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This thesis deals with the prediction, improvement and simulation of switching performance of low-
voltage switching devices (LVSDs). A literature review of arc characteristics, interruption principle,
switching performance and arc modelling of LVSDs has been conducted. The experimental
investigations of switching tests, arc imaging measurement and arc spectra measurement are also
discussed. Switching tests have been carried out with 10kA, 20kA, 55kA and 100kA test circuits using
either miniature circuit breakers or moulded case circuit breakers to investigate re-ignition phenomena
and re-ignition evaluators. It is found that the ratio of the recovery voltage to exit arc voltage, where the
exit arc voltage is defined as the value of the arc voltage immediately prior to the current zero point, is a
reliable evaluator for the prediction of re-ignition in the switching tests of LVSDs. It is also noted that
there are no occurrences of instantaneous re-ignition where this voltage ratio lies in the range of 1.0 to -
1.0 and there is a threshold of the voltage ratio at approximately -2.0, which can distinguish the successful
interruption and instantaneous re-ignition. Arc imaging measurement has been conducted through an
array of total 109 optical fibres to allow observation of the overall quenching chamber of the flexible test
apparatus. This experiment reveals that arc motion fluctuation (repeat of back- and forwards-motion) in
the splitter plate region leads to the instability of the arc voltage. Moreover, the arc moves further as well
as more quickly in the case of the larger vent size. The well distributed vent contributes to an increase in
an arc motion velocity and reduction in a total arc duration. Arc spectrum is captured by a spectrometer
to calculate the arc temperature when the arc is ignited by copper wire in a narrow enclosed chamber. It
is found that the arc light intensity measured by the arc imaging system is directly related to the arc
temperature: the light intensity increases as the arc temperature rises. 3-D arc modelling has been
implemented, based on the magnetohydrodynamics theory. Lorentz force, plasma properties depending
on temperature as well as pressure, contact motion, radiation loss, arc root voltage, and external circuit
are considered in this modelling. It is observed that the simulated results have a similar trend with the
experimental data and it is able to predict current limitation and exit arc voltage, which are key features

of switching performance.
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CHAPTER 1: INTRODUCTION

1.1 OVERVIEW

An electrical power network is an interconnected grid system for delivering electricity from suppliers
to consumers. It is basically composed of power plants that generate the electrical power, transmission
lines that transfer high voltage power from transmission substations to distribution ones and
distribution lines that connect individual end users (see Figure 1). In order to operate and protect the
power network, it is essential to insert switching devices in every line from power stations to final
loads. In general, each switching device varies with the location and electrical rating such as high,

medium and low voltage devices [8].
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Figure 1  Electrical power network.

Low-voltage switching devices (LVSDs) are usually utilized to turn on and off AC or DC current in
the distribution power network by industrial, commercial and residential users. The primary functions
of LVVSDs are to carry, make and break the current under normal circuit conditions as well as to clear
fault currents and to ensure safety for both humans and other connected equipment against overload

or short circuit accidents. They are essential for end users as switching and protective devices.

In general, a LVSD consists of three main parts, namely, a trip unit, an operating mechanism and a
guenching chamber as shown in Figure 2. The trip unit is a current sensing and triggering element
that drives the operating mechanism to break the current in the event of short circuit or prolonged
overload current. The operating mechanism moves the movable contact towards the opening or
closing direction either manually or automatically. The quenching chamber is an interruption volume

where the arc is established, elongated, and finally extinguished after contact separation.
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Figure 2 Basic structure of LVSDs [9].

The quenching chamber of a LVSD is the main volume to interrupt the current and consists of a
movable and fixed contact, splitter plate, side plate, magnetic yoke and vent as shown in Figure 3.
When the movable contact separates from the fixed contact, an arc is established in the contact gap
which then moves towards the splitter plates by the combination of gas flow and Lorentz forces. After
the arc enters the splitter plates, there is an increase in the arc voltage resulting from the multiple
anodic and cathodic potential drops associated with the surface interactions with the splitter plates. In
the case of AC system, the arc is ideally extinguished at the first current zero moment, however the
arc can re-ignite beyond this point. During the interruption process described above, the arc behaviour
inside the quenching chamber is a main factor to guarantee the successful arc interruption without re-

ignition; therefore, investigating arc behaviour is fundamental in prediction of a LVSD performance.

Side plate

Movwvable
contact

Fixed
contact

Figure 3  Basic structure of quenching chamber.



1.2 RESEARCH MOTIVATION

A LVSD (AC or DC switching devices) should have a good reliability since its switching failure
under fault current can lead to the loss of human lives and properties. Apart from this top priority of
a LVSD, there are two main present trends in the LVVSD market. Customers demand a more compact
product with higher breaking capacity. Secondly, the need of DC switching devices has gradually
increased as the installation of DC network steadily increases; for example in a sector of photovoltaic
power generation and data centres. Normally, higher breaking capacity requires a larger chamber
space due to the greater arc energy and DC switching is more difficult than AC switching due to no
natural current zero point in DC system. It is a challenging work to design a compact AC LVSD with
high breaking capacity and a DC LVSD. In order to design a reliable LVVSD meeting present trends,
effectively, it is essential to predict switching performance and to improve a LVSD prior to
manufacturing a real device. Without prediction and improvement of switching performance, it will

take much more cost and time to develop a reliable compact AC or DC LVSD.

There are two main factors to determine LVSD’s switching performance; current limitation and re-
ignition. The device improvement can be achieved by enhancing current limitation without re-ignition
phenomenon during the switching process. Numerous empirical studies have been carried out in an
attempt to improve the switching performance based on current limitation, for example [10], [11].
However, there has been little detailed investigation of re-ignition phenomena and an evaluator to
predict re-ignition, even though avoiding re-ignition is a key goal when designing the quenching
chamber. Numerical simulation has been widely used in improvement and prediction of switching
performance of LVSDs, for example [12], [13]. Most of simulation work has focused on current
limitation phenomenon and behaviour of the arc plasma prior to the current zero moment without
evaluating re-ignition following the current zero point. Empirical investigation based on the wide
range of switching data is necessary to confirm a reliable re-ignition evaluator. Also, the numerical
simulation evaluating both re-ignition phenomena and current limitation is required to design a LVSD
effectively.

It is known that arc motion has a significant influence on the arc voltage that is one of the main
characteristics in the air arc. The effect of arc motion on the arc voltage has been investigated by
comparing the arc trajectory with the arc voltage. However, there has been little empirical work about
detailed arc motion in the splitter plate region and its effect on the arc voltage. The understanding of
arc motion in the splitter plates region can benefit to design the quenching chamber.

The vent condition is one of the key factors to influence arc motion in the LVSD chamber; in general,

the wider vent helps to increase the arc motion velocity. Practically, the size of vent area is limited to
3



prevent the chamber contamination from the outside matter like dust. The distribution of vent
apertures (under the condition of the same overall vent size) can be the design parameter to improve

arc motion; but, its effect has not been closely examined.

The arc imaging system has been used to investigate arc motion by capturing the arc light intensity.
It is assumed that the light intensity is related to the arc temperature. But, there has been no detailed
empirical study about the correlation between the light intensity and arc temperature. If we prove that
the arc light intensity represents the arc temperature, arc modelling can be validated by comparing

the simulated temperature distribution and measured light intensities.



1.3 RESEARCH OBJECTIVES

1. To investigate a re-ignition evaluator of LVVSDs based on the switching data of various kinds
of test conditions and to propose a reliable evaluator.

2. To develop a 3-D arc model evaluating switching performance (current limitation and re-
ignition) of a LVSD and to validate the simulation results with experimental data, especially
measured arc images.

To find the correlation between arc motion and arc voltage in the region of splitter pates.
4. To investigate the effect of vent condition, especially vent distribution, on the arc motion.
5. To prove that the light intensity measured by the arc imaging system (AIS) is related to the

arc temperature.

1.4 THESIS SUMMARY

Chapter 1 deals with the overview of LVSDs, research motivation, objectives and thesis summary.

Chapter 2 describes literature reviews. The topics included here are: types of LVSDs, arc

characteristics, interruption principles, switching performance and arc modelling in LVSDs.

In Chapter 3, a description of the experimental set-up is given. Switching tests of miniature circuit
breakers (MCBs) and moulded case circuit breakers (MCCBs) are conducted for re-ignition
investigation. The arc image measurement is carried out to record arc motion in the overall chamber.

Arc spectra are measured with the aim of obtaining the arc temperature.

Chapter 4 tells the experimental results and discussions. The new evaluator for re-ignition prediction
is proposed based on the switching data of various test conditions. The arc motion is investigated
through the arc imaging measurement and the correlation between arc temperature and the arc light

intensity is explained.

In Chapter 5, arc modelling based on the magnetohydrodynamics (MHD) theory is described. There
are explanations about modelling methodology including improvement of arc voltage calculation in
the low current region. In addition, the verification of arc modelling is presented by using

experimental data.

Chapter 6 summarizes the overall conclusion and suggests further works.



CHAPTER 2: LITERATURE REVIEW

2.1 TYPES OF LOW-VOLTAGE SWITCHING DEVICES

LVSDs are electro-mechanical devices that are inserted in circuits covering up to 1000 V AC or 1500
V DC (rating definition by IEC standard [14]) for the purpose of making, carrying and breaking
current under normal circuit conditions and also making, carrying for a particular time and breaking
currents under abnormal circuit conditions such as short circuit accidents (see Figure 4) [8], [15]. In
general, LVSDs can be classified by type, as magnetic contactors (MCs), miniature circuit breakers
(MCBs), moulded case circuit breakers (MCCBSs) and air circuit breakers (ACBs) (see Figure 5).

Movable contact '

| . ' |

—————
‘ Fixed CO:ltﬂCt ::I ‘ Current 1 %
R —
(a) Making current (b) Carrying current (c) Breaking current

Figure 4  Functions of LVSDs.

(a) Magnetic Contactor

98020

(c) Moulded Case Circuit Breaker (d) Air Circuit Breaker

Figure 5 Types of LVSDs (Courtesy of Hyundai Electric & Energy Systems Co., Ltd. (HE)).

6



2.1.1 MAGNETIC CONTACTORS

The MC is a switching controller for motors, capacitor banks, lights and other electrical loads. Unlike
other LVSDs, the MC is not capable of dealing with short-circuit currents. Its primary function is to
switch on and off the normal circuit. The switching range is up to a 800A rated current under the AC
440V circuit condition [16]. Figure 6 shows a structure of the magnetic contactor comprising the
guenching chamber and an electromagnet (which corresponds to the operating mechanism of other
LVSDs). The electromagnet has a movable core, a fixed core, a main coil, shading coils and a return
spring. The mechanism is energized by an external AC or DC power source connected to the main
coil that provides the driving force for the movable contact. When an external control current flows
through the main coil, an attractive magnetic force between the movable and fixed core is generated,
and the movable contact travels towards the fixed contact along with the movable core. An
electromagnet powered from a DC power source produces a constant magnetic force resulting in a
stable closed state. However, an AC power source produces an alternating magnetic field resulting in
null magnetic force on the movable core twice in each cycle. A shading coil helps prevent the
magnetic force from dropping to zero [17]. When the main coil is de-energized, the movable contact
separates from the fixed one by means of the driving force of the return spring, and then the electric

circuit is switched off.

Contact bridge
:\f r
lovable

[l_l_' v contact

Splitter plates

Fixed contact.

Arc runner ;
Terminal
connector
Return \\.\\\\\\\\\. Mowvable core
spring 1 - Shading coil
Main coil ++ Fixed core

N ﬁ

Figure 6  Structure of magnetic contactors [18]; 70mm(W) x 140mm(H) x 128mm(D)
dimensions based on a 100A rated 3 pole MC made by HE.




2.1.2 MINIATURE CIRCUIT BREAKERS

The MCB is a small and compact switching device, which is widely used for protecting circuits
against fault current in domestic and light industrial electrical installations. It has the range of up to a
125 A rated current and 15kA breaking capacity under the AC 460V circuit condition. Figure 7
illustrates the internal structure of an MCB. The current flows through conducting parts that are a line
terminal, a bi-metal strip, a movable contact, a fixed contact, a solenoid, and a load terminal. The bi-
metal strip, which is made of two metals of different thermal expansion coefficients, bends triggering
the opening operation by the thermal effects of a long term overload current. In contrast, the solenoid
is an instantaneous trip unit to release the operating mechanism by short-circuit currents. The

operating mechanism can be manually activated by the user through a handle mechanism.

Handle

Operating
mechanism

Solenoid
Movable contact

Load terminal
Line terminal

Splitter plates
Fixed contact

Bi-metal strip

Figure 7 Structure of miniature circuit breakers (Courtesy of HE); 80mm(W) x 80mm(H) x
74mm(D) dimensions based on a 125A rated 3pole MCB made by HE.

2.1.3 MOULDED CASE CIRCUIT BREAKERS

The MCCB is entirely enclosed by a plastic housing and sometimes adopts dual quenching chambers
to enhance the breaking performance like the model shown in Figure 8. The rated current covers up
to 1600A and the breaking capacity is up to 150kA under the 460V AC circuit condition. The tripping
operation of the MCCB is similar to that of the MCB. The movable contact of most MCCBs and



MCBs starts to open by means of the repulsion force (the Lorentz force which is derived from the
current path through conductors and from the current constriction between contacts) before a trip unit
releases the operating mechanism when short-circuit currents flow through the product [19]. This
action, called ‘auto-protection’, is stronger in MCCBs than in MCBs because of higher currents. The
auto-protection function influences the switching process of LVSDs as it normally determines the

start of the arc ignition and the motion of the movable contact.

Operating mechanism Moulded case

Splitter plates

Fixed contact

Shaft Movable contact

Figure 8  Structure of moulded cased circuit breakers (Courtesy of HE); 75mm(W) x
130mm(H) x 82mm(D) dimensions based a 100A rated current 3pole MCCB made by HE.

2.1.4 AIR CIRCUIT BREAKERS

The ACB has a bigger and more complex structure than other LVSDs. The size is the dimension of
328mm(W) x 460mm(H) x 368mm(D) for a 2000A rated current 3pole ACB made by HE. It covers
up to a 6300A rated current and a 100 kA breaking capacity under the 460V AC circuit condition.
Although the inner structure of the ACB is similar to the MCCB, most of its components can be
accessed for inspection and can be replaced in the event of their malfunction. In addition, the ACB
has the specific task of withstanding large short-circuit currents for a while (normally one second), in
order to allow smaller and faster switching devices, installed in the network immediately before the

fault location to clear the fault currents prior to the operation of the ACB.



2.2 ARCS IN LOW-VOLTAGE SWITCHING DEVICES

Air at ambient conditions (300 K and 1 atm) is a good insulating medium which is enough to withstand
the electric field under the low voltage condition. But, during the switching process of a LVSD, air is

transformed into the conductive medium, the arc plasma, and the current flows through it.

In this section, the fundamental characteristics of the air arc (the process of an arc ignition, ionisation,

the arc structure, voltage characteristics and arc temperature) are described.

2.2.1 ARC IGNITION

The arc ignites between contacts during the switching operation of a LVSD by the opening movement
of a movable contact. In [20], Jeffery presented the arc ignition process in consecutive order by

showing the change of the contacting area for the current flowing (see Figure 9).

Molten area

(a) (b) (©) (d)

Figure 9  Process of the arc ignition between contacts [20]

Electric contacts can carry current through the physical connected contact area where the contact
force, F. is applied (see Figure 9 (a)). In general, the real contact area where current flows occupies
the small fraction of area in the total apparent contact area due to practical surface roughness [21].

The contact resistance of the real area of contact is given by

F (1)



where a is the radius of the actual area of contact (m), H is the hardness of contact material (N/m?), p
is the resistivity (2m) and F. is the normal contacted force (N). As the movable contact begins to
open, the contact force decreases resulting in reduced the real contact area and contact resistance
increases (see Figure 9 (b)). The rise in the contact resistance results in a rise of temperature of the
contact spot through the ohmic heating. When the temperature of the contact spot reaches the melting
point of the contact material, the contact spot melts. As the movable contact continues to part from
the fixed contact, a molten metal bridge is formed at the final contact point (see Figure 9 (c)). After
formation of the molten bridge, it stretches and its diameter diminishes as the contacts separate.
Hence, the temperature of the molten bridge rises by further increase in ohmic heating. Finally, the
molten bridge reaches boiling temperature and ruptures, releasing metal vapour (see Figure 9 (d)).
This metal vapour is the precursor of the arc between the contacts in the quenching chamber of a
LVSD. As above, the process of an arc ignition in a LVSD is complicated and it is hard to simulate

this process; normally, the simplified numerical technique is used for the arc ignition.

