filter out higher harmonics. Prac-
tically net capacitive circuits are formed in distribution switchboards giv-
ing out power energy to outgoing overhead or cable transmission lines. In
this case a pure capacitive current flows through open-ended or no-load
line of relatively large length.

The capacitive current is small (from a few Amperes to several hun-
dred Amperes) compared with the rated short-circuit current for which the
circuit breaker is designed, and nevertheless capacitive switching requires
special attention because, after current interruption, the capacitive circuit
contains an electrical charge and can cause a dielectric re-ignition of the
switching device. When this process repeats, interruption of the capacitive
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L s, L currents causes high overvoltages.
O—W—_E/ —— Figure 4.14 shows a single-phase rep-
- G _L¢ resentation of a real capacitive circuit.
R, The inductance L is the induct-

E ance of the supply and represents the

synchronous inductance of the supply-
Figure 4.14 — Equivalent scheme to  ing generators and the leakage induct-
determine TRV in interrupting ca-  ance of the power transformers. Ry and
pacitive circuit Co generate together the supply side
TRV and represent respective parameters of the equipment connected to the
switchboard bus bars (power and instrument transformers, reactors, and so
forth). Capacitive load is represented by the lumped capacitor C, connected via
a stray inductance Lo with the load side of the circuit breaker.

When L >> L, and oL <<1/oC, then we have an almost purely ca-
pacitive circuit. When the circuit breaker S is in a closed position, the capac-
itive current i, leading the supply voltage u by 90°, flows through the circuit,
as shown by the time diagram in Figure 4.15.

u,i u U u=1u
,/ R\ uab A
~
0 i L] 2,
Y e
u X
1 : S
l( \\Mﬂ/ AU
="

Figure 4.15 — Time diagrams of current and voltages
during interrupting a small capacitive current.

The voltage across capacitive load Uc is higher than the supply voltage

due to the so-called Ferranti rise. This voltage difference is
AU =U. -U. (4.26)
At the instant the current i is interrupted (if the arc between the breaker
contacts S extinguishes at its zero crossing), the capacitor C is fully charged
and the voltage is approximately equal to the peak voltage of the supply. If the
circuit remains to be interrupted (i.e., no re-ignition), the voltage across capac-
itor C will decay exponentially due to a leakage. At the same instant, the supply
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voltage rapidly restores at the supply side of the breaker. Because of the Fer-
ranti rise, a voltage jump occurs in the voltage at the supply side of the breaker.
The frequency of the transient oscillation because of this voltage jump is :

fo_ 1 (4.27)

2n,/LC,

Hence, the voltage, equal the sum of the charged capacitor voltage uc and
power voltage u, begins to recover between the breaker’s contacts. If no taking
the leakage in capacitor C into account, then after half a cycle, the supply voltage
has reversed its polarity and the voltage across the breaker terminals is twice the
peak value of the supply voltage, as can be seen in Figure 4.16.

If at this moment the dielectric

strength of the contact gap will be in-

= sufficient (this most frequently hap-

t pens at still narrow contact gap, as the

breaker arcing contacts by this mo-

ment have no time to travel far

enough), a dielectric breakdown of

Figure 4.16 — Time diagrams of volt-  extinguishing medium and re-igni-

ages under restrike of the contact gap  i5n occur. The capacitance C re-

charges itself via the re-ignited arc channel and the inductances L and Lo. The
result is an oscillating current with the following frequency and peak value:
¢ - 2U

° o/l fLC

The smaller the value L is, the higher the frequency and higher the am-
plitude of the transient current. When at the re-ignition instant the voltage
across the capacitor C was —Up, the voltage is then +3Un at the first zero cross-
ing of the transient current. When the arc channel extinguishes, the circuit
breaker interrupts the oscillating current and the voltage across the capacitor
again remains to be constant. After half-cycle of power frequency, the voltage
across the breaker contacts will be as high as 4Un. If at this moment another
the re-ignition of the extinguishing medium occurs, the capacitance C will re-
charge via the same circuit. The result of this second re-ignition is an oscillat-
ing current with doubled amplitude compared with the first one. While re-
charging the voltage on capacitor C has increased to 5Umn. When the breaker
interrupts the transient current at its first zero crossing, then the voltage across
the breaker contacts has reached 6Un, one-half cycle of power frequency later.

U= Um

for C,>>C. (4.28)
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When couple of re-ignitions occurs in this way, very high voltages
build up across the interrupting chamber. It should be noted that in real elec-
trical systems they significantly less (up to 3...3,5Un) [13, 17, 22-28], but
are serious hazard for the insulation of electric equipment and devices. In
particular, it is most likely that a flashover on the outside of the interrupter
chamber takes place. The circuit breaker is short-circuited out of the system
in this way and cannot function anymore; this is a very dangerous and an
unwanted situation. High-voltage circuit breakers, which have to perform ca-
pacitive current switching, should be restrike-free to avoid overvoltages.

4.5 Recovery Process in Interrupting Small Inductive Currents

In operating practice of electrical equipment, small inductive currents
take place in power transformers being in no-load operation. The values of no-
load currents of powerful transformers in no excess of 50...100 A. However,
interruption of this current by a circuit breaker, having a high interrupting ca-
pability, occurs usually prior to its natural zero. This phenomenon is known as
current chopping. Note that current chopping may occur at any moment rela-
tive to the current sine waveform, including the current crest.