2.2.2 |ONISATION

lonisation is the process in which an atom or a molecule loses electrons resulting in a net positive
charge called a positive ion. The ions and electrons transform air into a plasma which is a conductive
medium. The thermal energy (heat) and electric filed can be the main source of ionisation mechanism

in the circuit breaker.
Thermal ionisation

The mean kinetic energy of molecules and atoms can be expressed as a function of the temperature,

3
2 _
mv- = —KT (2)

where m is the mass of molecules or atoms (kg), v is the mean velocity (m/s), k is Boltzmann’s constant
(J/K) and T is the absolute temperature (K). If heat is progressively applied to the molecular gas, the
kinetic energy increases to a point where sufficient energy is available to overcome the binding energy
of the molecules, which causes the molecules to dissociate into individual atoms. By heating further,
the atoms lose their electrons and achieve an ionisation state. This phenomenon is called thermal
ionisation.
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In [21], Slade explained the ionisation process by showing the multiple ionisation of nitrogen and
oxygen associated with the temperature. Figure 10 illustrates the relationship between the densities
of nitrogen and oxygen particles as a function of the temperature under the 1 atm condition. If air is
provided with sufficient energy, the oxygen and nitrogen molecules start to dissociate and change into
O and N (electrically neutral atoms) at around 1500 K and 2500 K, respectively. Also, the
recombination happens and both NO and NO, are generated from N2 and O,. When the temperature
exceeds about 6500 K, the oxygen and nitrogen atoms begin to ionize (N* and O* ions) releasing
electrons. At much higher temperature, there is the second ionisation in the N* and O*, which leads
to the creation of N** and O™ ions and emission of additional electrons. If oxygen and nitrogen are
ionized by creating positive ions and negative electrons as above, air becomes an electrical conductive
state termed air plasma. This plasma is generally called an arc when it is formed between electrical
contacts in switching devices or welding tools. Therefore, the air arc can be considered as a mixture

of ions and electrons generated from the air, which has sufficient electrical conductivity for carrying
current.

It is known that, in the LVSDs, thermal ionisation plays a significant role in sustaining the air arc
because ohmic heat generates sufficient energy for ionisation when the arc current flows through the

plasma [8].
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Figure 10 lonisation of air plasma as a function of temperature at 1 atm [21].
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lonisation by Electric Field

The high electric field can be another factor in air ionisation. When the electric field is applied across
a gas that has some free electrons, the electrons can experience two types of collision with the gas
molecules: elastic collision or inelastic collision. The electron preserves its kinetic energy after an
elastic collision, because the mean energy loss is negligible owing to much less mass of the electron
compared to that of heavy particles (ions, atoms or molecules). The electron gradually takes more
energy from the electric field and eventually its energy can cause an inelastic collision with heavy
particles leading to dissociation, excitation and ionisation. If the electron’s Kinetic energy is equal to
or greater than the ionisation energy, the ionisation collision will occur and other electrons are
released (additional positive ions and electrons are formed). Slade described the ionisation process by
electric field by showing the collisions between an electron and a gas molecule or atom (see Figure
11) [21]. When a 30 kV voltage is applied across a 10 mm gap of the contact, the electron is
accelerated and collides with heavy particles. If the electron mean free path A. (the average distance
of the electron’s travel between collisions) is 1 um, the electron gets 3 eV energy between collisions
from eEAe (€x3x10°Vm1x10°m). lonisation (the electron release from an atom) takes place in the

fifth collision while the electron accumulates the kinetic energy by travelling in the gas.

Applied voltage =30kV Electric field intensity (E) =3-10° V/m
Electron mean free path (A,)=10°%m
Ionisation energy (U)=12V

+—
Distance =10mm
0.5eV
Dissociation T lomisati
Q2eV) omsation

(126V)

o — 0.5eV
Energy (k) . 9

SteVisey - e
eV o KE=10eV+3eV
] KE=5eV 3¢ . d

;

Excitation

(1eV)

Excitation

(1eV)

Figure 11  Possible interactions between heavy particles and electrons accelerated by an
electric field; it is assumed that electron get 3 eV energy from the electric field and
ionisation energy is 12 eV [21].
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2.2.3 ARC STRUCTURE

The air arc is formed of three regions: an arc column, a cathode root and an anode root. Figure 12
shows an idealised structure of the air arc together with its voltage characteristic. It is seen that the
voltage drop is not evenly distributed over the air arc. Most of voltage drop of the arc takes place in

the cathode and anode roots near the contacts or splitter plates.
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Cathode root
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Anode
root root

Arc column

Figure 12 Schematic of the air arc with the corresponding voltage drops [21].

Arc Column

The arc column in a LVSD is regarded as the plasma. It consists of a hot mixture of ions, electrons
and neutral gases, which allows a continuous thermal ionisation process via sufficient ohmic heating.
Inside the arc column, the number density of the electrons is equal to that of the ions. It is regarded
that all ions, electrons and gases have the same temperature, namely local thermal equilibrium (LTE).
As a result of LTE, the arc column can be considered as a single hot gas, which satisfies the
conservation equations for mass, momentum and energy. Based on the assumption of the LTE

condition, it is possible to simulate the arc column by using the magnetohydrodynamics (MHD)
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theory. The electrical conductivity is high enough to carry the large current with a small voltage drop
in the arc column. The arc column has a uniform voltage gradient that varies with the arc current,
temperature and pressure. From the arc simulation, we can calculate the voltage drop in the arc column

based on the electrical conductivity of air.

Arc Roots

The arc root is a thin region between an arc column and a contact or splitter plate. The arc root can
be divided into two layers, the space charge layer and ionisation layer, as shown in Figure 13 [22].
They are also called sheath and presheath layers. The space charge layer is a region where quasi-
neutrality and LTE conditions do not hold; whereas, quasi-neutrality holds in the ionisation zone
under thermal non-equilibrium condition. The special treatment is required to consider the effect of
the arc root into account in arc modelling since the LTE condition does not hold. There have been
numerous theoretical studies of the arc root; however, the understanding of detailed physic is still

limited due to the lack of measured data in the thin layer.

Arc column
(plasma)

Tonisation layer
(Presheath layer)

Space charge layer
(Sheath layer)

Cathode
or Anode

Figure 13 Structure of an air arc near a cathode or anode [22].

Macroscopic measured quantities can be used to identify the characteristics of the arc roots.
Yokomizu et al. estimated the sum of the voltage drop in the cathode and anode roots of the four

different gases including air at the pressure of 0.1 MPa by measuring the arc voltage between iron,
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copper and titanium contacts [23]. Figure 14 shows the experimental set-up to measure the voltage
drop of the arc roots (cathode and anode voltage drops). The arc is established from a 0.05 mm copper
wire and a 60 Hz sinusoidal current of 330 A or 550 A (peak value) flows through it. The contact gap

is adjusted to 0.2, 0.5, 1 and 3 mm at a given current.

Inductor

-

Anode \ Switch

Fe.Cu, Ti <: |:| Arc

——~ Capacitor

|

Cathode

Figure 14 Experimental set-up?o measure the arc root_voltage of the air arc under the
atmospheric condition [23].

Figure 15 shows the helium arc voltage measured between the Ti electrodes as a function of a contact
gap at the peak current value of 330 A and 550 A. It is seen that the arc voltage decreases as the
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Figure 15 Voltage drop of helium arc as a function of gap length between Ti electrodes at a
pressure of 0.1 MPa for AC currents with peak values of 330 A and 550 A [23].
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contact gap decreases. The voltage at the zero contact gap is regarded as the sum of the voltage drops
in the cathode and anode roots because the arc root region is extremely thin. It is obtained by
extrapolating the curve. The voltage drop at the zero contact gap is independent of the arc current;
21.3 V for the peak current of 330 A and 21.4 V for the peak current of 550 A are observed.

Figure 16 shows the voltage drop at the zero contact gap of helium, SF6, argon and air arcs at a
pressure of 0.1 MPa for Fe, Cu and Ti contacts. It is found that the sum of voltage drops in the cathode
root and anode root of the air arc between the iron contacts and copper contacts is 16.6 V and 16.5 V
in the air arc, respectively. In our research, 16.6 V is chosen for the arc root voltage on the surfaces
of the splitter plates and copper electrodes since, normally, the number of the iron arc root is dominant
ina LVSD.

Arc rootvoltage [V]
0 5 10 15 20 25 30

IIIIIIIIIIITIIIITIIIIIIIIIIIII

Helium: 20.4V
SFg :17.5V
Argon :16.7V

Air : 16.6V

Helium: 18.2V
SFg :17.5V
Argon : 16.5V
Air : 16.5V

Electrode material
Q g3

=

Figure 16 Voltage drop at the zero contact gap (arc root voltage) of helium, SF6, argon and
air arcs at a pressure of 0.1 MPa for Fe, Cu and Ti contacts [23].

We do not know the specific values of each cathode and anode root in the air arc; however, the sum
(16.6 V) of the voltage drops in the arc roots is useful to calculate the arc characteristics of a LVSD

during the switching process through arc modelling.
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- Cathode Root

The cathode root is characterized by a strong electric field of 10® — 10° VV/m, steep thermal gradient
and high current density [21]. The cathode is the source of the electrons in the arc; hence, the arc
extinguishes if the cathode does not provide these electrons. The emission of electrons requires to get
more energy than the work function of a material. There are two primary emission mechanisms for

the electrons: thermionic emission and field emission.

If the cathode is made of refractory materials that have high melting points such as tungsten,
molybdenum and carbon, it can release electrons by cathode heating termed thermionic emission [9].
Heating at the cathode surface is caused by particle bombardment, thermal conduction and radiation
from the arc column. The current density in the thermionic emission can be given by the Richardson-

Dushman equation,

- _ 2 _(I)
} =AT exp(ﬁj, (3)

where jr is the current density (A/m?), A is the material constant (A/(m? K?)), T is the temperature of
the cathode (K), @ is the work function of the material (¢V or J) and k is Boltzmann constant (J/K).
Thermionic emission takes place in refractory materials when their temperature does not reach the

melting point.

In general, most of LVSDs have cold cathodes (non-refractory material) such as copper, silver or iron,
which have lower melting points than those of the refractory materials. Thermionic emission cannot
occur in the cold cathode. In order to explain the electron emission from the cold cathode, ‘non-
thermionic’ theories have been suggested; however, there is no single theory which can fully explain
the electron emission from the cold cathode [24]. The electric filed can be one of the main parameters
contributing to the cold cathode emission. The high electric field can increases the electron emission
by decreasing the effective work function, known as the Schottky effect [25]. The current density in
the field emission is determined by the electric field and the work function of the cathode material

according to the Fowler-Nordheim equation,

. E? 2F
=1.6x107°| — —7x10°®3 —
JF X (Q) jexp[ X Ej (4)

where jr is the current density (A/m?), E is the electric field (V/m) and F is a numerical factor.
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In general, it is known that the electron emission from the cold cathode is associated with a

combination of ‘thermally enhanced field emission’ and the ion bombardment [21].

- Anode Root

The anode acts as an electron collector. The electrons emitted from the cathode pass through the arc
column and enter the anode. There is a negative space charge layer in the anode root where the
electrons can be accelerated to provide the necessary high current density at the anode surface [25].
When they hit the anode, they deliver their energy to the anode and heat the anode spot to a high
temperature. A high temperature near the anode spot can contribute to the generation of positive ions

in the anode root. Positive ions formed in the anode root are driven to the arc column.

In general, the anode root has a less voltage drop than the cathode root. This voltage drop in the anode
root plays a role in adjusting the arrival rate of electrons at the anode surface in order that current

continuity is achieved at the interface between the plasma column and metal [26].

2.2.4 ARC VOLTAGE AND CURRENT CHARACTERISTICS

The arc voltage including the voltage drops in the arc column and arc roots varies with the current for

a fixed contact gap in the case of a free-burning arc. Figure 17 show the arc voltage as a function of
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Figure 17  Arc voltage and current characteristic [27].
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the current [27]. In the low current region (typically below 100A), there is the negative characteristics
of the arc voltage (the arc voltage increases as the current decreases), called the negative V-1 curve.
For the high current, the arc voltage increases slightly with the current. This characteristics is varies

with the contact material and pressure.

Mentel et al. carried out the empirical investigation about the voltage drops of the cathode and anode
root in the range of 1 to 10 A current by using the Langmuir probes [28]. Figure 18 shows the
comparison of total voltage, cathode voltage and anode voltage of an Ar arc under the condition of
0.26 MPa pressure. It is observed that the voltage drop in the cathode root strongly depends on the
arc current whereas the anode voltage is almost constant. The total arc voltage increases as the current

decreases; but its variation is determined by the change of the cathode root voltage.
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Figure 18 Comparison of total arc voltage, cathode voltage and anode voltage of an arc in
0.26 MPa Ar [28].

Wendelstorf explained that the increase of the cathode voltage is required to sustain the arc in the low
current region [29]. Figure 15 shows the effect of the cathode voltage in the space charge layer on
the electron emission and ionisation. Below a certain current, the thermal energy is not enough to
sustain the arc. The increase in the cathode voltage can accelerate ions towards the cathode surface

and increase the temperature of the surface by ion bombardment, enhancing thermionic emission. It
20



can also help improve the electron emission by the electric field and provide electrons with sufficient

kinetic energy to achieve ionisation.
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Figure 19 lonisation and space charge layers of the cathode root [29].

The negative V-1 characteristics contributes to the increase of the arc voltage near the current zero
point during the switching process of a LVSD. It is essential to consider this phenomenon in order to
evaluate the switching performance (especially re-ignition prediction) accurately. Based on the
background physics of the negative V-1 curve, the calculation method of the arc voltage near the

current zero point is investigated in this research.

2.2.5 ARC TEMPERATURE OBTAINED BY SPECTROSCOPIC ANALYSIS

Temperature is one of the most important parameter in the arc plasma. There are some paper about
the temperature measurement through the spectroscopic analysis. Slade et al. investigated the air arc
temperature in a 9.6 mm gap through the absolute values of N Il line spectra [30]. They found that
the arc temperature is in the range of 20000 K to 23000 K when the 1100 A peak AC current flows

through a free-burning arc. Li et al. analysed the arc temperature qualitatively associated with gassing
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material (polymethylmethacrylate) inside a quenching chamber and investigated the effect of gassing
material on the switching performance [31]. They found that the gassing material improves the
switching performance since the arc can be cooled rapidly due to ablation of the gassing material.
Takeuch et al. measured relative intensities of Ag | spectra from the air arc between Ag contacts and
obtained the temperature of around 7000 K under the condition of a DC 50 V supply voltage and 3.3
A current [32].

Despite previous studies, there is little empirical work correlating the arc temperature and the light
intensity measured by a photodiode (of the AIS), which is widely used to investigate the arc motion
in a LVSD chamber. This thesis covers the study about the relationship between the arc temperature
and the light intensity measured by the AlS. The arc temperature is estimated by the Boltzmann plot
method. The Boltzmann plot method is widely used to evaluate arc temperature based on the relative
intensities of the same species at a different wavelength. In the LTE state, the intensity ratio of two

spectral lines can be given as follows,

(5)

where, 11 and I, are the intensities of the emission spectral lines, A; and A, are the transition
probability (the probability per second that an electron de-exits from a specific upper state to a lower
state, leading to photon emission), g; and g- are the statistical weights of the respective states, E1 and
E. are the energy levels, k is the Boltzmann constant, and T is the temperature in K. We can obtain
(6) by taking the logarithm in both side of (5),

Ilﬂl . Izﬂz __El_EZ
ok a5

where, C is a constant. If we plot a straight line from E (energy level) in the horizontal axis and

In(Ii/gA) in the vertical axis, the temperature is calculated from the slope of a line.
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2.3 INTERRUPTION PRINCIPLES

Interruption refers to the stop of current flowing through the electric circuit. It is also called switching
or breaking. Interruption is the fundamental function of a LVSD. In the DC system, reducing the
current to zero is the main issue; whereas, clearing the current after the natural current zero point is

generally focused in the AC system.
In this section, we describe the interruption principles of DC and AC LVSDs.

2.3.1 INTERRUPTION FOR DC CIRCUITS

There is no natural current zero point in a DC electrical system. This fact makes DC interruption
much more challenging than AC interruption. It is a requirement to reduce the current to zero in order

to break a DC arc. Fundamentally, there are two kinds of approaches to interrupt a DC arc as below.

Avoiding the Stable Arcing Point

Figure 20 and Equation (7) show an electrical circuit and circuit equation in a switching event,
respectively. In addition, Figure 21 describes the condition for a failed interruption of a DC arc [9].
In Figure 21, the slope of the straight line (L1) represents the resistance R and the curved line (L2)
indicates the voltage-current relationship of the arc, especially for the low current regime in LVSDs.
In addition, the shadowed zone between the straight and curved line is the electromotive force (EMF)
in the inductance L. There are two intersection points, P1 and P2, where di/dt = 0. The point P2 is a

stable arcing point while the P1 point is not a real stable point: it is easy to converge on the P2 point

Figure 20 Equivalent electric circuit during interruption process; Us is the system voltage, | is
the current, R is the resistance, L is the inductance and Uar is the arc voltage.

dl(t)
Us(t)=l(t)R+L?+Uam(t) 7
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whereas a small disturbance makes current increase or decrease further away from P1. A DC arc
remains at the stable arcing point P2 as long as a power source supports it and the LVSD can withstand
the strong thermal and mechanical effects of the arc.

For successful interruption of the DC arc, it is crucial to eliminate the stable arcing point, P2. There

are two main strategies to avoid the stable point as shown in Figure 22; one is making a steepen slope
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Figure 21  Current-voltage relationship in a DC circuit [9].
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Figure 22  Principle of interrupting DC arc.
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of the straight line like L3 and the other is raising the curve line such as L4 [9]. We can implement
these, respectively by increasing the resistance and enhancing the arc voltage. If there is no stable

arcing point, arc current goes to zero and the arc will be extinguished.

Current Injection

Apart from the approach of arc instability, there is an alternative way to break a DC arc, which is the
current injection method. Figure 23 shows a simplified circuit for implementing this method. When
a fault current is detected, an injection switch is closed and the current generated by a capacitor flows
through the Breakerl in opposite direction to the system current [9]. This injected current results in
an artificially created current zero point and Breaker1 interrupts the DC arc similar to an AC switching
device. Normally, the current injection breaker is used in a high voltage DC system such as 500 kV
[33].

Injection
Res1ster S“'iJfCh

ln]ected J’
current @ Capacitor
System

Breaker2 current Breakerl

Figure 23 Simplified current injection circuit [9].

2.3.2 INTERRUPTION FOR AC CIRCUITS

There are two natural current zero points each cycle in an AC system. Every AC switching device has
a chance to interrupt an arc at the current zero point: as arc current falls to zero, electrical energy input
to the arc also falls to zero. During this situation or close to the current zero point, the arc can be
effectively transformed from a conductor into an insulator. Slepian explained the mechanism of the

arc extinction in an AC circuit through the race theory [34], [35]. It is found that the extinction or re-
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ignition of an AC arc depends on the outcome of race between the recovery voltage and the
breakdown voltage. If the breakdown voltage is greater than the recovery voltage, the interruption
will be successful and re-ignition will not occur. The recovery voltage is the voltage that appears
across the contacts (terminals) after arc interruption. The recovery voltage is mainly dependent on a
circuit conditions, i.e. the system voltage, resistance, inductance and capacitance of the circuit. The
breakdown voltage is the maximum voltage that the air (the insulating medium) between contacts
(terminals) can withstand without re-ignition of the arc. The breakdown voltage is affected by the
residual arc that is associated with contact gap parameters, i.e. gap length, contact material, arc

current, insulating medium and pressure.

Figure 24 shows the typical recovery process of the breakdown voltage between contacts after current
zero where re-ignition does not occur [36], [37]. Stage 1 is the region where the breakdown voltage
rapidly increases due to an electron depleted zone in front of a new cathode surface. In stage 2, the
breakdown voltage slightly increases since the air (insulating medium) temperature near the contacts
slowly decreases by the axial heat conduction through the relatively cool contact surfaces. After then,
the breakdown voltage steadily increases because of an extension of the sheath layer and long-term
cooling of the whole quenching chamber (stage 3). Finally, the breakdown voltage is saturated if the
air is fully cooled (stage 4).
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Figure 24 Recovery process of breakdown voltage of residual arc after the current zero point
when there is no re-ignition; the breakdown voltage is measured between a 6.3 mm gap
under the conditions of the 400 A peak current and 1 atm pressure [37].
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Figure 25 shows how the breakdown voltage rapidly increases in the initial stage (stage 1 in Figure
24) after the arc interruption [21]. Since an ion is much heavier than an electron, ions may be regarded
as stationary particles while electrons effectively move immediately after the current zero point.
When the reverse voltage is applied across contacts after current zero, the electrons in front of the
new cathode surface are propelled towards the anode, which leaves an electron depleted zone. This
depleted zone is called a cathode sheath and results in a rapid increase of breakdown voltage
immediately after the current zero point. The initial breakdown voltage is measured as approximately
300 V at 10 ps after the current interruption under the condition of the 400 A peak current and 1 atm

pressure, and this initial value (300 V) is sustained for 100 us [37].

In stages 2 and 3, the arc column cools and recombination of an ionized gas occurs. There is therefore
a decrease in the gas temperature and an increase in the neutral particle density. In addition, this
reduces the electric field in the cathode sheath since the voltage drop in the arc column increases,
leading to diminishing the electron emission. If the arc column’s temperature decreases below a
critical value where thermal ionisation becomes negligible (air at atmospheric pressure: 2000 ~ 3000
K), the recovery voltage is applied to the whole contact gap because there is no good conduction path
between contacts. If the gap length results in a dielectric sufficient to overcome the recovery voltage,

there is no re-ignition and AC interruption is successful.
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Figure 25 The initial rapid increase in breakdown voltage immediately after current zero by
development of the cathode sheath (not to scale) in front of the new cathode when there is
no re-ignition [21].
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2.4 SWITCHING PERFORMANCE OF LOW-VOLTAGE SWITCHING DEVICES

In general, the switching performance of a LVSD is determined by current limitation and re-ignition

phenomena. In this section, current limitation and re-ignition phenomena are explained based on the
AC switching process.

2.4.1 CURRENT LIMITATION

Current limitation is one of the most important features in a switching operation of a LVSD since it
reduces the mechanical and thermal stress on the switching devices and enhances the breaking
capacity by limiting the arc current. When the arc enters the splitter plates in a quenching chamber,
the arc voltage increases rapidly by multiple voltage drops in the arc roots and less current flows into
the LVSD than the prospective value.

Figure 26 illustrates the detailed concept of current limitation when the system voltage, current, power
factor and frequency are 240 V (RMS value), 55 kA (RMS value), 0.45, and 50Hz, respectively. It is
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Figure 26  Effect of current limitation (calculated data); ted, ti, tr, ts and Uwm refer to the
contact opening delay time, immobility time, arc running time, splitter plate time and
maximum arc voltage, respectively.
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assumed there are the voltage step of 20 V (between 1.5 ms and 2.2 ms), the 1.3 ms rising duration
(between 2.2 ms and 3.5 ms), and the constant voltage of 350 V (from 3.5 ms to the current zero
point) in the arc voltage waveform. The currents (prospective and limited currents) are calculated
based on Equation (7). If the system voltage with the zero phase angle is applied to the LVSD that
keeps a closed circuit, the current reaches 96.5 kA (peak value) due to the DC component of the
current during the transient situation. The current obtained from a closed circuit without the
consideration of the arc voltage is called the prospective current. If we consider the arc voltage defined
in Figure 26, the net current (22.4 kA peak value) is reduced considerably below its prospective value

(96.5 kA peak value); this phenomenon is called current limitation.

The arc voltage varies with the arc position, length and current. This arc voltage greatly influences
switching performance of LVSDs. Figure 26 shows the representative curve of the arc voltage during
the switching operation. McBride et al. described the process of the arc development in a quenching
chamber of LVSDs using the representative arc voltage curve [38]. The movable contact begins to
separate from the fixed contact after the contact opening delay (tcoq). At the same time, there is a step
increase in the arc voltage between contacts due to the arc root formation in the contacts after an arc
ignition. The arc tends to stay in the contact region after contact separation without moving out of it
for the arc immobility time (ti). The arc then starts to move from the contact area towards the splitter
plates during the arc running time (t;) by means of the magnetic force and the gas dynamic force.
Finally, the arc is separated into multiple arcs by the splitter plates and the arc voltage remains at the
maximum value (Uwm) during the splitter plate time (ts). The splitter plate time is defined as the period

in which the arc stays in the splitter plates region.

There have been numerous studies on the four main parameters (tcod , ti, tr, and Uw) in an attempt to

improve the switching performance of LVSDs by enhancing the effect of current limitation.

Contact Opening Delay Time

With the exception of the ACB, the switching process in a LVSD normally begins with the magnetic
repulsion force before the trip unit is activated. When a fault current flows in a LVSD, a repulsion
force is generated on the movable contact, which is derived from the current path through conductors
and from the current constriction between contacts. The repulsion force is proportional to the current
squared and determines the contact opening delay time in the switching process. If the current is
sufficient to produce a repulsion force on the movable contact exceeding the contact force, the

movable contact starts to part from the fixed contact prior to any action of the trip unit. In order to
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open the movable contact quickly and to rapidly increase the arc voltage, it is necessary to generate
sufficient repulsion force. The repulsion force is mainly influenced by the current value, the current
paths of conductors and the ferromagnetic material surrounding the conductors like the splitter plate
[39], [40].

In our experimental research about arc motion, the opening time of the movable contact is determined

by the solenoid action and the effect of the repulsion force on the switching performance is ignored.

Immobility Time and Arc Running Time

When the arc is generated between contacts after contact separation, it tends to remain in the contact
area until the driving force (Lorentz and gas dynamic force) is sufficient to move the arc. After the
immobility period (ti), the arc is propelled towards the splitter plates by the magnetic force and the
gas pressure gradient during the arc running time (t;). The immobility time and arc running time also
play crucial roles in switching performance because it significantly affects the profile of the arc
voltage. In order to reduce the contact damage caused by the arc and to improve the current limitation,

the immobility time and the arc running time should therefore be minimized.

Previous investigations have been carried out to study arc motion in the quenching chamber and to
identify the parameters that influence the immobility time and the arc running time by using a high-
speed camera, magnetic sensors, or optical fibre imaging systems. Using high-speed camera requires
the removal of a large section of the side wall to record the arc image within the quenching chamber
[41]. This destructive modification of a quenching chamber may lead to a different result when
compared with the original products. Sensing the magnetic field can provide the arc location and
motion [42]; however, the calculated arc image is too simplistic and it is distorted by the
ferromagnetic materials within the quenching chamber. An optical fibre imaging system may obtain
detailed arc motion at a high scanning rate (up to 6 MHz) without significant modification to the
guenching chamber [43], [44]. Optical fibres, which are placed in small apertures in the side wall of
the guenching chamber, transmit the arc light intensity (associated with plasma temperature) to
photodiodes as the arc propagates through the chamber. By capturing the light intensity, the imaging

system enables the tracking of arc motion during the interruption process.

McBride’s research group carried out an investigation on arc motion in the flexible test apparatus
(FTA), designed to simplify the geometry of a MCB quenching chamber, with an optical fibre
imaging system. The optical fibre imaging system used by McBride’s research group is called the arc

imaging system (AIS). They observed the influence of several parameters on arc motion as follows:
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» Contact opening velocity,

» Contact material,

» Venting size,

e Arc current,

» Contact polarity,

» Gap behind the movable contact,
» Steel plates behind the arc runner.

Figure 27 shows details of the FTA chamber with the optical fibre positions that were used in their
research. A set of optical fibres are placed in the quenching chamber with the exception of the splitter

plate region (the arc stack).
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Figure 27 Quenching chamber with optical fibres and pressure devices [45].
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In [46], McBride et al. measured the immobility time associated with the contact velocity, current
and venting size by using the AIS. The immobility time is defined as the period during which the arc
roots are fixed in the contact region. Figure 28 shows the immobility time varied with the moving
contact velocity in the range of 4 to 10 m/s under the conditions of the 2000 A short-circuit current,
partially open vent and ceramic chamber wall. It is observed that a high opening velocity leads to a
decrease of the immobility time. As the contact velocity increases the peak current decreases due to
enhanced current limitation. The reduction of the current can lead to a decrease of Lorentz force;
however, the decreased immobility time is observed in in the case of the increased contact velocity.
This result may be related to the density of metallic vapour in the arc plasma [47]. The rupture of a
molten bridge in an arc ignition process (see Figure 9) provides the high density of metallic vapour
in the arc. The metallic arc is established in a short gap after the contact separation. If the contact gap
increases and the ambient gas (air) enters the arc, it is transformed into the gaseous arc where the
ambient gas becomes a dominant medium for ionisation [21]. There is a higher voltage drop in the
gaseous arc and it has a higher pressure near the contact region when compared to the metallic arc.
This higher pressure (the greater fluid dynamic force) may allow for the long arc to move earlier in
the case of the high contact velocity.
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Figure 28 Immobility time as a function of contact opening velocity under the conditions of
the 2000 A short-circuit current, partially open vent, ceramic chamber wall; the immobility
time refers to the time period that each arc root remains in the contact region, the peak
current represents the maximum current during each switching test [46].
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It is also presented that the immobility time reduces as the vent area becomes wider in [46]. Figure
29 shows the effect of the vent area (closed, partially open and fully open vent) on the immobility
time under the conditions of the 2000 A short-circuit current, 10 m/s contact velocity and ceramic
chamber wall. The pressure gradient makes the fluid dynamic force on the arc. The narrow vent
prevents the gas (air) from flowing out from the chamber; leading to a low pressure gradient between
the contact region and the vent region (the place where the vent is located). This low pressure gradient,

i.e. a low fluid dynamic force, keeps the arc remaining at the contact region longer.
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Figure 29 Immobility time as a function of vent area under the conditions of the 2000 A short-
circuit current, 10 m/s contact velocity, ceramic chamber wall [46].

In [48], McBride et al. investigated the influence of gas flow around the movable contact on the
immobility time. They found that the arc moves from the contact region approximately 20.5 % faster
with the gap closed (see Figure 30 (b)) under the conditions of the 2000 A short-circuit current, 10
m/s contact velocity, partially open vent and ceramic chamber wall. Figure 30 illustrates the effect of
the gap behind the movable contact on arc motion. There is a reduced pressure in the gap behind the
movable contact, resulting in the adverse fluid flow near the contact region (see Figure 30 (a)). In the
case of the closed gap, the fluid flow is improved and the arc can move smoothly from contact region

to the arc runner (see Figure 30 (b)).
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Figure 30  Effect of the gap behind the movable contact on arc motion in a contact region [48].

The effects of the short-circuit current and steel plates placed behind a runner on arc motion were also
studied [46], [49]. Increasing the current results in a reduced delay of arc motion in the contact region.
The arc velocity in the chamber with the steel plates is higher than that in the chamber without the
steel plates. These results are attributed to increasing the Lorentz force on the arc; the higher current

and the steel plates generate the greater Lorentz force.

The contact opening velocity, venting size, gap behind the movable contact, arc current, and steel
plates behind the arc runner have a significant influence on arc motion. Conversely, the contact

material and polarity have a minimal effect on arc motion [47].

As describe above, the AIS has been widely used to investigate arc motion and its characteristics in
the LVSD chamber. It is assumed that the light intensity measured by the AIS is related to the arc
temperature. But, there has been no detailed empirical study about the correlation between the light
intensity and arc temperature; hence, this thesis covers the experimental investigation about the light

intensity and arc temperature.

The vent distribution can be the design parameter of a quenching chamber. No previous study has
investigated the effect of the vent aperture distribution on arc motion; it is worth to cover the vent

distribution influence on arc behaviour.

Most of arc motion experiment has been carried out without capturing arc images in the splitter plate
region (the region of the arc stack in Figure 27) in previous studies. In order to study the detailed arc
motion in the splitter plate region and validate arc modelling (arc motion in the overall chamber), it

34



iS necessary to measure the arc images in the overall quenching chamber including splitter plate

region.

Maximum Arc Voltage

The arc voltage plays a role as a resistor to prevent the arc current from increasing rapidly. Further,
when the arc voltage is higher than the system voltage, the rate of change of the current (dl/dt)
becomes negative, leading to the early current zero point. In order to achieve superior current
limitation, it is necessary to increase the arc voltage itself. A double quenching chamber (see Figure
8) in each pole can be employed in a LVSD for higher breaking capacity. The LVSD with dual
guenching chambers enables to stretch the arc longer and to split the arc into more segments, which

generates a higher arc voltage.

Splitter plates made of the ferromagnetic material, like iron, are normally placed in the quenching
chamber to raise the arc voltage during the interruption process. After the arc enters the splitter plates,
there is an increase in the arc voltage resulting from multiple voltage drops in the arc roots associated
with the surface interactions between the arc and splitter plates. Slepian proposed the arc quenching

method using splitter plates and this method has been widely used in LV SDs [50].

Nakayama et al. investigated the empirical equation of the arc voltage associated with the number of
splitter plates and arc current [51]. Figure 31 shows the experiment set-up and current generation
circuit. The generating circuit is composed of a 1035 uF capacitor, 3.98 mH inductor, 1 mQ shunt
resistor and transformer. A half cycle of a 50 Hz current flows through the experiment circuit after
the main switch is closed. The anode and cathode contacts are coated with silver and a copper wire
of a 0.05 mm diameter is connected in a contact gap of 30 mm for the arc ignition.

Splitter
t 3.98 mH Cathode¥=7 p%ates
Main Gap length _ i
switch | o 30mm &
== 1035 uF Shurtresistor £ Anode
Transformer 3000:210 =

Figure 31 Experiment set-up and current generation circuit [51].
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It is observed that the arc voltage is mainly a function of the number of plates. Equation (8) was

proposed to calculate the total arc voltage after the arc enters the splitter plates,

Upe ={23VI+ AL, +(B+C-L,,)i} +(D-L, +245N,),
A=2.15x10°[V /m],
B=3.27x10°[V /A,

C =0.130[V /(A-m)],
D =2.3x10°[V /m],
L, = (N -D)I, + (N = N,)d,

(8)

where Uac is the arc voltage (V), Leq is the sum of lengths (m) between the contacts and splitter
plates, i is the arc current (A), N is the total number of splitter plates, lq4 is the distance (m) between
splitter plates, d is the thickness (m) of the plate and Ns is the number of plates which have arc roots.
This equation is useful to calculate the arc voltage roughly in a certain quenching chamber. If we
assume the arc position with the time, we can estimate the arc voltage and evaluate current limitation.
But, in order to calculate the arc voltage and current limitation accurately, it is essential to simulation

arc motion affected by Lorentz force and fluid dynamic force.

2.4.2 RE-IGNITION PHENOMENA

One of the main factors resulting in the deterioration of switching performance is re-ignition after the
first current zero point. Re-ignition in a LVSD interruption process refers to the failure to achieve the
arc interruption at the first current zero point; hence the current continues its flow after the current
zero point. Re-ignition leads to longer arcing duration, severe contact erosion and side-wall damage
of LVSDs during the interruption process. Avoiding re-ignition is therefore crucial when designing a
guenching chamber. In practice, a reliable evaluator is required to predict the re-ignition phenomena
and to improve the switching performance of a particular device prior to the costly empirical testing

process for real products.
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Re-ignition Mechanism

The re-ignition mechanism can be classified by the process of electron emission and ionisation after
the current zero point. There are three types of mechanism for re-ignition in switching devices:

‘thermionic’, ‘thermal’ and “dielectric’ re-ignition [21].