The current chopping mechanism has not been still adequately studied at
the present time. Nevertheless, the available findings of experimental investiga-
tions suggest that they are resulted from the high frequency currents superim-
posed on the arc power frequency current. The amplitude of high frequency cur-
rents is frequently comparable with the amplitude of small inductive currents.
When these currents are oppositely directed, zero values are produced and arc
extinguishes prior to the natural current-zero. The high frequency component of
the arc current is generated in a circuit formed by circuit capacitances located on
both sides of the circuit breaker. The cause of the generating of the high fre-
guency arc current component is assumed to be drastic change of the voltage of
the arc column resulted from its intensive de-ionization [13, 14, 17, 22-28].

At the instant of current chopping, the electromagnetic energy stored
in the inductance converses into electrostatic one. At this moment, the recov-
ery voltage begin to occur that is accompanied with considerable overvolt-
age. Its magnitude can be determined from energy conservation equation that
in this case will be as follows:

.o uz
2 Lo _ o Zrmen (4.29)
TR T

where ic is the value of the current chopping;
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L1, C; is the parameters of the power transformer in no-load duty;

n is the usage coefficient of electromagnetic energy, taking into ac-
count copper and iron losses in the transformer; its magnitude is usually in
the range of 0.3 to 0.45.

From equation (4.29) the maximal value of the recovery voltage will

be as follows:
.
u =ni, |[—. 4.30
rmax nch Cl ( )

In the event when the current chopping occurs at the instant the arc
current corresponds its crest value, the highest expected overvoltage will be:

unorest — | L , 4.31
rmax n nom Cl ( )
where lno m is the amplitude value of the transformer no-load current
expressed as:

| = Yo (4.32)
2nfl,

Substitution of this expression into (4.31) gives us:

highest — n Um
rmax an /_Llcl ’

1
where ——— = f, is the natural frequency of the transformer in
2nLC,
no-load operation.
Hence, the relation of the transformer natural frequency to the power

frequency will define the most overvoltage multiplicity:

highest
urmax f

Knos =7 =HTO (4.34)

The overvoltage magnitude will be also defined by the relative mag-
nitude of the copper and iron losses in the transformer. It should be noted
that the losses in the transformer significantly reduce overvoltages generated
by the interruption of no-load current. Nevertheless, they are great enough
and constitute a serious hazard for the insulation of electrical equipment. The
main techniques to limit overevoltages are the application of surge arresters,
as well as shunting switching devices by active resistances.

u (4.33)
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5. ANALYSIS OF FAULT CONDITIONS IN
ELECTRICAL SYSTEMS

As already noted, in the operation process of electrical equipment in
electrical systems, different types of failures occur that are the causes of emer-
gency situations or disturbance of the normal operation of electrical installa-
tions. The most frequent failures in electrical systems are the following: short-
circuits, partial grounds, overloads, fall out of synchronism of power genera-
tors, local unbalance, overvoltages (lightning surges, switching surges, tempo-
rary overvoltages, etc.). Most of these failures is occurred with shortings.

5.1 Failures Occurred with Shortings

Shorting is any non-designed electrical connection of lines with the
"ground" or among themselves. There are a number of variations of the short-
ins that are schematically shown in Figure 5.1

Figure 5.1 — The main types of shortings: a) three-phase fault; b) two-phase fault;
c) partial ground; d) triple-ground fault; e) double-ground fault f) ground fault.

The following types of shortings are distinguished: three-phase (see
Figure 5.1a) and two-phase (see Figure 5.1b) named also line-to-line faults;
partial ground (see Figure 5.1c); in effectively grounded systems there exist
also triple-ground (see Figure 5.1d), double-ground (see Figure 5.1e) and
ground (see Figure 5.1f) faults.

The greatest hazard for electric installations is short-circuit fault, when
currents at faulty subsystems drastically increase, exceeding tens of times the
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values permissible at a normal operation. Among the noted types of short-
ings, only 1-phase shorting in ungrounded systems named partial ground is
not a short-circuit and is not accompanied with high currents. Nevertheless,
this type of shorting is failure; however, it is not necessary in this case to de-
energize immediately the faulty subsystem. In the event of partial ground,
the operational personnel has to be informed about the behavior and location
of the failure, and to make all measures to clear it. In response to the event
of partial ground, protective facilities generate signal.

Let us consider short-circuits faults in more detail. First and foremost,
it should be noted that there are accidental faults and short-circuits produced
artificially with the help of short-circuiters. Accidental faults are mainly re-
sulted from disturbance of electric insulation. Their causes may be the fol-
lowing: overvoltages resulted usually from partial ground, direct lightning
stroke, switching operations in the system, etc.; ageing of solid insulation or
its mechanical injuries; falling foreign bodies on current-carrying parts:
passage of oversized mechanisms under transmission line, high lifted up
crane boom, etc.

There are not infrequent events of short-circuits because of erroneous
operations of personnel or mounters: operations to open disconnectors under
current; operations to close disconnectors under short-circuit; erroneous
switching operations in main and control circuits; incorrect connections
when equipment is mounted.

There also distinguished arcing faults, as electric connections are pro-
duced by means of an electric arc and metallic or solid faults, when connec-
tions occur directly or via metallic parts. In the great majority of events, arcing
faults take place. An electric arc can be initiated as result of breakdown or flash
over of the insulating gap, as well as burning out or carrying away (under the
action of electrodynamic forces) of the metal jumpers that have caused short-
circuit. In the second case, metallic fault transfers to arcing fault. Hence, short-
circuits in power systems are mostly momentary in behavior, since the causes
leading to the fault are eliminated (e.g., the electric arc is extinguished). The
exception is the so-called dead metallic fault, when the cause leading to the
fault is not eliminated and the fault is permanent. This happens usually because
of incorrect wiring of the current-carrying parts in given subsystem called also
sometimes bolted fault.

Short-circuit faults cause severe consequences for electrical equip-
ment: ignitions, mechanical and thermal damages, fall out of synchronism of
power generators, electromagnetic impulse resulting in false response of



110

communication and automation systems, etc. By this why, in the event of
short-circuit the faulty subsystem must be de-energized as quickly as possi-
ble, and accordingly, the response of protection relays is the interruption.

5.2 Short-Circuit Current Parameters

Since the short-circuit fault moment, a complex transient process oc-
curs in the corresponding circuit. Time diagram of short-circuit current, in
general case, has the form shown in Figure 5.2. Instantaneous value of short-
circuit current usually includes two components: periodical (symmetrical)
current ip and aperiodic or direct current i,.

L.
/
VARV,
i \\ / =
I/ Short-circuit instant

Figure 5.2 — Time diagram of the short-circuit current and its components

The symmetrical current com-
ponent has sine waveform of power fre-
quency. lts amplitude gradually de-
creases from the initial value lomo down
to steady state value lome. It is resulted
from changing the driving voltage of the
power generator under increasing load

Figure 5.3 — Time-changing current. At the fault zero-time, the gen-

symmetrical current amplitude  erator EMF accords to the rated condi-
tions, and then gradually decreases according to the value of short-circuit cur-
rent as shown in Figure 5.3 (curve 1). If the generator is equipped with an
automatic excitation controller, the behavior of the symmetrical current ampli-
tude will somewhat differ. Initially, the process will develop at the same man-
ner, and then due to decrease in EMF the excitation current will increase under
the action of the controller that will lead to increase in the amplitude of the
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symmetrical current up to the initial value (see Figure 5.3, curve 2).

If a fault is located at long distance from the generator, the sc current
is significantly lower than in the case the fault is located near the generator.
In this case, the generator perceives the short circuit as modest overload, and
its EMF varies very insignificantly and therefore the change in the symmet-
rical current amplitude can be neglected. That is, symmetrical current ampli-
tude is considered as invariable in the fault process.

The direct current (dc) component is maximal at the fault zero-time
and exponentially decays in further. The duration of decaying the dc compo-
nent is usually 0.2...0.3 s, when the fault is located in the vicinity of the gen-
erator. The initial value of the dc component depends on the power source
capacity, remoteness of the fault location and the fault phase. Its magnitude
defined as difference:

IaO = IpOm - Iload(m)' (51)
where lioad(m) i the amplitude value of the load current (i.e., the current
prior to the fault).

Taking into account that usually 1, >> 1., the initial value of the

dc component will be:
Lo = Lgn =21 5. (5.2)
The main parameters characterizing the short-circuit current are the

following.

Initial rms symmetrical sc current lp. This quantity is determined
at the instance corresponding to 0.01 s after the start of a fault. Its magnitude
defines the selection of electric equipment, more exactly, its verification in
respect to short-time withstand current, that is., thermal stability of the equip-
ment under fault conditions. The magnitude of 1y is determined by the ag-
gregate impedance of the resulting shorted circuit, which is generally added
of two components:

Z.=2Z,,+2Z (5.3)

where Zcom is the total impedance of the components contained by the
resulting shorted circuit, including the impedances of the power sources;

Zpsc 1S the impedance of a fault location (the arc impedance is mainly
kept in mind); its value depends on many factor, but at the present time there
are not simple and reliable methods to determine it; nevertheless, the long-
standing experience states that its value is approximately 10...15% of the to-
tal shorted circuit impedance [1, 2, 5, 9, 12].

p.sc !



112

When practical calculations are performed, the value Iy is usually de-
termined from the condition of the metallic fault (i.e., with no taking into
account Zpsc), and then derived magnitude is decreased by 10...20%, if it is
in the range of 60 to 80 kA [1, 2, 5, 9, 12].

The rms symmetrical current at the instant t Ip.. This quantity is
usually determined for the moment when the circuit breaker arcing contacts
are started to open. This value is necessary to verify switching devices,
mainly circuit breakers, in respect to their interrupting capability.

Peak or crest value of short-circuit current ipeak. This quantity rep-
resents the highest instantaneous value of the short-circuit current. It usually
occurs approximately after 0.01 s from the fault zero-time. Its magnitude is
determined as the sum of both sc current components at this instant:

e = Lo + 1€ T =21 po(1+ eo*m) , (5.4)
where the bracketed expression is usually named peak factor
Kooy =146 . (5.5)
Hence, the peak value of the short-circuit current is:
e = V2 g (5.6)

As seen from expression (5.5) the peak factor magnitude is determined
by the time constant of decaying the dc component 7. The task to find the
time constant is complex enough, but long-standing experience states that in
the first 0.01 s interval after the fault zero-time in high and medium voltage
systems the dc component decays approximately by 20%. Accordingly, the
magnitude of the peak factor for high and medium voltage systems is 1.8,
respectively. In electric installations of low voltage «,, =1.3; when the

fault location is far from power sources, then ., =1.0 [1, 2,5, 9, 12].