Thermionic re-ignition occurs when the cathodic surface is hot enough to release electrons under the
recovery voltage. If after the current zero point, the electrons emitted from the hot cathode achieve
sufficient kinetic energy from the recovery voltage, they reheat the arc column and maintain the arc
current. Normally, this re-ignition takes place in refractory contact materials since they can support a

high enough temperature for the electron emission.

Thermal re-ignition depends on maintaining a high temperature of an arc plasma, which keeps
sufficient electrical conductivity of the residual plasma after the current zero event. If the arc column
is still a good conductor, most of the recovery voltage appears across the cathode sheath (the electron
depleted zone immediately after the current zero crossing). Re-ignition occurs in the sheath region
when the recovery voltage exceeds the breakdown voltage, and then the arc column temperature
increases to sustain the arc. Thermal re-ignition is also called “dielectric re-ignition with space charge’

as the electrons are released from the cathode due to the high electric field.

Even if thermionic and thermal effects are negligible due to the low temperature of the residual plasma
and contact surface, the recovery voltage exceeding the breakdown voltage triggers breakdown and
leads to re-ignition. In the case of the high electric field (the high recovery voltage), electrons emitted
from the cathode are accelerated to gain enough kinetic energy for ionisation. This situation can
happen in LVSDs when the system voltage is applied across a short contact gap, which is not

sufficient to prevent breakdown from occurring.
Types of Re-ignition

Hauer classified the re-ignition phenomena into two types based on the current and voltage
waveforms; ‘instantaneous’ and ‘delayed’ re-ignition [52]. Figure 32 and Figure 33 show the
examples of measured waveforms when instantaneous and delayed re-ignitions occur in the MCCB.
In the case of instantaneous re-ignition, the arc re-ignites and the current continues to flow
immediately following the current zero point; however, delayed re-ignition has a pause without
current flowing prior to arc re-ignition. In LVSD interruption tests, delayed re-ignition occurs much
less than instantaneous re-ignition. In Hauer’s experiment, only 8 delayed re-ignitions are observed
while 31 instantaneous re-ignitions occur. Similarly, 6 delayed and 31 instantaneous re-ignitions are

recorded among 110 switching tests in this thesis.
37



— interruption current
interruption voltage

12000+ -800

9000 -600
6000 -400
3000 -200

0 T T T T T T T T T

-3000 1

interruption current (A)

-6000

interruption voltage (V)

-9000 +

-12000-

time (ms)

Figure 32 Voltage and current waveforms when instantaneous re-ignition occurs under the
conditions of the 10 kA short-circuit current, 600V system voltage [52].
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Figure 33 Voltage and current waveforms when delayed re-ignition occurs under the
conditions of the 10 kA short-circuit current, 600V system voltage [52].
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Evaluators of Re-ignition

It has been suggested that if the breakdown voltage is greater than the recovery voltage, there will be
a successful interruption without re-ignition [21], [34]; however, the problem of determining the
breakdown voltage of the arc plasma after the current zero point has not been fully addressed. This is
due to the difficulty of breakdown voltage measurement and the changes of the breakdown
characteristics of the gas-plasma mixture by complex recombination and cooling processes in the
breakers. Instead of investigating individual recovery voltage and breakdown voltage, experimental
studies about a re-ignition evaluator have been undertaken. The re-ignition evaluator refers to the

parameter to predict the re-ignition phenomena after the current zero point.

Chen et al. studied the correlation between arc motion and re-ignition in the MCs by using optical
fibre arc imaging technology [53]. In the switching test, a 400 A current is provided by the capacitor
bank charged as 808 V initially. The current oscillating frequency is 50 Hz and the copper wire is
used for the arc ignition. They used 25 optical fibres, including 7 fibres in the splitter plate region, to

detect the arc light in the chamber as shown in Figure 34.
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Figure 34 Optical fibre locations [53].

An index (K value) is defined to quantify how much of the arc enters the splitter plates. K is calculated

from Equation (9),
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T
K = Zi=9,12,13,16,19,20,23,[0 L'dt

S &y 9)
ZO‘JO L, dt

where, T refers to the total switching duration and L represents the light intensity measured from the
optical fibre. The numerator is the sum of light intensities from 7 optical fibres located in the splitter
plate region whereas the denominator is the sum of light intensities from all 25 fibres. A larger K
value means that the arc is more likely to enter the splitter plates and to stay there. Figure 35 shows
four types of the chamber configurations used in the switching tests. Each chamber has a unique

arrangement of splitter plates.
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Figure 35 Four types of chamber configurations; each chamber has a different arrangement of
splitter plates, SP1-7 refer to the types of the splitter plate [53].

It is found that there are different arc motions in four chambers and arc motion has a significant
influence on the probability of re-ignition. The bended shape splitter plate in the chamber leads to

enhanced arc motion towards the splitter plate region. The highest arc voltage is observed in the D
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chamber, which has the bended shape plates in the first and last plat position, when compared to other

chambers under the similar current condition (see Table 1).

Table 1 Experimental results associated with the chamber configurations [53].

Chamber configuration Maximum current 2 [A] Maximum voltage 2 [V]
A 532 151
B 533 188
C 536 202
D 535 225

2 1t is the average value over 25 experimental results.

Figure 36 shows K values and re-ignition probability associated with the chamber configuration. It is
seen that the higher arc voltage corresponds to the better the arc entry into the splitter plates and the
better arc entry leads to the reduction in the re-ignition probability. Here, the re-ignition probability

defined as the ratio of the re-ignition number to the total switching number (25 tests).
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Figure 36 K value ratio and re-ignition probability [53]: re-ignition probability (%) = total re-
ignition number / 25 tests *100.

Hauer et al. studied about the evaluator of re-ignition based on the MCCB switching data under the
conditions of the 606 V system voltage, 10.4 kA short-circuit current, 0.485 power factor and 60 Hz
frequency [52], [54]. A 69 kV AC power line is used as the energy source and a 7.5 MV A three-phase
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transformer is utilized to step down the voltage. The switching tests were conducted through only a
single type of MCCB under a single test condition. Several candidates of the re-ignition evaluator
were introduced; the arc energy in Equation (10), net-through energy in Equation (11), mean arc
current in Equation (12) peak arc current in Equation (13) and exit arc voltage Equation (14). The exit

arc voltage is defined as the arc voltage 20 ps prior to the current zero point.

Earc :J'Uarc(t). I(t)dt ! (10)
|2t=}I2(t)dt’ W

g 12
|:?.([|I(t)|dt, 1

= ax1 o), o

Exit arc voltage =U, (t)LZT_zoys , (o

where, T refers to the total switching duration, Uarc is the arc voltage, | is the arc current. Figure 37
shows the correlation between instantaneous re-ignition and the evaluator candidates except the exit
arc voltage. The green round dots represent the successful interruption without re-ignition whereas
the red square dots refer to the failed interruption with instantaneous re-ignition. It is seen that there
is no clear threshold in all figures between the successful and failed interruption. This implies none
of those parameters has an influence on the re-ignition phenomena in the LVSD and they cannot be

the re-ignition evaluator.
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Figure 37 Correlation between the re-ignition and evaluator candidates (the arc energy, net-
through energy, mean and peak arc current) [52].

Figure 38 shows the correlation between instantaneous re-ignition and the exit arc voltage. It is

observed that the probability of re-ignition is strongly dependent on the exit arc voltage. If the exit
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arc voltage is higher than a particular value, re-ignition probability significantly decreases and the
probability of successful interruption increases. For example, the probability of the successful

interruption without re-ignition is 90% in cases where the exit voltage is above 134V.
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Figure 38  Experimental results of exit arc voltage evaluator; the proposed threshold is 134 V
[52].

It is seen that both of proposed evaluators by Chen and Hauer provide a reasonable prediction for re-
ignition. But, there are two limitations in their results. The experimental investigations about the
relationship between the exit arc voltage and re-ignition were carried out under a single circuit
condition using a single type of LVSD. Also, the proposed evaluators themselves do not consider the
effect of the recovery voltage, which is the source of re-ignition. It is therefore essential to investigate
a more reliable evaluator including the effect of the recovery voltage, based on switching data

obtained from a more varied range of test conditions.
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2.5 ARC MODELLING IN LOW-VOLTAGE SWITCHING DEVICES

An arc simulation is one of the most effective tools in evaluating the switching performance of a
LVSD without testing of a real product since it can predict arc behaviour that is fundamental in
determining LVSD performance. Arc behaviour in a LVSD is very complex and influenced by
multiple interactions; fluid dynamics, electromagnetic phenomenon, heat conduction, and charge
carrier generation. Despite the complexity of the arc, the rapid progress of modern computer science
has allowed users to model arc phenomenon in a LVSD and to get useful information for product

design.

In this section, we deal with the assumptions for arc modelling, methodology of arc column as well

as arc root modelling and arc modelling example.

2.5.1 ASSUMPTIONS AND SIMPLIFICATIONS FOR ARC MODELLING

In order to reduce the complexity of modelling the air arc in a LVSD, several assumptions and

simplifications are adopted in the arc simulation.

Local Thermal Equilibrium

It is regarded that the arc column under the 1 atm pressure is electrically quasi-neutral and thermally
equilibrium mixture of electrons and heavy particles (ions, atoms and molecules) at the high
temperature, which is called a state of local thermal equilibrium (LTE). However, the LTE condition
does not hold in the cathode and anode roots due to the significant temperature difference of electrons
and heavy particles. In spite of thermal non-equilibrium in the arc root, it is possible and necessary to
model the whole arc including the arc column, the cathode and the anode roots at the macroscopic
scale with the assumption of LTE. If the whole of the arc is regarded to be in a state of LTE, the arc
can be treated as a single fluid, with a single temperature and a single average velocity field in the
magnetohydrodynamics (MHD) theory [55]. Based on the LTE assumption, the arc in the LVSD can

be modelled and the switching performance can be predicted through an MHD approach.
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Arc Ignition

Since the phenomenon of arc ignition by the molten bridge between contacts is too complicated to be
considered in the arc simulation, the arc initial state is modelled as a hot channel in a small gap
between contacts, which has a homogeneous temperature distribution. For example, a 15000 K

channel is modelled in a 2 mm contact gap for the arc ignition in the MCCB [56].

Laminar Flow

The effect of the turbulence flow on the air arc in a LVSD can be negligible and the arc can be
regarded as a laminar flow since Reynolds number is low. Most studies of arc simulation have been
carried out with the assumption of laminar gas flow, for example [57], [58]. Thompson et al.
calculated Reynolds number of 1000 in a MCB, which is much lower than the critical value of 2100

between laminar and turbulent flow [59].

2.5.2 ARC COLUMN MODELLING

The modelling of the arc column is based on the MHD theory involving conservation equations for

gas plasma dynamics, and Maxwell equations for the electromagnetic field.
Fluid Dynamics Equations

The mass, momentum and energy conservation equations describe the relation between the velocity,

pressure and temperature in the gas as given below,

op 7
0(§tvi)+v.(pvi\7)=—Vp+v-(ﬂVVi)+(jxg)i' (16)
o(pH)

- +v.(pH\7)=v.(/1VT)+g—T+O'E2+Srad+S,,, (17)
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where, p is the density (kg/m), t is the time (s), v is the velocity (m/s), vi is the velocity component

in i direction, p is pressure (Pa), # is the dynamic viscosity (kg/(m-s)), J is the current density (A/m?),

B is the magnetic flux density (T or Wh/m?), H is the dynamic enthalpy (J/kg) expressed by h+%\72,

and h is the static enthalpy (J/kg) determined by [e,dT - A is the thermal conductivity (W/(m-K)), T is

the temperature (K), o is the electrical conductivity (S/m), E is the electric field intensity (V/m), Srad

the radiation energy source (W/m?) and S, is the viscous dissipation (W/m®).

The mass conservation equation (15) indicates that net mass flow out of the control volume is equal
to the time rate of a decrease of mass inside the control volume (the first term represents the change
rate of the density in the control volume and the second one refers to the net difference between input
and output mass flow in the control volume). The momentum equation (16) refers to Newton’s second
law applied to a moving fluid. The left hand side of the momentum equation represents the mass
acceleration product of the gas per unit volume; whereas, the right hand side corresponds to the net
force on the gas, which is composed of the body (Lorentz force) and surface forces (pressure gradient
and viscous forces). The energy equation (17) states that the rate of change of energy inside a fluid
element (a control volume) is equal to the sum of net heat flux (thermal conduction, radiation and

ohmic heating) and the rate of work done by pressure and shear stress [60].

Electromagnetics Equations

The electric field (E ) associated with the ohmic heating source is calculated from Equations (18)
and (19),

E=-VO, (19)

where @ is the electric scalar potential (V).

The current density and magnetic flux density (J and B ) related to Lorentz force are obtained from

the next equations,
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VEA=-ud, (20)
B=VxA, (21)

J=0E, (22)

where A is the magnetic vector potential (Wb/m) and u is the permeability (H/m).

The above electromagnetic equations are applied to the source terms in the momentum and energy

conservation equations.

Air Properties

In the arc simulation, the arc plasmas is treated as a single fluid of air based on the LTE assumption.
The air properties (arc column) have nonlinear characteristics varying with the temperature and
pressure. In order to develop a reliable arc model, it is essential to use the accurate air properties
(density, electrical conductivity, thermal conductivity, specific heat capacity and viscosity) associated

with the temperature and pressure.

Murphy investigated the properties of the air plasma considering the temperature as well as pressure
and validated the calculated values against the experimental data [61], [62]. Figure 39~Figure 43
show the modelled data of air density, electrical conductivity, thermal conductivity, specific heat
capacity and viscosity as a function of the temperature (from 300 K to 30000 K) under the different
pressures (0.5, 0.8, 1, 2, 5, 8, and 10 atm). These data are used to develop the arc model in this

research.
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Figure 39  Air density as a function of the temperature under seven different pressure
conditions [61], [62].

—=— (0.5 atm
2.0E4 + —+— 0.8 atm
—+— ] atm
'E' —v— 2 atm
\CO\ 1.5E4 4 —+— 5 atm
= —<— 8 atm 25
E —— 10 atm _;"'
< 1.0E4 - I bt
5t Aot
E P
= 5.0E3 -
2
0.0 4
T T T ' T ' T T T ' T ' T 1
0 5000 10000 15000 20000 25000 30000

Temperature [K]

Figure 40  Air electrical conductivity as a function of the temperature under seven different
pressure conditions [61], [62].
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Figure 41  Air thermal conductivity as a function of the temperature under seven different
pressure conditions [61], [62].
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Figure 42 Air specific heat capacity as a function of the temperature under seven different
pressure conditions [61], [62].
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Figure 43  Air viscosity as a function of the temperature under seven different pressure
conditions [61], [62].

Radiation Loss

Radiation is the heat transfer mechanism via electromagnetic wave. It is the dominant mechanism of
heat loss in the arc of the LVSD and has a significant influence on the temperature distribution and,
consequently, plasma properties. Every local volume in the hot gas emits heat energy to the
surrounding volume and, at the same time, absorbs the energy from the surroundings depending on
temperature, frequency, geometry, etc.; therefore, it is difficult to calculate radiation loss in the arc

modelling accurately.

Radiation loss has been often computed through the net emission coefficient (NEC) which can be
easily tabulated versus temperature and simply used as a negative source term in the energy
conservation equation. The NEC describes the difference between emission and absorption of
radiation power associated with temperature, pressure and arc radius. Peyrou et al. investigated the
radiative properties of the air plasma in a wide range of temperature (300 K ~ 3500 K) under the
conditions of several different pressures [63]. Figure 44 shows NEC data of the air arc depending on
temperature and pressure with an assumption of a 10 mm radius arc (it is observed that radius of free-
burning arcs is around 10 mm at 1 atm in the case of a 10000 A current [64]). It is seen that the NEC

value increases with the temperature and pressure. Especially, the increase rate of the NEC below
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15000 K is much higher than that over 15000 K. These NEC data are used in arc modelling of this

research.
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Figure 44 NEC of air plasma for a 10 mm radius [63].

Magnetohydrodynamic Process

Arc behaviour in a LVSD is complex and it is influenced by several interactions; fluid dynamics,
electromagnetic phenomenon and heat conduction. Karetta et al. studied the simulation about a L\VSD
arc with a 3-D MHD approach and showed the arc behaviour (arc displacement, voltage and pressure)
in the simplified chamber consisting of only two parallel electrodes [65]. They presented the
modelling process of an arc column as shown in Figure 45, which becomes the fundamental in the
numerical approach of a LVSD arc. The current varied with the time is imposed at the boundary of
the electrode. The current density distribution is calculated from the electrical conductivity and
electric potential in the chamber. The current density is the main parameter to determine ohmic
heating and Lorentz force. Based on ohmic heating, Lorentz force and plasma properties, the gas flow
and energy transport are computed by conservation equations (Equations (15), (16) and (17)); and
then the distributions of temperature and pressure are renewed leading to updating plasma properties
(density, electrical conductivity, thermal conductivity, specific heat capacity and viscosity). The

updated plasma properties are used to compute new electric potential and current density in the next
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simulation time. This iteration continues until the termination condition. Basically, arc modelling of
this research also follows Karetta’s simulation process, but we include the effect of splitter plates,

contact motion, current limitation and the negative V-1 characteristics in the low current region.

Current density
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h 4
Ohmic Magnetic
heating force

Electric
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Gas dynamics:
Gas flow and energy
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Electrical Plasma

conductivity

parameters

Temperature and
pressure distribution

Figure 45 Process of arc modelling [65].

2.5.3 ARC ROOT MODELLING

The arc root is a thin layer between the arc column and the metal surface of the cathode or anode. It
has a significant influence on arc motion near the splitter plates and the arc voltage. The special

treatment is required to consider the effect of arc roots in arc modelling.

Lindmayer et al. empirically investigated the arc splitting process in the splitter plate and extended
arc modelling by considering the effect of the arc root formation during the arc splitting process [66].
Figure 46 shows the test chamber for the investigation of arc splitting. It consists of two electrodes
(1.5 x 4 mm) and a single splitter plate (3 mm total thickness). The splitter plate is divided into two
steel plates (1 mm thickness) and there is a pressboard (1 mm thickness) between them. The arc ignites
through a thin copper wire. In order to measure the current flowing through the plate, the shunt is
connected with two steel plates. A high-speed camera is used to record arc motion at a 32000 frames/s

rate.
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Figure 46 Test chamber for the investigation of arc splitting; 1.5 x 4 mm arc runners
(electrodes), a 12 mm width chamber, a 3 mm total thickness plate (two 1 mm steel plate
and a 1 mm pressboard) [66].

Figure 47 shows the arc voltage, total current and current through the splitter plate under the
conditions of the 1 kA (RMS value) prospective current, 20 % opening vent. Figure 48 presents the
arc images captured by the high-speed camera, corresponding to Figure 47. After ignition by a wire
explosion, the arc is forced towards the splitter plates by the pressure gradient and Lorentz force.
From 1.35 ms, it is observed that the arc starts to bend and to stretch around the plates before a
sufficient voltage arises for forming the arc root on the surface of the splitter plate. From 1.5 ms, the
current through the plate increases and the arc roots are formed on the splitter plate between 1.59 ms
and 1.72 ms. After arc root formation, two current paths are observed through and outside the plate.

The current through the plate reaches the total current at 7 ms.
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Figure 47 Arc voltage, total current and current through the splitter plate under the conditions
of the 1 kA (RMS value) prospective current, 20 % opening vent [66].
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Figure 48 Arc images captured by high speed camera corresponding to Figure 47 [66].

It is thought that this phenomenon is the consequence of the arc roots between the arc column and
splitter plate, where the LTE does not hold and there is a space charge region. In order to implement
this phenomenon through arc modelling, Lindmayer’s group chose the macroscopic approach instead
of the microscopic scale analysis in the arc roots. They introduced the nonlinear relationship between

the voltage drop and current density in the arc root region of the splitter plates as shown in Figure 49,
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called V-J curve. The cathode and anode roots are treated equally. The voltage increases from 0 to
19.7 V in the range of the current density of 0 to 11000 A/m?; however, it decreases from a current
density of 11000 A/m? and approaches 10 V above a certain threshold of the current density (10°
A/m?). The peak voltage of 19.7 V is called the voltage hump. A thin layer (0.1 mm) is modelled in
front of the splitter plates and its local electrical conductivity is determined according to the V-J curve

(see Figure 49). The electrical conductivity in a thin mesh is calculated as below

Oy = ‘]arv_ , (23)

where, Jar is the current density Var is the voltage drop in the arc root and Ay is the layer thickness

(0.2 mm) [67].

Voltage hump

: T T T ; T
0.0 5.0E4 1.0E5 1.5E5

Current density [A/m”2]

Figure 49 Nonlinear relationship between the voltage drop and current density in the arc root
region (V-J curve) [68].
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The preliminary simulation of the arc root formation was carried out by the commercial software,
ANSYS CFX. The model has two parallel electrode (4.5 x 1.5 x 16 mm), one copper plate (4.5 x 2 x
7 mm) and a fully open vent. The arc current of 100 A DC is imposed to the electrode and the constant
magnetic field (0.001 T) is applied in the chamber. Figure 50 shows the simulated results (current
density) of arc splitting process. After ignition, the arc moves upwards and reaches the splitter plate
at 0.24 ms. It starts to bend and the arc roots are visible at 0.48 ms. At 0.66 ms, two current paths are

seen through and outside plate. At 0.72 ms, nearly the total current flow through the plate.

Fam

 ———
0.0 0.24 0.48 0.66 0.72
(@ 0ms (b) 0.24 ms (c) 0.48 ms (d) 0.66 ms () 0.72 ms

Figure 50  Simulated current density under the conditions of the 100 A DC current, 0.001 T
magnetic field and fully open vent [66].

Lindmayer’s arc root model (V-J curve in Figure 49) can simulate the arc behaviour when the arc
enters the splitter plate region. It becomes the fundamental method to consider the arc root effect in
arc modelling. But, there are few simulation studies that have investigated the negative V-I
characteristics in the low current region as described in 2.2.4. Experimental results shows the arc
voltage increases as the current decreases in the low current region, below approximately 100 A where
the arc root voltages are the mainly contribution. It is essential to consider the negative V-I
characteristics in order to obtain the accurate arc voltage near the current zero point. In this thesis, we
will investigate the effect of Lindmayer’s V-J curve on the arc voltage in the low current region and

propose a modified V-J curve considering the negative V-I characteristics in the LVSD arc.
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2.5.4 ARC MODELLING EXAMPLE

Rong et al. carried out arc modelling based on the description above [67]. They modelled the MCB
chamber that quite has a quite complex structure. Figure 51 shows the geometry of the MCB chamber
consisting of 12 splitter plates, 2 vents, and side plates. The process of contact opening is not included
and the simulation begins with a fully open contact gap. The NEC method is used for radiation loss
and Lindmayer’s idea is adopted to consider the arc root effect. The limited current is calculated based
on the external circuit and arc voltage. A no slip wall condition is imposed on the interfaces between
the fluid and solid part. All outside surfaces have the temperature of 300 K and zero magnetic vector

potential is set on the outermost background surfaces.

Figure 51 Geometry of the MCB; (1) Movable contact, (2) fixed contact, (3) upper runner, (4)
lower runner, (5) splitter plate, (6) vent 1, (7) vent 2, (8) iron, (9) U-shape area of the upper
runner, (10) air zone in chamber [67].

Figure 52 shows the simulated and measured results of current and arc voltage under the condition of
the 2500 A (RMS value) prospective short-circuit current. The short-circuit current is provided from
the capacitor bank. In the experiment, the switching process begins with contact opening, which is
different from the simulation. Figure 53 presents the simulated temperature distribution in the MCB
chamber, which corresponds to Figure 52. After ignition, the arc voltage increases until around 1.5
ms as the arc moves towards the splitter plates. Between 1.5 ms and 2.0 ms, the arc moves backwards
since arc motion is blocked by the splitter plates, leading to a significant voltage drop. After then, the
arc roots are formed on the splitter plates and the arc voltage increases up to 230 V. There are some
discrepancies between measured and simulated results. The overall simulated arc voltage is lower

than the measured one; hence, the simulated arcing time is longer by 0.7 ms. Several big drops of the
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arc voltage are observed in the experimental results, which is related to arc back motions near the
splitter plates; but, only a single voltage drop and arc back motion is simulated. But, it is worth
mentioning that Rong’s arc simulation is carried out with the real MCB considering current limitation

and arc root formation.
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Figure 52 Simulated and measured results of current and arc voltage [67].

t=0.600ms t=1.500ms

t=2.015ms

Figure 53  Simulated temperature distribution in the MCB chamber, which corresponds to
Figure 52 [67].
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In order to validate arc modelling, most of numerical studies compares only current and voltage
waveforms like Figure 52; but, comparing arc motion is essential since arc motion is a fundamental
characteristic of the LVSD arc, which determines the arc voltage and current limitation. In this thesis,

we will compare the simulated arc motion (temperature distribution) with the arc images measured

by the AIS for arc modelling validation.
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2.6 SUMMARY

LVSDs can be classified into MCs, MCBs, MCCBs and ACBs. All of LVSDs switch the current in
the quenching chamber which contains air. Air at ambient conditions is a good insulating medium
which is sufficient to withstand the electric field under the low voltage condition. However, during
the switching process of a LVSD, air is transformed into a conductive medium, the air arc, which is

the ionized mixture of ions, electrons and neutral particles.

The air arc consists of three regions: an arc column, a cathode root and an anode root. The ac column
is the plasma zone where the LTE condition holds. The arc column can be modelled through the MHD
approach. The arc root (a cathode and an anode root) is a thin region between an arc column and the
metal surface of the cathode or anode. The special treatment is required to simulate the effect of the

arc root since the LTE condition does not hold in it.

The switching performance of a LVSD is determined by current limitation and re-ignition
phenomena. Numerous empirical and numerical studies have been carried out in an attempt to predict

and improve the switching performance; yet, there are some limitations in previous researches.

Firstly, there is little investigation of re-ignition phenomena and its evaluator based on a broad range
of switching conditions (test circuit and type of LVSDs). In previous studies, the experimental
investigations were carried out under the limited test condition (a single circuit condition using a
single type of LVSD). Also, previously proposed evaluators do not consider the influence of the
recovery voltage, which is the source of re-ignition. It is therefore necessary to investigate a more
reliable evaluator including the effect of the recovery voltage, based on switching data obtained from

a more varied range of test conditions.

Secondly, most of simulation work has focused on current limitation and behaviour of the arc plasma
prior to the current zero moment without evaluating re-ignition following the current zero point. The
numerical simulation calculating both current limitation and re-ignition phenomena is required to

predict the whole switching performance.

Thirdly, it is known that arc motion has a significant influence on the arc voltage that is one of the
main characteristics of the air arc. However, there has been little empirical work about detailed arc
motion in the splitter plate region and its effect on the arc voltage. Most of arc motion experiment has

been carried out without capturing arc images in the splitter plate region in previous studies.

Fourthly, the vent distribution can be the design parameter of a quenching chamber, which influences

arc motion during the switching process. No previous study has investigated the effect of the vent
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aperture distribution on arc motion; it is worth to study the influence of the vent distribution in an

attempt to improve the switching performance.

Finally, the AIS has been widely used to investigate arc motion in the L\VVSD chamber by capturing
the arc light intensity. It is assumed that the light intensity measured by the AIS is related to the arc
temperature. Nonetheless, there has been no detailed empirical study about the correlation between

the light intensity and arc temperature; hence, this thesis covers the experimental investigation about
it.
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CHAPTER 3: EXPERIMENTAL METHODS

3.1 PURPOSES OF EXPERIMENTS

There are three kinds of experiments in this thesis; the switching tests, arc imaging measurement and

arc spectrum measurement.

The switching tests are carried out with 10kA, 20kA, 55kA and 100KkA test circuits using either MCBs
or MCCBs. These various kinds of switching data are used to investigate a more accurate and reliable

evaluator for the prediction of re-ignition phenomena.

The arc imaging measurement is conducted with the FTA and AIS. The measured data is used to
study detailed arc motion in the splitter plate region and the effect of the vent aperture distribution on
arc behaviour. Moreover, arc modelling is validated by comparing the simulated results with

measured arc images.

The arc spectrum measurement is conducted by capturing the arc light intensity as well as arc spectra.
The arc temperature is calculated from the arc spectra and its correlation with the light intensity is
investigated. Based on the results of this experiment, we can prove that the light intensity measured
by the AIS represents the arc temperature distribution, which is essential information to validate arc

modelling.

3.2 SWITCHING TESTS FOR RE-IGNITION EVALUATORS

3.2.1 SWITCHING TEST CIRCUITS AND CONDITIONS

The investigation for re-ignition phenomena and its evaluator has been carried out based on the
switching data of various kinds of test conditions. Several kinds of LVSDs are used for the switching
tests. Figure 54 shows diagrams of the interruption test circuits for single- and three-phase LVSDs.
The short-circuit condition is adjusted by a transformer, resistor and reactor. Only R and T phases are
utilized for the single-phase tests. A 13.8 kV commercial power line is used as the power source for
the 10 kA and 20 kA switching tests, whereas a short-circuit generator provides the energy for the 55
kA and 100 KA tests. The current and voltage of each phase are recorded by an oscilloscope (10 MHz,
Yokogawa DL750), a passive voltage probe (250MHz, Tektronix P5100) and a Rogowski current
transducer (16MHz, PEM CWT).
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Figure 54 Test circuit diagrams for a single-phase and three-phase LVSD:
(1) back-up circuit breaker, (2) three-phase transformer, (3) making switch, (4) resistor,
(5) reactor, (6) single-phase MCB, (7) three-phase MCB or MCCB.

Table 2 shows the test condition of each switching case. All tests are carried out with the 60 Hz source.
A total of 110 interruption tests are conducted with previously unused switching devices under five
different test circuits. There is a single test circuit condition (voltage: 252 V, prospective current: 10
kA) in the single-phase tests. For three-phase tests, four kinds of test circuit conditions (voltage: 483
V, prospective current: 10, 20, 55, 100 kA) are used. The power factor is selected according to the
test standard [14]. Table 3 shows the quenching chamber features of the LVSDs used for given
switching tests. When the circuit condition is repeated for the tests on the same LVSD type (for
example, the switching cases of test number 1 — 26 in Table 2), the venting condition varies or some
components within the quenching chamber are replaced. This includes changing the geometry of the
movable and fixed contact, splitter plate, side plate, magnetic yoke or gassing material. Therefore,
there is no identical test condition among 110 switching cases presented in Table 2. Testing a variety
of circuit conditions and chamber configurations provides the broad switching results for the thorough

investigation of re-ignition evaluators.
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Table 2 Switching test conditions.

Number of Voltage ? Prngfecrﬂve Power Kind Test number ©
b
phase (RMS value) (RMS value) Factor of LVSDs
1 252V 10 kKA 0.45¢ 1-26
63AF¢ MCB
10 KA 0.454 27-28
100AF MCCB 29-41
125AF MCCB 42 - 48
20 kA 0.3
250AF MCCB 49 - 52
800AF MCCB 53-56
125AF MCCB 57 - 65
160AF MCCB 66 -67
3 483V 55 kA 0.2 250AF MCCB 68 - 69
400AF MCCB 70-73
800AF MCCB 74-78
160AF MCCB 79 - 86
250AF MCCB 87-88
100 kA 0.2 400AF MCCB 89-91
630AF MCCB 92-99
800AF MCCB 100 - 110

2 The voltage value refers to the phase voltage in single-phase tests and line-to-line voltage in three-
phase tests. It is a 60 Hz voltage.

® The power factor is selected according to IEC 60947-2 [14].

¢ The test number corresponds to the switching data in results section 4.1.

d According to IEC 60947-2, the power factor is 0.5 when short-circuit current is 10 KA.

¢ Ampere Frame(AF) represents the frame size rating of the LVSD. For example, a 800 AF MCCB
has a rated current of 700 A or 800 A (r.m.s value). A different trip unit is adopted according to a
rated current.
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Table 3 Quenching chamber features of LVSDs.

Kind Type of Quantity of splitter
of LVSDs ? chamber ° plates

Parameters ©

- Venting condition
- Geometry of movable and fixed contact
63AF MCB Single 13 - Geometry of splitter plate
- Geometry of side plate
- Geometry and kind of gassing material
- Venting condition
100AF MCCB Single 10 - Geometry of splitter plate
- Geometry of gassing material
- Venting condition
125AF MCCB Single 10 - Geometry of splitter plate
- Geometry of gassing material
- Venting condition
160AF MCCB Double 16 - Geometry of magnetic yoke
- Geometry of gassing material
- Venting condition
250AF MCCB Double 16 - Geometry of magnetic yoke ©
- Geometry of side plate ®
- Geometry of splitter plate
- Geometry of magnetic yoke
- Geometry of movable contact
630AF MCCB Double 18 - Geometry of splitter plate
- Geometry of magnetic yoke
- Geometry of movable contact
800AF MCCB Double 18 - Geometry of splitter plate
- Geometry of magnetic yoke

2 Each kind of LVSDs has a different configuration of the quenching chamber. In general, the
quantity of splitter plates is larger and the volume of a quenching chamber is bigger as the ampere
frame (AF) becomes higher.

b There are two types of quenching chambers in LVSDs: one is a single contact chamber and the
other is a double contact chamber.

¢ When the circuit condition is fixed for the tests on the same kind of the LVSD (for example, the
switching cases of test number 1 — 26 in Table 2), several design parameters (the venting condition
and the geometry of a movable contact, fixed contact, splitter plate, side plate, magnetic yoke or
gassing material) of the quenching chamber are changed.

4 The polymer can be placed inside the quenching chamber to improve the switching performance.
This polymer is called the gassing material.

¢ The side plate and magnetic yoke (shown in Figure 3) influence the magnetic field in the chamber
and they help to increase Lorentz force on the arc.