peak

5.3 Short-Circuit Current Calculations

The calculation task is to find the main parameters of the sc current: the
initial rms symmetrical current I and peak value iea. FOr the purpose to ver-
ify switching devices, providing protection of electrical equipment (breakers
clearing the fault), in respect to interrupting capability, it is also necessary to
determine the rms symmetrical current at the instant when the breaker main
contacts begin to open I Short-circuit currents are calculated for the most
severe case, that is, three-phase fault. Despite the fact that the faults of such
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type are seldom the events (no more than 5% of their total number), the equip-
ment is selected basing upon a three-phase fault, which is the design duty.
For the purpose to simplify short-circuit current calculations, a num-
ber of assumptions are accepted. First and foremost, the calculations are per-
formed for the case of a metallic short-circuit when Z _ =0. For high or

medium voltage systems, the calculations are performed without taking into
account the active resistances of the elements. The magnetization currents of
power transformers, as well as saturation of their magnetic systems are also
neglected. That is, all the elements included by the shorted circuit are con-
sidered as linear ones and electrically coupled. In the calculations, the fol-
lowing two cases are distinguished:

1. The installation is fed from a system of infinite capacity. Such a
case takes place when the fault location is far from the supply generators. In
this case, driving voltage of the generator remains practically unchanging
during the fault process. Hence, symmetrical current component amplitude
is considered as invariable (i.e., for this case: 1, =1 ).

2. The capacity of the system is limited. Such a case takes place
when the fault location is in the neighborhood of the supply generators. In
this case, the change of the symmetrical short-circuit current component am-
plitude should be taken into account.

The parameters of short-circuit current are determined by the aggre-
gate impedance of the resulting shorted circuit from the power sources to the
fault location. To determine the initial rms symmetrical short-circuit current
component, a design circuit corresponding to the normal operation of the
subsystem is constructed. All power sources in the circuit are connected in
parallel. The design circuit must take into account the impedances of the sup-
plying generators, power transformers, overhead and cable transmission
lines, current-limiting reactors etc. In accordance with design circuit, an
equivalent circuit is drawn up. In the circuit, it should be indicated the im-
pedance magnitudes of denoted elements, as well as stated the points of the
fault locations for short-circuit current calculations.

In high and medium voltage systems, only the inductive reactances of
the equivalent circuit components are taken into account. Their values are
predetermined in the following manner.

- the reactance of synchronous generators is expressed in relative units

as the direct-axis subtransient reactance xj that for turbo-generators is of
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the order of 0.125, for water-wheel generators with damper winding is of the
order of 0.2, without damper winding is of the order of 0.27, for synchronous
and asynchronous motors is of the order of 0.2;

- the reactance of power transformers is expressed by its impedance
voltage in percent uy%;

- the reactance of power transmission lines is expressed in Ohms per
unit length x,: for overhead lines, its magnitude is on average about
0.4 Ohm/km; for cable lines it is 0.08 Ohm/km;

- the reactance of current-limiting reactors is expressed as percentage
reactance x,%.

The drawn up equivalent circuit is simplified to elementary one by
means of equivalent conversions. It should be pointed out here that due to
the available power transformers at the subsystem considered, the initial
equivalent circuit will contain sections with different voltages. Therefore, all
electrical parameters should be converted to common voltage base by the
following expressions:

2
ECOH = E : (LJbij ; Xcon = X ' [lJbi) ; Icon = I U 1 (5'7)
U u U

where E, x, | are EMF, reactance and current, respectively being con-
verted to common voltage base;

Unase is the common voltage base chosen; it is usually the voltage of
the section, wherein the short-circuit current is calculated;

U is the voltage of the section, wherein values E, x, | are determined.

The application points of the power sources driving voltages are com-
bined, substituting them by one equivalent EMF. When two sources with
different driving voltages are available in the equivalent circuit, as shown in
Figure 5.4, it is found from the following relationship:

Eli-i-Ezi

I WY

Eeq = 11 (5.8)
X%

As their equality takes place, thenE, =E, =E,,.

Short-circuit current calculations can be performed either by real or
per-unit values.
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Figure 5.4 — Determination of equivalent driving voltage

Calculations by real values. In this case, the components impedances
given in relative units or percentage must be converted into real units (i.e., Ohms).
Inductive reactance of shorted power transformer per one phase in
compliance with Ohm's law will be expressed as follows:
X Ying (5.9)
t \/g . |n '
Uimp is the power transformer impedance voltage expressed in volts;
I is the rated current of the corresponding winding of the transformer.
Note that in the ratings of power transformer its impedance voltage is
expressed in % relative to the rated voltage U, of the corresponding winding:

Ui %0
Upp=——-U, . (5.10)
100%

Substituting expression (5.10) into (5.9) and multiplying numerator
and denominator by U,, we obtain the inductive reactance of a power trans-
former expressed through its ratings:

(y 2

x, =m0 Uy (5.11)
100% S,

where Sy is the total rated power of the transformer.

Similarly, the phase inductive reactance of synchronous and asynchro-

nous generators and motors can be determined:

_ l"Iimp

m\2
o =x &L 5.12)

where. E{ is the subtransient driving voltage of the generator.
The phase inductive reactance of current-limiting reactors is deter-
mined from its percentage reactance:
X %
x =% U, (5.13)
100% /31,
Inductive reactance of overhead and cable transmission lines:
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Xline = XO : Iline’ (514)
where ljine is the line length.

An example of calculation by real units. The task is to calculate the pa-
rameters of a 3-phase short-circuit current downstream a current-limiting reac-
tor. The fault is fed from two power sources: a system of infinite capacity and a
house generator. The design circuit of the subsystem is shown in Figure 5.5.

> - E/=6.8kV
system = l 20 km T z Ghouse XZ/ =02
Overhead line © S, =15 MVA
E; =115kV s -15Mva | XR SC
Spatom— P u, =10,5% 4
1=400 A
x,=4%

Figure 5.5 — Design circuit

Calculation of short-circuit current is performed in the following order:
1. Equivalent circuit is drawn up. It is shown in Figure 5.6

xl ne xT

SC

2 xGhousc
—0

Figure 5.6 — Equivalent circuit

2. The common voltage base is chosen: U,,, =6 kV.

3. The inductive reactance of the shorted circuit elements in real units
are calculated:

- an overhead transmission line with formula (5.14) is:

Xjineo = 0-4-20=8 Ohm;
- power transformer with formula (5.11) is:
2
X, _10—5 s =0.2520hm;
100 15
- current-limiting reactor with formula (5.13) is:
4 6000

Xyy=—— =" =0.3460hm;
100 +/3-400
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- house generator with formula (5.12) is:

2
X =0.2 08 =0.61650hm.
15

'Ghouse

4. The electrical parameters of the shorted circuit components are con-
verted to the common voltage base with formulas (5.7) as follows:

U 110
E,=E,, =68KV;
2 2
Xiine = Xlineo You =8- 5 =0.02380hm;
U 110

5. The equivalent EMF is determined with formula (5.8); to do this, the
equivalent circuit is transformed to the circuit shown in Figure 5.7, where:
X, = X + X =0.0238+0.252=0.27580m;

X, =X =0.61650mMm.

— Ghouse

Figure 5.7 — Transformed equivalent circuit

627~ 168
E ___ 02758  0.6165_g 434y

® 1 N 1
0.2758 0.6165

6. The circuit is simplified by means of equivalent transformations and
the total (equivalent) impedance of the shorted circuit is determined as follows:
X,y = —22— 4 x,, = 0.53650hm.

X, + X5

7. The parameters of short-circuit current is determined as follows:
- the initial rms value of the symmetrical component is:

E
043 _ 6.93kA;

€q

I = =
® f3x, +/3:05365
- peak value of short-circuit current is:
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i =2.25-1 ) =2.25.6.93=156 kA

Calculations by per—unit method. In using this method, it is not nec-
essary to recalculate the initial impedances represented in relative unis to real
ones. In this case, all quantities are converted to a base power and a base
voltage. As the base voltage, the voltage of the base step is accepted (see
above); as the base power, the power of the system, the transformer power
or a conventional unit of power is accepted.

Basing upon the accepted base values, the base current is calculated:

Sb¢ (5.15)

I ase
" VS Ubase
The impedances of the elements are also converted to base quantities
using the following expressions:
- for power generators and motors:

Xope = Xy —22 (5.16)

base

- for power transformers:

%
Xoase = tinp 72 Sbase; (5.17)
100% S

- for current-limiting reactors

n

0,
x . = X% Uy Lo (5.18)
100% 1, U,
- for overhead and cable lines
S

Ilnebase XO IIlne szalse : (519)

base

The initial rms value symmetrical short-circuit current component:

I
| =2 5.20
po Xbasez ( )

where xnases 1S the total value of the shorted circuit impedance in rela-
tive units converted to base quantities.

In the rest, the calculations are performed in the way discussed above.

As already noted, if the fault location is in the neighborhood of the
power source (e.g., at a power station), the transient process is more complex
in behavior and when calculating the change of the symmetrical current am-
plitude is to be taken into account. Such necessity arises in the case when
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there is needed to find the rms symmetrical current at the instant the contacts
of the switching device, clearing the fault, start to open in order to verify its
interrupting capability.

The most simple and accurate enough method to find this quantity is
the employment of design curves. They represent a set of graphical depend-
encies defining the relationship 1, /1, as a function of the time span from

a fault zero-time at different values of the relationship Ipo/ln [1,2,5,9 12].

The time span from the beginning of the fault to the start of opening the
circuit-breaker contacts is added of the response time of the protection relays
and the self-actuation time of the circuit-breaker.

There are frequent cases when the fault is located on the line between
synchronous generator and synchronous motor. In this case, the synchronous
motor additionally feeds the shorted circuit. Short-circuit currents in this case
are calculated with use of relevant design curves for synchronous motors.

The distinctive features that must be taken into account when short-cir-
cuit currents are calculated in low voltage electric installations are as follows:

1. The active resistance of some elements is comparable with their re-
actance; therefore, it is to be taken into consideration.

2. The parameters of short-circuit current are significantly dependent
on contact resistances in bus arrangements, in switching devices etc. There-
fore, they are also to be taken into account.

3. The main assumption is the installation is fed from the system of
infinite capacity.

5.4 Determination of the TRV Parameters at Fault
Downstream of a Power Transformer

As already noted (see Section 4), the ability of a switching device to
clear a faults does not only depend on the value of current being interrupted.
To date, it has been reliably established that the breaking capability of circuit
breakers is also determined by the parameters of system transient recovery
voltage (TRV), which characterize the switching conditions produced by the
network and are normalized by international and national standards. Let us
consider practical calculation examples of the TRV parameters.

One of the most typical cases is fault events in the distribution switch-
board of an electric power station or substation, shown as a single-line circuit
in Figure 5.8.



Figure 5.8 — Single-line circuit of power distribution station

The circuit contains a power transformer T supplying the switchboard
busburs via the incoming feeder with main circuit breaker Qm; n of outgoing
feeders with line circuit breakers Qiine, connected to the busbars, serve for
further transmission of the power or supplying electric consumers. Let us
consider the basic cases of faults downstream of the power transformer.