400AF MCCB Double 18

3.2.2 WAVEFORM ANALYSIS

There are three possible switching outcomes: 1) a successful interruption without re-ignition, 2) a
failed interruption with instantaneous re-ignition or 3) a failed interruption with delayed re-ignition.
All interruptions with re-ignition are regarded as failures in this thesis. Figure 55 shows the current
and voltage waveforms of a successful interruption and two kinds of re-ignition in the switching test

of LVSDs. In the successful interruption, the arc is extinguished at the first current zero point without
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re-ignition (see Figure 55 (a)). In the case of instantaneous re-ignition, the arc re-ignites and the
current continues to flow immediately following the current zero point (see Figure 55 (b)); however,
delayed re-ignition has a pause without current flowing prior to arc re-ignition [52], [69] (see Figure
55 (c)).
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(b) Waveforms of instantaneous re-ignition
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(c) Waveforms of delayed re-ignition

Figure 55 Current and voltage waveforms of a successful interruption and two kinds of re-
ignition: these are the switching results of single-phase MCBs under 252 V and 10 kA
condition.

Exit Arc Voltage, Re-ignition Arc Voltage and System Voltage at the Current Zero Point

To investigate re-ignition evaluators the following parameters are derived from the switching
waveforms: the exit arc voltage, re-ignition arc voltage and system voltage at the current zero point.
The exit arc voltage is defined as the value of the arc voltage 20 ps prior to the current zero point in
either successful or failed interruptions, coinciding with the definition provided by Hauer et al. [52],
[69]. The re-ignition arc voltage is the value of the arc voltage 20 us after the current zero point only
when instantaneous re-ignition occurs. The system voltage at the current zero point is the value of the

supplied voltage across a LVSD when the arc is extinguished or re-ignites.

Figure 56 shows typical current (a) and voltage waveforms (b) during a three-phase interruption
process of a MCCB where instantaneous re-ignition occurs in the R phase and the arc is first
extinguished in the T phase. The movable contacts of the device are manually closed to the fixed
contacts from the open state at 0 ms and instantaneously begin to separate automatically due to the
repulsion force caused by short-circuit current. The arc voltage rises as the contact gap increases and
the - 93 V exit arc voltage is observed at the first current zero point (A) of the R phase. After passing
the current zero point (A), the arc polarity reverses to match the current polarity in the R phase. After

instantaneous re-ignition, the re-ignition arc voltage is recorded as 150 V immediately after the
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current zero point. The first arc interruption takes place at the first current zero point (B) of the T
phase where the 448 V exit arc voltage is observed. The exit and re-ignition arc voltage are directly
measured from the arc voltage waveforms. The system voltages at the current zero points (A: 180 V

and B: -80 V) are obtained through the extrapolation using the time period from the current zero point
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(b) Voltage waveforms

Figure 56 Current and voltage waveforms of a three-phase MCCB switching test under 483 VV
and 20 kA condition: A is the first current zero point in R phase and B is the first current
zero point in T phase.
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to the last zero moment of the system voltage prior to the arc ignition (Ati1: 9.58 ms and Atz: 8.84 ms).

If instantaneous re-ignition occurs, the data of the next current zero event are measured.

Definition of Voltage Ratio

The exit arc voltage, proposed by Hauer [52], [69], is the simplest evaluator to predict instantaneous
re-ignition, which is easy to implement in an industrial design scenario; however, this evaluator does
not consider the recovery voltage, which is the source of re-ignition. The voltage ratio is introduced
as a new evaluator of re-ignition in order to consider the influence of the recovery voltage on the arc
phenomena after the current zero point. It is defined as the ratio of the recovery voltage to the exit arc
voltage. The recovery voltage is assumed as the system voltage in the single-phase system. Figure 55
shows that the recovery voltage is mainly determined by the system voltage. But, in the three-phase

system, the voltage of the neutral point needs to be included to the recovery voltage.

In [70], Onchi et al. presented the calculation of the neutral point voltage in the three-phase LVSD

test circuit. Figure 57 shows the equivalent circuit diagram of the three-phase switching test.

U, ol L:;‘.?‘C_T

I—RT_LT f\

LVSD

Figure 57 Equivalent circuit diagram of a three-phase switching test: Usys is the system
voltage, | is short-circuit current, Uarc is the arc voltage, Uy is the voltage at the neutral
point, R is the resistance, L is the inductance and the subscripts (R, S and T) represent each
phase of the circuit.
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The circuit equation of the R-phase based on Kirchhoff’s voltage law can be expressed as,

Uy v = 1. (DR, + L,

di, (1)
dt +Uarc_R (t) +UN ] (24)

where, Usys is the system voltage, | is short-circuit current, Uarc is the arc voltage, Uy is the voltage
at the neutral point, R is the resistance, L is the inductance and the subscripts (R, S and T) represent
each phase of the circuit. We can get Equations (25), (26) and (27) since the three-phase power

sources are synchronized.

Uy r+Ug s(O+U,, ()=0. (25)

)+ 1s®)+1;(t)=0. (26)

di, () di.® _dl (@)
g o T a Y 27)

The voltage at the neutral point in the power source part can be calculated from Equation (28) by

using the three circuit equations of each phase and Equations (25), (26) and (27).

_ Uarc_R (t) +Uarc_s (t) +Uarc_T (t)
Un o 3 | (28)

It is assumed that the recovery voltage applied across each phase of the LVSD is composed of the
system voltage and the neutral point voltage. Since the arc voltage becomes zero at the current zero

point, the recovery voltage across the R phase can be written as

Uarc (t)+Uarc (t)
Urec_R =Usys_R(t)+ = 3 = : (29)

For the three-phase and single-phase system, the voltage ratio can be formulated as Equations (30)

and (31), respectively,
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rec_j

U
Voltage ratio for three phase= ——— , (30)

exit_j

sys

Voltage ratio for single phase = 31)

exit

where Uit is the exit arc voltage and j is the index of the phase.

Polarity between the Recovery Voltage and Exit Arc Voltage

When comparing the polarity of the recovery and exit arc voltage, there are two possible cases: the
same polarity or opposing polarities. If there is a strong effect of current limitation and a high exit arc
voltage during the interruption process, the current drops to zero prior to the zero point of the system

voltage and the same polarity case is observed.
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3.3 ARC IMAGING MEASUREMENT

3.3.1 OVERALL SET-UP

Figure 58 shows the overall set-up of the arc imaging test which is able to detect the arc light intensity
and to measure current and voltage waveforms during the interruption process. The arc image system
(AIS) connected to optical fibres is used to detect light brightness associated with plasma temperature.
The capacitor discharge system (CDS) generates a large current to demonstrate a short circuit
condition for the interruption test. The flexible test apparatus (FTA) is designed as the quenching
chamber for switching tests under controlled test conditions. The digital storage oscilloscope (DSO)
is a data acquisition equipment to record the current and voltage waveforms. The personal computer
(PC) is a management device to trigger the AIS, CDS, and FTA for the test. Details of the operation

of arc image measurement is explained in Appendix A.

Figure 58 Overall set-up of the arc imaging test.

3.3.2 FLEXIBLE TEST APPARATUS

The FTA is designed as the quenching chamber of a MCB [20]. We can change the configuration of
the venting and splitter plate, chamber material, chamber geometry, contact material and the opening

velocity of the movable contact; therefore, the test conditions can be controlled.
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Figure 59 shows the external and internal configuration of the FTA. Optical fibres are put on the
window of the chamber top plate and they are connected to the AIS to transmit the arc intensity. The
solenoid makes the movable contact move at the beginning of interruption test. Although the total
size of the FTA is bigger than that of a commercial MCB, the quenching chamber has a similar size

with a commercial one. Figure 60 presents the dimension of the quenching chamber in the FTA.

Connections to
— capacitor discharge —__

]

system - Vent plate
1~
T
» ——— )
4 Stack of
Ceramic splatter plates
sidewall
— Arc mmner
Fixed
contact Ceramic
—t—
sidewall
Movable *—___ Flexible
contact connector

Solenoid arm

(a) External configuration of FTA (b) Internal configuration of FTA

Figure 59 Configuration of FTA.

Figure 60 Dimension of quenching chamber in FTA: a =87 mm, b =50 mm, c =45 mm, d =
20 mm, e =32 mm, f =42 mm, g =80 mm, h=63 mm, i = 60 °.
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3.3.3 CAPACITOR DISCHARGE SYSTEM

The CDS provides the half cycle wave of the short-circuit current by discharging the electrical energy
from a capacitor bank. The magnitude of current can be changed by adjusting the charging voltage of
the capacitor bank. Figure 61 presents the schematic diagram of the basic parts in the CDS. The SCR
(Silicon-Controlled Rectifier) thyristor is a switch to turn on and off the circuit of the CDS, which is
controlled by the PC.

PC Timer
control circuit

L
Charging 'E SCR Thyristor
circuit
— C
Ay §
—
DSO are current 0.545 mQ
measurement shunt

L

DSO arc voltage ;
measurement | 1 FTA

Figure 61 Schematic diagram of the capacitor discharge system [20].

Table 4 shows the specification of the CDS. Figure 62 illustrates the variation of the short-circuit
current depending on the charging voltage. It is assumed that the arc is established at 1.9 ms and the
arc voltage reaches 160 V after a 1.6 ms arc running time. The short-circuit current is calculated by
(7) with the assumed arc voltage. As the charging voltage increases (100 V, 200 V and 300 V), the
peak value of current increases (calculated current: 780 A, 1664 A, 2606 A).

Table 4 Specifications of CDS [20].

Component Value
Capacitor 47.4 mF
Inductor 224 yH
Resistor 30 mQ
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Figure 62  Short-circuit currents depending on the charging voltage.

3.3.4 ARC IMAGE SYSTEM

Specification of AIS

The arc images (light intensity) inside the quenching chamber are recorded by using the AIS linked

to a flexible test apparatus (FTA). Figure 63 shows the AIS used in this research.

Figure 63 Commercial AIS made by Taicaan Technology Ltd [71].
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Figure 64 shows the spectral characteristics of optical fibres used in the experiments. The fibres are
connected to photodiode sensors in the AIS. The photodiode sensor has a spectral response range
from 320 nm to 1060 nm. The AIS enables the tracking of the arc motion by capturing the arc light
intensity inside the chamber during an interruption operation at 1 MHz sampling rate and 256 levels

of intensity. Table 5 shows the specification of the AIS used in this study [71].
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Figure 64  Spectral attenuation of optical fibre [72].

Table 5 Specification of AlS [71].

Item Experimental value for this study
Sampling rate 1 MHz
Number of optical fibres 109
Light intensity resolution 8 bit (0-255)
Fibre length 2m
Spectral sensitivity of
) 320 nm - 1060 nm
photodiode
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Fibre array block

Optical fibres are slotted in the fibre array block that is placed on the quenching chamber window of
the FTA. Figure 65 and Figure 66 show the fibre array block and fibre positions in the quenching
chamber, respectively. The fibre array block is made of black delrin (engineering thermoplastic). It is
possible that the fibres can detect the transmitted light from other arc positions instead of the positions
just in front of fibres; however, the black block can prevent the arc light from transmitting though it
and can record the clear arc images. An array of total 109 optical fibres is fitted into the holes of the
fibre array block to allow observation of the overall quenching chamber including the splitter plate
region of the FTA (see Figure 66). There are 32 fibres allocated in the region of the splitter plates (8

gaps with 4 fibres per gap).

Fibre array block

Figure 65 Fibre array block on FTA.

' ®
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Fibres for evaluating arc root motion
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Figure 66 Fibre locations in a quenching chamber (horizontal sections view).
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Optical fibre sheath
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Figure 67 Cross-section of the fibre array block and quenching chamber.

Figure 67 shows a cross-section of the fibre array block and quenching chamber. Each optical fibre
is slotted in the hole of the array block and it has a certain radius of view at the centre of the quenching
chamber. This radius is calculated by Equation (32) [20],

r=1t(0.5 + dfa), (32)

where t is the diameter of the fibre (1 mm), d is the distance between the block and the centre of the
chamber (15 mm) and a is the depth of the recess hole (20 mm). The viewing radius is computed as
1.25 mm.

In order to reduce the intensity of the arc light, ND (Natural Density) 8 filter is placed between the
array block and the quartz glass (see Figure 67). Figure 68 shows the spectral transmission of the ND
8 filter. This filter allows only 12.5 % transmittance of the light and helps to avoid the saturation of
the light level at each fibre; therefore, more clearer arc images can be measured.
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Figure 68 Spectral transmission of ND8 filter [73].

The main difference between the arc imaging measurement in this study and the previous one is
observation of arc images in the splitter plate region. In previous studies, optical fibres were not placed
in the splitter plate region and there were no detailed measurement of arc images in it. But, in this
study, we can capture arc images from 32 fibres in the splitter plate region. These image data can
allow to investigate detailed arc motion in the splitter plates and validate arc modelling including arc

motion in the splitter plate region.
Normalisation of Light Intensity and Arc Root Trajectory

After setting optical fibres, we normalise the characteristic of each fibre by measuring the light
intensity of the identical LED source. Through the normalisation process, each fibre’s scaled factor
is calculated, which can compensate the light loss from the connection between the fibre and the
photodiode or array block. The fibre normalisation is essential to obtain proper light intensity

distribution in the chamber.

Arc root motion is evaluated by the centre of intensity method,

Yo =S (33)



where, Xcr is the centre of light intensity, I; is the light intensity at a time for the fibre at position X;
next to cathode surface [49]. The data from 17 fibres near the fixed contact (the cathode electrode)
shown in Figure 66 are used for calculating the cathode arc trajectory in the X direction (from the
ignition point to the region of the splitter plates). In order to get rid of the influence of low light levels,
a filter value was applied to the calculation of arc trajectory in [43]. In this thesis, light levels blow

the filter value of 90 are set to zero as proposed in previous study.

Example of Arc Images

There are two modes of arc imaging display: dynamic threshold mode and fixed threshold mode. In
the dynamic threshold mode, the maximum light intensity across all the fibres at each frame is used
as the highest value, so it is good at displaying the arc when light intensity is low. The fixed threshold
mode uses the maximum light intensity for the whole data set and it is suitable for an overview of the
arc process. There are 7 contour levels for displaying the arc images. We can edit these contour levels.
In order to isolate the optimal visual position of the arc, a low range of intensity levels are used. Figure
69 shows the contour levels, which is set as [10 %, 13 %, 16 %, 19 %, 22 %, 25 %, 28 %]. In this

thesis, the contour levels shown in Figure 69 are used to present arc motion.

Contour Adjustment

Level 2: 13 %4
Level 3: 16 %o
Level 4@ 1% %
Level 5: 22 %%
Level G: 25 %
Level 7: 28 %

Dark: 3 Feset

Defaults Render: |simple +

0K ] [ Cancel

ORmRLT (1]

Figure 69 Contour level example; it is set as [10 %, 13 %, 16 %, 19 %, 22 %, 25 %, 28 %)].
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Figure 70 shows the typical arc motion in the quenching chamber during switching process. These
arc images are recorded by the AIS and gives the detailed behaviour of the arc inside the chamber.
They are displayed with the dynamic threshold mode and contour level of [10 %, 13 %, 16 %, 19 %,
22 %, 25 %, 28 %]. Basically, the arc develops with 6 steps; ignition between contacts, moving

towards plates, entering plates, positioning inside plates, back motion (jump out of plates) and
settlement in plates.

(a) Ignition

S i i

() Inside plates (e) Back motion (d) Inside plates

Figure 70  Typical arc motion during switching process; dynamic threshold mode and contour
level of [10 %, 13 %, 16 %, 19 %, 22 %, 25 %, 28 %)].
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3.4 ARC SPECTRA MEASUREMENT

In a state of LTE, the arc temperature can be evaluated by the relative intensity of spectral lines as
explained in 2.2.5. During the switching process, the arc spectrum at a single fibre location is
measured and its temperature is calculated by the Boltzmann plot method. Based on the spectroscopy
data, the relationship between the arc temperature and the light intensity measured by the AIS is

investigated.

3.4.1 OVERALL SET-UP

Figure 71 shows the set-up for the arc spectra measurement. The spectrometer, laptop and
oscilloscope are included to capture the arc spectra: the FTA, CDS, DOS, PC and AlS are used as per
the arc imaging measurement. A single fibre from the array of 109 optical fibres is connected to the
spectrometer instead of the AIS. The optical emission radiated from the arc is transmitted to the
spectrometer through this fibre during the switching operation of the FTA. Software (OceanView) is
installed in the laptop to control the spectrometer and to download the spectrum data. The integration
time (the time period that the detector of a spectrometer is allowed to collect photons [74]) and the
measuring frequency can be adjusted through OceanView. While the spectrometer operates by
OceanView, it generates a pulse signal synchronized to the starting moment for the spectrometer to
collect photons from the arc. The pulse signals of the spectrometer and current, voltage waveforms

are recorded by the oscilloscope at the same time.

Figure 71  Overall set-up for arc spectra measurement.
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3.4.2 FLEXIBLE TEST APPARATUS

During spectra measurement, the arc intensity at the same location of the spectrometer fibre cannot
be measured by the AIS (since the spectrometer fibre is already occupied at that location). The arc
intensity at the spectrometer fibre point can be interpolated from the neighbouring fibres. If the arc
moves rapidly with a back- and forth-motion, it is difficult to estimate the arc intensity of the
spectrometer fibre point. In order to keep the arc stable, the arc is ignited from a 0.2 mm diameter
copper wire and the FTA is modified as shown in Figure 72. Two blocks of glass are placed in the
guenching chamber to make a narrow, enclosed space (width 5 mm, depth 6 mm, length 30 mm) as
an arc burning chamber. There are two copper wires connected between electrodes in the modified
FTA. The capacitor bank is charged to 100 V for a switching, which provides a peak current of 450
A. Figure 73 shows the location of the spectrometer fibre; other fibres are connected to the AIS. The
neighbouring BU and BW fibres are used to interpolate the arc intensity at the spectrometer fibre.

Copper Anode
wire electrode

Glass Cathode
block electrode

Figure 72 Modified FTA with thin copper wire for arc spectrum measurement.
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Glass block

Figure 73  Fibre locations for arc spectrum measurement.

3.4.3 SPECTROMETER

An Ocean FX (the model name made by Ocean Optics) spectrometer is employed to obtain the
spectrum data in this experiment. Table 6 shows its specifications for arc spectra measurement. The
600 lines/mm grating and the 25 um slit are used in the spectrometer with sensitivity in the wavelength
range of 350 ~ 1000 nm. The integration time is 30 us and the acquisition rate is approximately 4000

frames/s.

Table 6 Specification of Ocean FX [75].

Grating 600 lines/mm
Entrance slit 25 um
Spectral range 350 — 1000 nm
Integration time ? 30 us
Acquisition rate About 4000 frames/s

2 Integration time is the time period that the detector is allowed to collect photons [74].
b Frame refers to a single data set of spectra intensities measured during a 30 us integration time.
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Figure 74 shows the pulse signals generated from the spectrometer and the current and voltage
waveforms during the arc spectra measurement. Before the current starts to flow through the FTA,
the spectrometer is activated by OceanView software. It measures the arc spectrum from each rising
edge of the pulse during a 30 ps integration period as shown in Figure 75 (the number of spectra
measurement is controlled from OceanView software). The synchronized pulse signals and the
integration time allow us to know when the spectrum is captured, thus to investigate the correlation

between the spectroscopy and arc image with the current and voltage waveforms.

Current
Voltage Current
Arc
Pulse waveform voltage
of spectrometer
) L | >
T T T Time
Spectrometer starts Cutrent start to flow Spectra are measured
to operate through the FTA while the arc exists

Figure 74  Pulse, current and arc voltage waveforms: the peak current is 450 A.
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Figure 75 Pulse duration and integration time.
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3.5 SUMMARY

We carry out three kinds of experiments; the switching tests, arc imaging measurement and arc

spectrum measurement.

The switching tests are conducted by using a single- or three-phase circuits to investigate the re-
ignition evaluator. The voltage ratio is found as a new evaluator, which is the ratio of the recovery
voltage to the exit arc voltage. The recovery voltage in the three-phase system is calculated with the
consideration of the voltage at the neutral point of the power source; whereas, for the single-phase

system, the recovery voltage is regarded as the system voltage.

The arc imaging data is used to study detailed arc motion in the overall chamber and the influence of
the vent aperture distribution on arc behaviour. The arc light intensity is recorded by using the AIS
linked to the FTA. An array of total 109 optical fibres is placed in the overall quenching chamber to

allow observation of the arc motion in the chamber including the splitter plate region.

We measure the arc spectrum and light intensity by using the spectrometer and AIS. The arc
temperature is derived from the relative arc spectrum lines and its correlation with the light intensity
is investigated. The result of this experiment is essential to prove that the arc light intensity measured

by the AIS represents the temperature distribution in the chamber.
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CHAPTER 4: EXPERIMENTAL RESULTS AND DISCUSSIONS

4.1 RE-IGNITION EVALUATORS

The exit arc voltage is the simplest evaluator to predict instantaneous re-ignition, which is easy to
implement in an industrial design scenario; however, this evaluator does not consider the recovery
voltage and its limitation in predicting successful interruption is observed in the switching test data
(see Figure 76). Firstly, there are some successful interruption cases where the exit arc voltage is too
small to forecast the success and therefore a failed interruption is expected according to the exit arc
voltage. Secondly, there is no clear threshold to distinguish a successful and failed interruption in the
evaluator of the exit arc voltage. To overcome the limitations of the exit arc voltage as a sole evaluator
and to predict re-ignition more accurately, the voltage ratio is introduced in this study, as in Equations
(30) and (31).

The new evaluator, the voltage ratio, will be helpful for the LVSD designer when developing a new
product or modifying an existing product. For example, in a new MCCB designh process, we can
evaluate the performance of a particular chamber and get the optimal design (the product which gives
the best performance among design candidates) based on the simulation of the voltage ratio evaluator.
The development time and cost will be reduced by the prediction of switching performance prior to

real product tests.

4.1.1 EXIT ARC VOLTAGE

Figure 76 presents the full data of the correlation between arc re-ignition occurrence and the absolute
value of the exit arc voltage in 10 kA, 20kA, 55 kA and 100 kA switching tests. Since each point
corresponds to a different test condition or device design, a large variation in exit arc voltage is
observed as expected. It is thought the arc is still in the contact region due to not enough driving force
on the arc in the case of a low exit arc voltage (below approximately 50 V). If the exit arc voltage
exceeds 400V it is plotted as 400 V. There are 30 successful interruptions with the same polarities
between the recovery and exit arc voltage, 74 successful ones with the opposing polarities, 31
instantaneous re-ignition events and 6 delayed re-ignition events in the switching data. In general, the
absolute value of the exit arc voltage is low in the case of instantaneous re-ignition whereas a high
value is observed in the successful interruption cases. But there are two limitations in the usage of the
exit arc voltage as an evaluator for instantaneous re-ignition as presented in Figure 76. The average

value of the exit arc voltage of all instantaneous re-ignition events is 47 V, however two successful
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Figure 76  Re-ignition occurrences depending on the exit arc voltage: the exit arc voltage is
plotted as 400 V if it is greater than 400 V.
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cases (A and B in Figure 76) are marked below this average, which is not explained by the evaluator
of the exit arc voltage alone. Additionally, there is no clear threshold between successful and failed
interruptions. Except A and B points, the minimum exit arc voltage in the case of the successful
interruption is 73 V, whereas the maximum value in the instantaneous re-ignition case is 149 V. There
are 20 successful cases and 6 instantaneous re-ignitions in this overlapping region between 73 V and

149 V, which are not predicted by the exit arc voltage, accurately.

The delayed re-ignition phenomena cannot be predicted by the exit arc voltage. This may be attributed
to a fault in the LVSD operating mechanism detected during the post-test examination of the device.
As an example of the post-test examination, if the movable contact is not locked by the operating

mechanism after opening, it can rebound and the contact gap will reduce, causing a failure.

4.1.2 VOLTAGE RATIO

Figure 77 uses the same test data as Figure 76, but now shows the dependence of the re-ignition
occurrence on the voltage ratio defined in Equations (30) and (31). Values below a voltage ratio of -
3.0 are plotted as -3.0. Three groups of the voltage ratio are observed: the first (region 1) is the positive
ratio (in the case of the same polarity between the exit and system voltage), the second (region 2) is
the range of 0 to -2.0 and the third (region 3) is less than -2.0. Omitting the cases of delayed re-
ignition, all switching trials are successful in the range of the positive voltage ratio. There are 74
successful interruptions with the opposing polarity and 2 instantaneous re-ignition cases in the second
region of 0 to -2.0 voltage ratio. Only instantaneous re-ignition events are seen in the range below -
2.0. Particularly, both A and B successful interruptions are predicted by the voltage ratio, which is -
0.52 and -1.37, respectively, but not by the exit arc voltage evaluator. Overall, it can be concluded
that the voltage ratio is a more detailed and accurate evaluator to forecast the switching performance

than the exit arc voltage.

Like the exit arc voltage, the voltage ratio evaluator cannot predict delayed re-ignition that is

associated with the failure of the operating mechanism of the LVSD.
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4.1.3 DISCUSSION

Region of the Positive Voltage Ratio

The successful operation with a positive voltage ratio can be explained by the inconsistency of the
circuit equation near the current zero point. As the voltage drop across the external resistive load is

negligible, the circuit equation near the current zero point in the single-phase test can be expressed as

Uy () -U,. ()= L% : (34)
For the three-phase circuit, the voltage between the system voltage and the voltage at the neutral point
is required in Equation (34). If instantaneous re-ignition occurs in the range of the positive voltage
ratio with the decreasing current where both system voltage and exit arc voltage are initially positive,
the value of the left hand side in Equation (34) prior to the current zero moment is negative due to a
higher arc voltage compared to the system voltage. But it switches to positive immediately after the
current zero moment due to a positive system voltage and the inversion of the arc voltage to negative
if the current continues to flow after the zero point. However, the value of the right hand side is still
negative because the current continues to decrease after the current zero point. It indicates that such

situations are not possible and the only solution is an open circuit, i.e. successful interruption.

Region of the Negative Voltage Ratio

The situation of the negative voltage ratio can be explained with the aid of the race theory presented
by Slepian [34]. Instantaneous re-ignition occurs in the case of the recovery voltage (which is
effectively an open circuit voltage across the gap in the device) being higher than the breakdown
voltage immediately after the current zero point. As the value of the arc voltage is determined by the
power input required to sustain the arc [21], the breakdown voltage should be greater than the arc

voltage.
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Figure 78 Relationship between the absolute values of the re-ignition arc voltage and exit arc
voltage; the absolute value of the re-ignition arc voltage is higher than that of the exit arc
voltage in all cases.

It can be observed in Figure 78 that the absolute value of the re-ignition arc voltage (the arc voltage
immediately after the current zero point) is greater than that of the exit arc voltage in all instantaneous
re-ignition cases. From this test result, it is apparent that the exit arc voltage has a significant influence
on the arc characteristics immediately after the current zero point. Further, Figure 78 shows that a
different test condition leads to very different re-ignition arc voltage which in turn indicates that the

exit arc voltage itself is probably not the best evaluator.

It is in agreement with the theory, that there is no instantaneous re-ignition in the range of 0 to -1.0
voltage ratio, i.e. when the breakdown voltage is higher than the recovery voltage (note that the
breakdown voltage is always higher than the exit arc voltage due to cooling effects). In practice, the
threshold between successful and unsuccessful interruptions is observed at more relaxed conditions,
when the voltage ratio of approximately -2.0 (see Figure 77). There are two possible explanations for
the observed threshold. The increase in the breakdown voltage due to plasma cooling and reduction
in plasma conductivity is possible; therefore, a higher than the exit arc voltage is needed to support a
colder arc. The other explanation can be a switching of cathode and anode roots (especially, space
charge layers) over the splitter plate surfaces. This switch takes place just before re-ignition when the
sufficient recovery voltage is applied to 1) compensate the voltage drop (which corresponds to the
exit arc voltage) in the existing sheaths (space charge layers) allowing electrons and ions to move in
the opposite direction; 2) to create an additional voltage drop with opposite polarities accelerating
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electrons and ions for the ions generation at the anode and the electron emission from the cathode. If
we assume that situation (like the temperature) in the arc roots as well arc column immediately after
the current zero is similar with that just prior to the zero point, the magnitude of the additional voltage

with opposite polarities has a similar value of the exit arc voltage.

There are rare cases when re-ignition occurs at the ratio above -2.0. We believe that these cases
correspond to situations when the arc is attached at the edges of some splitter plates prior to the current
zero point and the arc re-ignites directly through an air gap skipping the edges. This re-ignition does
not require the sheath switch as the arc is established through the hot gas region in front of the splitter
plates without creating an additional voltage drop in the cathode and anode roots. In this case, the
breakdown voltage can be less than 200% of the exit arc voltage, however, always greater than 100%
of the exit arc voltage. The modelling can select the LVSD design to push the arc further towards
splitter plates and this would allow to consider the relaxed re-ignition criterion, which is the voltage
ratio > -2.0.
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4.2 ARC MOTION

It is known that arc motion has a significant influence on the arc voltage that is one of the main arc
characteristics to determine switching performance; however, there has been little empirical work
about detailed arc motion in the splitter plate region and its effect on the arc voltage. In addition, no
previous study has investigated the effect of the vent aperture distribution on arc motion, which can

be the design parameter of a quenching chamber like the vent size.

In this section, the correlation between arc motion and arc voltage is investigated based on the arc
voltage waveform and arc image data covering the overall quenching chamber including the splitter
plate region. Also, the influence of the vent distribution (the distribution of vent apertures) on arc

motion is experimentally investigated in an attempt to improve switching performance.

4.2.1 CORRELATION BETWEEN ARC MOTION AND ARC VOLTAGE

Figure 79 presents the arc voltage and the cathode arc root trajectory obtained by Equation (33) under
23 % open vent condition when the 1800 A peak current (see Figure 80) flows through the FTA. The
CDS is charged to 200V and the flat Cu fixed contact is used. It is observed that there is
synchronisation between the arc voltage drop and arc back-motion (back-jump); i.e. the arc voltage
significantly falls when the arc root moves backwards (jumps towards the ignition region). Figure 81
shows the measured arc images with corresponding waveforms in Figure 79. They are displayed with
the dynamic threshold mode and contour level of [10 %, 13 %, 16 %, 19 %, 22 %, 25 %, 28 %]. After
ignition, the arc elongates as the movable contact parts from the fixed contact and the anode arc root
jumps from the movable contact to the arc runner at around 4.0 ms. The arc gradually moves towards
the splitter plates and the arc voltage rises; however, the cathode arc root suddenly moves backwards
by 8 mm at 4.6 ms (see Figure 81 (d)) and there is another significant back-motion (back-jump) by
20mm at 4.85 ms (see Figure 81 (h)), leading to notable drops of the arc voltage. After then, the arc
is forced again to enter the splitter plates by the gas flow and Lorentz force, but it is seen that the arc
is not able to stay stably at the splitter plates because of arc back-motion (see Figure 81 (j), (1), (n)
and (p)). Even though the arc fully enters the splitter plates, the reverse arc motion occurs afterwards

as shown in Figure 81. (m) ~ (p).
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Figure 79  Arc voltage and cathode root trajectory waveforms; to is the arc ignition time (or
the contact separation time), t; is the starting time of the cathode root motion and t> is the
time when the arc extinguishes.
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Figure 80  Current during switching process under 200 V charging voltage.
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Figure 81 Arc images during interruption process: each image corresponds to (a) ~ (p)
instants in Figure 79: dynamic threshold mode and contour level of [10 %, 13 %, 16 %, 19
%, 22 %, 25 %, 28 %)].
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Apart from a significant drop of the arc voltage as shown in Figure 79, there is a voltage fluctuation
(instability of arc voltage) at a high frequency when the arc is near the splitter plates after 6.0 ms. In
order to investigate the interaction between the arc motion and the voltage fluctuation, the arc voltage
and cathode root trajectory waveforms are zoomed into as shown in Figure 82. It can be seen that the
arc voltage fluctuation is dependent on the trajectory of arc cathode root: when arc root moves further
to plates the arc voltage increases, whereas the voltage drops when the arc retreats away from plates.

It is shown that the arc motion in the splitter plate region contributes to this voltage fluctuation.
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Figure 82  Arc voltage and cathode root trajectory waveforms from 6.0 ms to 7.2 ms.

The individual light intensity can show the evidence of the interaction between the arc motion and
the fluctuation of arc voltage. The arc voltage and light intensity of the fibre CD (see Figure 83), at
the front of the splitter plates, are presented in Figure 84. A clear correlation between the arc voltage
and the light intensity at fibre CD is observed. In general, when the arc comes out from the splitter
plates (when the fibre CD has the peak light intensity), the arc voltage drops coincidentally. A close
inspection of the arc images shows that the arc suddenly jumps back (the arc comes out from the
splitter plates), leading to creation of new current paths in front of splitter plates and enters again
splitter plates. Figure 85 shows the arc images at (a) ~ (f) instance in Figure 84 where the arc voltage
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and light intensity of fibre CD have the local peak point between 6.00 ms and 6.23 ms. The arc images
are displayed with the fixed threshold mode and contour level of [10 %, 13 %, 16 %, 19 %, 22 %, 25
%, 28 %]. The arc almost fully enters the splitter plates at 6.052 ms with an arc voltage of 236 V (see
Figure 84 (a)); however, shortly later the arc suddenly jumps backwards with a drop of arc voltage
and it is established at the front of the splitter plates (see Figure 84 (b)). This forwards and backwards
arc motion including a significant difference of arc voltage is also observed at (c), (d) and (e), (f) of
Figure 84. This instability in the splitter plate’s region repeats a number of times before the arc
stabilises at around 7.15 ms, where the arc voltage remains relatively stable for the remainder of the

event.

In Figure 84, there are some regions where the arc voltage is not correlated to the light intensity of
the fibre CD. For example, there is no correlation between the arc voltage and intensity of the fibre
CD at around 6.6 ms. It is due to limitation of a single fibre’s data, which cannot represent the whole
behaviour of the arc; but, the correlation at around 6.6ms is observed between the arc voltage and
fibre DE intensity.

Figure 83 Location of fibre CD.
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Figure 84 Arc voltage and light intensity on fibre CD.
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(e) 6.207ms (244V)

(f) 6.229ms (192V)

Figure 85 Arc images at (a) ~ (f) instants in Figure 84; fixed threshold mode and contour level
of [10 %, 13 %, 16 %, 19 %, 22 %, 25 %, 28 %].

4.2.2 EFFECT OF VENT SIZE AND DISTRIBUTION

Table 7 shows the vent conditions employed in the experiments. Three kinds of vents (closed, partially
open and fully open) are used to investigate the effect of the vent size, whereas two kinds of vents (2

apertures and 12 apertures) are used for the study of the effect of the vent distribution. The identical

size of vent area (23% open) is adopted in the experiments of the vent distribution; however, there

are different distributions as shown in Figure 86.