Case 1. A short circuit has occurred between main circuit-breaker Q,
and busbars or directly on busbars. The equivalent circuit to calculate the
TRV parameters for this case is presented in Figure 5.9.

Qmi_/l/ ! I,
[

1

[

Ppar

Figure 5.9 — The equivalent circuit to find the TRV parameters (case 1)

In the equivalent circuit: L is phase inductance of the short-circuited trans-
former (leakage inductance); at a power frequency, it is determined from for-
mula (5.11) that, with consideration of angle frequency ®, will be as follows:

u % U?
— —.~n 5.21
S 100% oS, (21)
Due to eddy currents and other factors, the phase inductance at a high
frequency of the TRV will be somewhat different. Its accurate determination
is highly difficult, nevertheless the operating experience of power transformers
has shown that it reduces by approximately 20-30% [3, 12, 17], and hence:

imp
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L=(0,7..0,8) - L,; (5.22)

C is the total reduced phase capacitance of electrical equipment

connected to the switchboard busburs determined usually by the follow-
ing expression [17]:

C=C,+C,/2, (5.23)

where Cpn is the total reduced phase capacitance of the transformer
that for actual transformers is usually in the range of 1000 to 5000 pF per
one phase, depending on its capacity and the winding nominal voltage [17].

To evaluate the magnitude of the transformer winding capacitance, the
Hammarlund's formula is frequently used [3, 17]:

80,35 F
C, = 70@, {ﬁ} , (5.24)
where Sy, is the total capacity of the transformer expressed in kVA,

U, is the nominal voltage of the transformer secondary winding ex-
pressed in kV.

Since the line currents are shifted by 120 el. deg., their current-zeros will be
non-simultaneous. Calculations show that most heavy duty in terms of the TRV
are produced for the circuit-breaker pole in which the current by first passes
through zero value usually called the first pole to clear. Therefore, the calculations
of TRV parameters are mainly performed for this pole [3, 13, 14, 17, 23-27].

Let us suppose that a current is interrupted in pole 1 (see Figure 5.9),
while currents in other poles continue to flow due to existence of arc dis-
charges. Since the recovery voltage is calculated with no taking into consid-
eration the switching device properties, the actual switching device is substi-
tuted by the ideal switching element. Then, the initial equivalent circuit can
be simplified to the circuit represented in Figure 5.10a, i.e. the elementary
single-frequency circuit. The value of the PFRV for the first pole to clear is
found from the vector diagram shown in Figure 5.10b:

V2 3
U,=15-v2U,, =1,5EUn =39 (5.25)

where U, is the nominal rms line-to-line voltage at a given point of the
electrical system.

Because of a shunt resistance is absent in this circuit (i.e., R, =®),
and the active resistance of the transformer winding is close to zero, then the
following condition practically always will be valid:



(5.26)

Figure 5.10 — Case 1: a) simplified equivalent circuit; b) vector diagram

Hence, in this case, slightly damped single-frequency oscillatory TRV
process will take place:

u, =U,(L—e cosayt), (5.27)
1 1
where o, = = : a=x0.
° [3 2. JLC
JLfcC
23

The time diagram of the recovery process for this case is represented
in Figure 4.7a. It is featured by the following parameters:

o the natural frequency of the TRV :

— 0‘)0 _ 1
b 2n 2mJLC (5:28)

In actual high and medium voltage electrical systems, its magnitude
ranges from 2 to 10 kHz; for low voltage systems the typical magnitudes are
from 5 to 100 kHz [3, 17];

e the maximal value (peak) of the TRV:
U =Ull—e)=xU,, (5.29)
where «, is the peak factor of the TRV; at a=0 «, =2; for actual
high and medium voltage systems x, =1.4—-1.5 are typical; for low voltage
systems, itis x, =1.1-1.5 [3, 17];
- for high and medium voltage systems, a vital important parameter is

the average rate of rise of the recovery voltage (RRRV) that for this case is
expressed as follows:
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du u
Ll = =2x fU,, 5.30
( dt ]av T0/2 K" e ( )

where T, =1/f, .

As already noted, in high-voltage systems (of 100 kV and higher) the
so-called double-frequency recovery process can be take place, when the cir-
cuit is formed by power generator and transformer (see Figure 4.8 and 4.9).
In this case, the average RRRV has two components defined respectively by
the parameters of the power generator and transformer:

du
( dtrj =2k, (f,Uo, + fUq ) (5.31)

Case 2. A fault has occurred directly (in the range from a few tens to
several hundred meters) downstream from the line circuit breaker Qiin NamMed
terminal fault. In this case, the fault is cleared by the circuit breaker of the faulty
line. As it was noted above, in this case, the line side component of the recovery
voltage practically does not effect on the behavior of the TRV. Hence, the equiv-
alent circuit to determine the TRV parameters contains only the parameters of
the components located on source side as shown in Figure 5.11.

EN

[ <

Figure 5.11 — The equivalent circuit for finding TRV parameters (case 2)

The circuit differs from the elementary single-frequency circuit (see
Figure 5.10) by the availability of impedance Z connected in parallel with
the breaker contacts S. The impedance Z results from the available (n—1)
healthy transmission lines connected to the switchboard busbars aside from
the faulty line. The value Z is equal in magnitude to total surge impedance

of healthy lines:
JL,/C
Z= L/C, (5.32)

n-1 '
where Lo, Co are the inductance and capacitance, respectively, per unit
length of the line;
n is the number of transmission lines connected to the busbar system.
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Healthy lines act like active resistance, i.e. they shunt the breaker con-
tacts and "damp" the recovery process. This is reflected in the fact that a
decrease in value of shunt resistance leads to a decrease in the amplitude of
the oscillating TRV and its more rapid decaying (see above). The surge im-
pedance of actual transmission lines is relatively small and ranges from 300
to 500 Ohms [3, 17, 22-26]. A value of 450 ohms is usually assumed for
single overhead transmission conductors and 360 ohms for bundled conduc-
tors. Thus, even at n=2 the transient recovery voltage will behave as ape-
riodic process (see Figure 4.7d).

If the capacitance C and the active resistance R are neglected in the
circuit, then the expression for the TRV will be as follows:

u, =U0(1—eL‘J. (5.33)

In the process, the initial rate of rise of the recovery voltage will be
determined by the following expression:

[d“fj _u, 2. (5.34)
dt ), L

Case 3. Short-circuit fault has occurred at some distance I (in the
range from a few kilometers to several tens of kilometers) from the line cir-
cuit-breaker. In this case, the behavior and parameters of TRV will be de-
fined not only by the processes at the supply side, but also the ones at the
line side (see Figure 4.10-4.12).

The line side voltage will be defined by the fault current value, as well
as the inductive reactance of the line section between the breaker and the
fault point:

Uoline = \/El;ggnE)o‘)Lline = \/Elr()gnE)(DLOIsc ' (535)
15" is the initial rms value of the symmetrical short-circuit current
component under the line fault determined by the following relationship :
| (line)
s="2_ (5.36)
l o
where Iy is the initial rms value of the symmetrical short-circuit cur-
rent component under the terminal fault;
s is a value that determines the remoteness degree of line fault; when
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testing circuit-breakers in short line fault conditions, its magnitude is ac-
cepted equal to 0.6; 0.75 and 0.9 [12, 17].
The returning time of reflected wave:
= 2 , (5.37)
v
where v is the propagation velocity of the electromagnetic wave in the
line, determined in accordance with the following expression:
1

t

0

V= . (5.38)
JLG,
Hence, the rate of rise of the line side TRV is:
U, 2-v2sl o./L1
[durj _ “oaine _ J2 000/ Lol = \/Eslpoogzline, (5.39)
dt line t0 ZISC\/LDCO

where Z,, = Ci is the surge impedance of the line.
0

It should be noted that the rate of rise of the line side TRV in far excess
of the one of the supply side TRV. Therefore, the total rate of rise of TRV in
the case of the line fault will be defined exceptionally by the line side com-
ponent of the rate of rise of TRV. As seen from expression (5.39), it will be
determined by the fault current value that, in turn, will be determined by the
distance of the fault point from the circuit-breaker.



126

REFERENCES

1. IlepexinHi mpouecH B cucTeMax elekTpornoctayanus: [ligpyuHux
Jutst By3iB. Bun. 2-e, nonpas. ta nom. / I'.I". IliBusk, B.M. Bunocnaschkui,
A4, Pubanko, JI.I. Hecen / 3a pen. akanemika HAH Yxpainu ['.I'. [liBHsIka.
— HuinporrerpoBchbk: BumaBannreo HI'A Ykpaiau, 2000. — 597 c.

2. Yepemicin M.M. Ilepexigni mpouecu B cUCTEMax eJIEKTPOIOCTa-
yanns/ M.M. Uepemicin, O.M. Mopos, O.b. €ropos, C.B. IlIsens — Xapkis:
TOB «B cmpasiy», 2016. — 260 c.

3. Akoguc M.M. OmnpejeneHre BOCCTaHABIIMBAIONIETOCS HAIpsiKe-
HUS Ha KOHTaKTax BeIkiovarens / M.M. Akxonuc, [1.A. Kop3yn. — M.: DHep-
rus, 1968. — 190 c.

4. benkun I'. C. KoMMyTaninoHHBIE TTPOLIECCH B IJEKTPUUESCKUX all-
napatax/ I'. C. benkun. — M.: 3nak, 2003. — 244 c.

5. bensiera E.H. Kak paccuntars TOK KOpOTKOTO 3aMbIkaHus / bes-
eBa E.H. — M.: Dueproatomusgat, 1983. — 136 c.

6. HamutokoB K.K. Onekrposposunonnsie sisnenus / K.K. Hamurokos
— M.: Dueprus, 1978. — 456 c.

7. bpor O.b. [1oToKYM My1a3MBI B 3JIEKTPHYECKOM AYT€ BBIKITFOUAIOIIHX
armapatoB / O.b. bpown, JI.K. Cymikos. — JI.: Dueprus, 1975. — 212 c.

8. Byrkesuu I'.B. JIyroBeie npoliecchl pyu KOMMYTAIIUU dJIEKTpHYe-
ckux uenelt / bytkesuu I'.B. — M.: Dneprus, 1973. —263 c.

9. I'omy6e M.JI. Pacuer TOKOB K.3. B 3nekrpoceTsix 0,4—35 kB / ['omy-
6eB MLJI. — M.: Dueprus, 1980. — 88 c.

10. Kyxkexos I'.A. IlepexogHpie poIIeCChl B KOHTAaKTHO-TUPUCTOPHBIX
anmapatax / I'.A. Kykekos, B.S. ®ponos. — JI.: Dueproaromusaart, JleHuHrp.
ota-e, 1988. — 168 c.

11. Morunesckuii [".B. TuOpuaHbie 37eKTpHYecKre amnmapaTsl HU3KOro
Hanpspkerus / Morunesckuii I'.B. — M.: Oneproaromuzaar, 1986. — 232 c.

12. Heknenaes b.H. Dnekrpudeckas 4acThb SIEKTPOCTAHIIMH U TOJICTaH-
uuii / Hexnenae b.H. — M.: DHeproatomusaar, 1986. — 640 c.

13. OcHOBBI TE€OpPHM 3NEKTPUUYECKHUX aNnapartoB: Yd4eO. i By30B /
[U. C. Taes, b. K. bynb, A. I'. 'omxenno u ap.]; nox pen. 1.C. Taea. — M.
Bricmas mixosa, 1987. — 352 c.

14. OcHoBbI Teopun dmekTpryeckux arnmapartos / [Tox pen. I1. A. Kyp-
OaroBa. — 5-e uzf., nepepad. u gomn. — CII6.: Jlans, 2015. — 592 c.

15. OTkIr0ueHNE TOKOB B CETSX BRICOKOI'0 HanpsbkeHus/ cratbu / [log
pen. K. Paramepa. Ilep. ¢ aarn. — M.: Dueprousaart, 1981. 328 c.



127

16. Camepuin Ix. M. Dnekrpudeckas ayra/ Camepsumnn k. M.
Ilep. ¢ aarn. — M.-JI. 'ocanepromsmar, 1962. — 120 c.

17. CHpaBO‘IHI/IK T10 IJICKTPUYCCKUM ariraparaM BbICOKOT'O HaHpH)KeHI/IH/
[AnonseB H.M., Adanacbes B.B., boprark .M. u np.]; n/pen. B.B. Adanacs-
esa. — JI.: DHeproaromusnar, Jleannrp. ota-uue, 1987. — 544 c.

18. Taes U.C. Daexrpuyeckue ammapatsl: O0rias Teopus / Taes U.C.
— M.: Dueprusa,1977. - 272 c.

19. Taece MN.C. DnekTpuueckre KOHTAKTHI M JIyrOTACHUTEILHBIE
ycTpoiicTBa anmapaToB Hu3koro Hampspkenus / Taes U.C. — M.: DHeprus,
1973. - 424 c.

20. Teopus anexTpuieckux anmaparos / [Anekcanapos [.H., bopu-
coB B.B., Kamuman I'.C. u np.]; mox pen. I.H. Anekcanaposa. 2-e u3z., mepe-
pa6. u mom. — CII6.: M3x-Bo CIIGI'TY, 2000. — 540 c.

21. Tuxoog C.M. MogemoBaHHs MEPEXiTHUX CIEKTPOMArHITHUX
MpoIieciB B TpaHchopMaTopax Ha OCHOBI MarHiTOCIEKTPUIHUX CXEM 3aMi-
menns: [linpyarank / C.M. TuxoBox. — 3amopioxs: 3HTY, 2017. — 94 c.

22. Browne T.E. Circuit Interruption: Theory and Techniques / New
York and Basel: Marcel Dekker, 1984. — 701 p.

23. Garzon R. High Voltage Circuit Breakers: Design and Applica-
tions. Second Edition, Revised and Expanded / Garzon R. — Marcel Dekker,
New York—Basel, 2002. — 473 p.

24. Niayesh K., Runde M. Power Switching Components: Theory,
Applications and Future Trends/ series Power Systems, Springer Interna-
tional Publishing AG, 2017 — 256 p.

25. Switching Phenomena in High-Voltage Circuit Breakers / Edited
by Kunio Nakanishi, Marcel Dekker, New York, 1991. — 292 p.

26. Van der Sluis L. Transients in power systems / by Lou van der
Sluis, John Wiley & Sons Ltd, New York, 2001. — 217 p.

27. Das J. C. Transients in electrical systems: Analysis, Recognition,
and Mitigation / Copyright by the McGraw-Hill Companies, 2010. — 733 p.

28. Greenwood A. Electrical Transients in Power Systems, 2nd ed.,
Wiley & Sons Ltd, New York, 1991. — 752 p.

29. Slade P.G. Electrical Contacts: Principles and Applications / Edited
by Paul G. Slade, CRC Press Taylor & Francis Group, LLC, 2014. — 1257 p.

30. IEC 62271-100:2008. High-voltage switchgear and controlgear —
Part 100: Alternating-current circuit-breakers, 2nd edition, 2008. — 695 p.



Hasuanvue suoanms

AHJZIPICHKO Ilerpo IMurpoBuy
BJIN3HAKOB Omnexkcannp BikTropoud
KOLYP Muxaiino Iropouy

KOMYTALIMHI MPOIIECHU B EJIEKTPUYHUX
TA EJIEKTPOHHHUX AITAPATAX

HaBuyaabHU# MOCIOHUK

Kowmrr’rorepunii HaOip bausnaxos O.B.
Bepcranns /[auenxo O.O.

[igmucano oo npyky 22.03.2021. dopmar 60%84/16. YM. apyk. apk. 7,44.
Tupax 100 mpum. 3am. Ne 193.

HanionanbsHuii yHiBepcuTeT «3amopi3bka IMoJiTeXHIKa)
Vkpaina, 69063, M. 3anopixoks, By XKykoBcskoro, 64
Ten.: (061) 769-82-96, 220-12—-14

CainoutBo cy6’exra BunaBHu4Oi cripasu JK Ne 6952 Bix 22.10.2019.