Table 7 Vent conditions.

Purpose of experiments

Vent conditions

Effect of vent size
on arc motion

Closed
(0% open)

Partially open
(23% open)

Fully open
(100% open)

Effect of vent distribution
on arc motion

2 apertures
(23% open)

12 apertures
(23% open)

! The partially open vent is the same one with the 2 apertures vent used in the study of the effect of the vent distribution.

(a) 2 apertures vent

Figure 86  Two types of vent distribution.
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To evaluate the effect of the vent condition on arc motion and switching performance, several

parameters are introduced based on the cathode root motion and arc voltage as shown in Figure 79,

[ x(t)at
X :tl— L]
wr =L (35)
[ Ve (bt
U over T (36)
tarcing = t2 _to ’ (37)
X
V I — aver ,
¢ e tarcing (38)
12t=[" 17 (0t (39)

where Xaer IS the average displacement of the cathode root, Uar IS the average arc voltage, tarcing IS
the arcing time, Velaer is the average velocity of the arc, 1t is the net-through energy, x is the cathode
arc root trajectory (or the centre of light intensity), Uar is the arc voltage, | is the current, to is the arc
ignition time (or the contact separation time), t; is the starting time of the cathode root motion and t;

is the time when the arc extinguishes.

Vent Size

Table 8 shows the experimental results of the effect of the vent size on arc motion and switching

performance. Each parameter value represents an average value from 3 repeated switching tests. In

general, the arc moves further and more quickly towards the splitter plates and switching performance

is improved as the vent size increases. A greater average displacement of the cathode root (Xaver),

higher average arc voltage (Uawr), Shorter arcing time (tarcing), higher average velocity (Velawr) and

less net-through energy (1°t) are measured in a wider vent, which benefit the switching process of a
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LVSD. Figure 87 and Figure 88 present the comparison of the cathode root trajectories and arc voltage
waveforms associated with the vent size. The waveform in Figure 87 and Figure 88 is not an average
value but a single test result. The arc in the fully opened test initially reaches the splitter plates and
there is a relatively high and stable arc voltage when compared to the partially open and closed cases.
It is seen that there are significant fluctuations in the cathode root trajectory of the partially opened
test, causing notable drops of the arc voltage. Also, the lowest velocity of the cathode arc root is

observed in the closed case, which leads to the low arc voltage during the whole switching process.

Table 8 Results of effect of vent size.

Closed Partially open Fully open
(0% open) (2 apertures, 23% open) (100% open)
Xaver [mm] 23.2 25.6 345
Uaver [V] 95.3 124.6 143.3
tarcing [mS] 508 401 366
Velaver [MM/S] 4,57 6.38 943
1%t [A%] 7501 6974 5788

> Each parameter is an average value from 3 repeated switching tests.
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Figure 87 Cathode root trajectory waveforms depending on vent size; a single test result.
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Figure 88 Arc voltage waveforms depending on vent size; a single test result.

Vent Distribution

Table 9 shows the effect of vent distribution on the LVVSD switching process. It can be said that the
well distributed vent achieves better switching performance due to decreased arc back-motion and
fast arc motion towards the vent. Much less fluctuation and faster motion are observed in the cathode
root trajectory of the 12 apertures vent test when compared to the 2 apertures case as shown in Figure
89. In addition, it is seen from Figure 90 that the arc voltage in the 12 apertures test is higher than that

in the 2 apertures case, resulting in the better current limitation.

Table 9 Results of effect of vent distribution.

2 apertures (23% open) 12 apertures (23% open)
Xaver [Mm] 25.6 28.9
Vacer [V] 124.6 134.9
tarcing [MS] 4.01 3.74
Vel aver [Mm/s] 6.38 7.73
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> Each parameter is an average value from 3 repeated switching tests.
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Figure 89 Cathode root trajectory waveforms depending on vent distribution; a single test
result.
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Figure 90  Arc voltage waveforms depending on vent distribution; a single test result.

4.2.3 DISCUSSION

It is observed that arc back- and forth-motion in the splitter plate region leads to the instability of the
arc voltage. Forming new arc roots on the surface of the splitter plate requires a certain amount of
energy to emit electrons from the cathode and to generate ions at the anode. In a LVSD, the arc enters
the splitter plates leading to new arc roots by stretching and bending near the splitter plate. During
the arc splitting and root forming process in the plates, a new current path can be created in front of
the splitter plates where there is a hot gas (low electrical resistance). This phenomena causes the
instability of the arc position in the splitter plate region, which is related to the fluctuation of the arc
voltage.

The cathode root trajectories have been obtained from AIS data and they are used to analyse the
influence of vent size and distribution on the switching process. It is shown that the arc moves further
and more quickly if there is a larger vent opening area in the quenching chamber. This is due to the
wider vent providing better conditions for gas flow. Practical LVSDs do not have a fully open vent,
but partially open vent. Fully open vents can cause the contamination of the quenching chamber and
short-circuit between phases (R-S or S-T) of a LVSD during interruption operation. Additionally,
partially open vents can generate a higher arc voltage than fully open vent due to achieving higher
chamber pressure.

From AIS data, it is shown that the well distributed vents help increase the arc motion velocity and
improve switching performance. It may be caused by the different gas flow due to the vent. Figure 91
shows a comparison of gas flows between the 12 apertures vent and 2 apertures vent.

12 apertures
vent

(a) 12 apertures vent (b) 2 apertures vent
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Figure 91 Comparison of gas flows in the case of 2 apertures and 12 apertures vent.

In the 12 apertures case, the gas uniformly flows out through 12 apertures and there is no blocking
influence of vent distribution on the gas flow. However, in 2 apertures vent, the gas mainly flows
through two path as shown in Figure 91 (b), and there is a relatively high pressure region between
two apertures (A in Figure 91 (b)), which leads to blocking effect on gas flow. It prevents the gas

from flowing smoothly inside the chamber. There are related simulation results in section 5.2.4.
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4.3 ARC TEMPERATURE

Since the higher temperature leads to greater radiation (the higher energy of photon emission), it is
assumed that the light intensity of the arc measured by the AIS is related to the arc temperature
However, there has been little study related to this. In this section, correlation between the arc

intensity and arc temperature is investigated to determine the effect of temperature on the arc intensity.

4.3.1 CuU | LINES OF EMISSION SPECTRA

Figure 92 shows the current, arc voltage and spectra trigger pulse waveforms while a peak current of
450 A flows through the modified FTA. It is observed that the copper wire ruptures due to ohmic
heating at 1.22 ms. During the arc existence period (between 1.22 ms and 9.69 ms), 36 frames of
spectrum are measured by the spectrometer as shown in Figure 92; however 22 frames (from the 7th
to 28th frame) are used to calculate the arc temperature since only these data have the distinct
intensities of Cu I lines. It can be suggested that there is a period of burning of the Cu wire, from
1.22 ms when the arc starts to 2.53 ms (the position of the peak of arc voltage). With more Cu added
as the wire is evaporated along its length. After 2.53 ms there is no wire remaining and the Cu gas is

mixed with air.
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Figure 92 Current, arc voltage and pulse waveforms for arc spectra measurement; the voltage
of spectrometer pulse is 3.3 V.
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Figure 93 shows the spectra wavelengths between 500 nm and 600 nm, measured from the 7th to 28th
frames which is used to calculate the arc temperature. It is seen that there are separate and distinct Cu
I spectrum lines at 510.55 nm, 515.32 nm, 521.82 nm, 529.25 nm and 578.21 nm. Distinct spectrum
lines are not observed in the 1st to 6th frames. This can be because the wire has not yet evaporated at
the position of the spectrometer fibre. Also, from the 29th frame onwards, the peaks of Cu I spectrum

lines are weak to evaluate the temperature.
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Figure 93  Cu | spectrum lines of arc plasma from 500 nm to 600 nm, measured at the frames
of 7th to 28th in Figure 92; the spectrum intensity of the 7th frame reaches the saturated
value of the spectrometer at 521.82 nm.

Figure 94 shows the intensity of 510.55 nm spectrum line measured at the frames of 1st to 28th. Just
after the Cu wire rupture at 2.53 ms, the highest value of spectrum intensity is measured at the 7th
frame and it drops by over 40 % at the 8th frame. Based on these data, we assume that the copper

vapour from the fuse wire is attached on the wall just after the rupture and it disappears quickly.
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Figure 94 Cu | spectrum line at 510.55 nm measured at the frames of 1st to 28th
in Figure 92.

Each spectrum line has own energy level, statistical weight and transition probability as shown in
Table 10 [76] and these parameters are used to evaluate the arc temperature by the Boltzmann plot
method. In the 7th frame, the spectrum intensity at 521.82 nm reaches saturation; therefore, only four
intensities (510.55, 515.32, 529.25 and 578.21 nm) are used for the arc temperature calculation.

Table 10  Parameters of Cu | line spectrum [76].

Spectrum Wavelength [nm] Energy of upper state [eV] gA? [108 s
510.55 3.82 0.080
515.32 6.19 2.4
Cul
521.82 6.19 4.5
529.25 7.74 0.87
578.21 3.79 0.033

2g and A refer to the statistical weight and transition probability of the upper level, respectively.

4.3.2 CALCULATION OF ARC TEMPERATURE

The effects of ND8 filter transmission, fibre attenuation and spectrometer efficiency are included to

obtain accurate spectrum intensities. Figure 95, Figure 96 and Figure 97 show the data of ND8 filter
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transmission, fibre attenuation and spectrometer efficiency in a range of 500 nm to 600 nm
wavelength. The relative intensity of the arc is calculated based on the measured intensity data (see
Figure 93) and the characteristics of the filter, fibre and spectrometer (see Figure 95, Figure 96 and

Figure 97) as below

| =i - f(filter, fibre, spectrometer), (40)

where, | is the relative intensity, im is the measured spectrum intensity and f(filter, fibre,
spectrometer) is the factor to consider the influence of the ND8 filter, fibre and spectrometer. Table
11 shows the relative intensity of Cu I spectrum lines, In(Al/gA), the linear trend line and calculated
arc temperature at the 8th, 10th, 13th, 16th and 18th frames as shown in Figure 92.
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Figure 95 NDS8 filter transmission in a range of 500 nm to 600 nm [73].
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Figure 96 Fibre attenuation in a range of 500 nm to 600 nm [72].
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Figure 97 Spectrometer efficiency in a range of 500 nm to 600 nm [77].
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Table 11  Relative intensity of Cu | lines and calculated temperature.

Frame 2 Wavelength (1) | Relative Intensity © q
(Time %) [nm] () [au] In(AI/gA) Slope Temperature [K]
510.55 79531 1.62
sth 515.32 437239 -0.063
-0.69 16850
(2.88 ms) 521.82 636402 -0.30
529.25 81022 -0.71
578.21 41202 1.98
510.55 108242 1.93
515.32 537798 0.14
10th
(3.35 ms) 521.82 694256 -0.22 -0.73 15832
529.25 95947 -0.54
578.21 56274 2.29
510.55 64499 142
515.32 299084 -0.44
13th
(4.06 ms) 521.82 415341 -0.73 -0.77 15005
529.25 46438 -1.27
578.21 33067 1.76
510.55 56532 1.28
515.32 213397 -0.78
16th
(4.77 ms) 521.82 314188 -1.01 -0.84 13797
529.25 27842 -1.78
578.21 29888 1.66
510.55 52982 1.22
18t 515.32 175999 -0.97
-0.91 12792
(5.24 ms) 521.82 262434 -1.19
529.25 21985 -2.0
578.21 27844 1.58

2The frame number corresponds with Figure 92.

®Time represents the starting instance of the integration time.

¢ The effects of filter transmission, fibre attenuation and spectrometer efficiency are considered to
obtain the relative spectrum intensity.

dSlope refers to the slope of the linear trend line among five points as shown in Figure 98.

If we plot a straight line from E (upper energy level) in the horizontal axis and In(IA/gA) in the vertical
axis, the temperature is estimated from the slope of a linear fit trend line based on Equation (6). Figure
98 shows five points of each wavelength and the straight line at the 18th pulse. A slope of -0.91 relates

to a temperature of 12792 K from the Boltzmann plot method according to Equation (6).
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Figure 98  Boltzmann plot of Cu I spectrum lines at 510.55, 515.32, 521.82, 529.25 and
578.21 nm from the 18th frame in Figure 92 and Table 11.

Figure 99 shows the estimated arc temperature from all 22 frames (from the 7th frame to the 28th
frame) and arc power obtained from the arc voltage and current. It is seen that the temperature drops
as the arc power decreases; ohmic heating from arc power is regarded as the main factor related to

the arc temperature.
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Figure 99  Arc power and estimated arc temperature.

114



4.3.3 DISCUSSION

The light intensity data from fibres BU and BW are used to derive the arc light intensity at the
spectrometer fibre position (see Figure 73). Figure 100 shows the light intensities at fibres BU and
BW. It is seen that the arc becomes stable from 3.5 ms since the patterns of light intensities at fibres
BU and BW significantly fluctuate in the early stage of arcing period (until 3.5 ms). This may be

related to the process of arc ignition by the copper wire within a narrow enclosed chamber.
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Figure 100 Light intensity at fibre BU and BW.

Figure 101 and Figure 102 show the arc voltage and light intensity data from all 8 AlIS fibres between
1.0 ms and 4.0 ms. It is observed that the arc starts to ignite at the position of the fibre BY (the bottom
region of the closed chamber) and the Cu wire is evaporated along its length (BY >BX->BW->BU).
As the arc length increases, the arc voltage increases. After the gradual increase of the arc voltage,
there is a peak of the arc voltage at 2.53 ms, which is almost synchronised with the peak intensity of
fibre BQ, BR, BS, BT and BU. This can indicate that the Cu wire is fully ruptured at 2.53 ms.
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Figure 101 Arc voltage and light intensity at fibre BU, BW, BX and BY between 1.0 ms and
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Figure 103 shows the interpolated intensity at fibre BV with the calculated arc temperature. The
intensity of fibre BV is an average value from two adjacent fibres (BU and BW). If we ignore the
unstable transient period from ignition to 3.5 ms when the intensity of neighbouring fibre has

significant fluctuation, it can be seen that the temperature decreases with light intensity.
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Figure 103 Expected light intensity at fibre BV with arc temperature: the intensity at BV is
calculated as the average value of two neighbouring fibres (BU and BW).

Theoretically, the radiation power from the arc across all wavelength relates to the fourth power of
temperature (T*) as below

PocogT?, (41)

where, P, is the radiation emissive power, oss is the Stefan-Boltzmann constant and T is the
temperature [78]. The photodiode provides the current which is proportional to the incident emissive

power (Pr). The value of the generated current implies the light intensity of the arc. The photodiode

117



used in the AIS has a 0.55 A/W photosensitivity under the conditions of 25 °C temperature and 780

nm wavelength [79].

Figure 104 shows the correlation between the fourth power of temperature and the light intensity
measured by the AIS during the stable arc period (from 3.5 ms onwards). The fourth power of
temperature represents the radiation power from the arc. In Figure 104, the intensity | refers to the
maximum interpolated intensity at fibre BV during the 30 ps integration time of the spectrometer.
The light intensity strongly correlates with T, It can be seen that the relationship between the light
intensity and T* is a rough linear trend; the value of light intensity increases as the value of T*
increases. From this data, it is proved that the light intensity measured by the AIS indicates the arc

temperature as expressed in Equation (41).
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Figure 104 Correlation between arc temperature (the fourth power of temperature) and
expected light intensity at fibre BV; the intensity | represents the maximum value of
intensity during the 30 ps integration time.

Figure 105 shows the relationship between the arc temperature and the measured current during the
stable arc period after 3.5 ms. The current represents the maximum value of the current waveform in

Figure 92 during the 30 ps integration time. Black squares are the values of arc temperature derived
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from spectrum lines at fibre BV and red rounds are the measured temperature for a 10 mm diameter
arc in [80]. It can be seen that the temperature increases as the current increases. 11364 K and 13362
K of arc temperature are obtained at 61 A and 100 A current from spectroscopy measurement,
respectively. The temperature of the cylindrical air arc of 10 mm diameter was measured at 12600 K
at 60 A and 14200 K at 100 A current [80]; therefore, the calculated temperature from relative

intensity of Cu I lines shows reasonable agreement with the experimentally obtained data in [80].

= Temperature calculated from spectrum lines
* Temperature measured at a 10 mm diameter arc
16000
n | ]
]
u
2. 14000 - *
o u
L
E n
= .
= ¢ .
c
S 12000
= -
|
L
| ]
|
100004 o "
T I T I T I T I T I T I T I T ]
20 40 60 80 100 120 140 160 180
Current [A]

Figure 105 Arc temperature depending on current; the current represents the maximum value
of the current waveform during the 30 us integration time, black squares are the values of
arc temperature derived from spectrum lines at fibre BV, red rounds are the measured
temperature at a 10 mm diameter in [80].
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4.4 SUMMARY

We investigate the re-ignition phenomena based on the various switching data. It is found that the
ratio of the recovery voltage to exit arc voltage is a reliable evaluator for the prediction of re-ignition
in the switching tests of LVSDs. It is also observed that there are no occurrences of instantaneous re-
ignition where this voltage ratio lies in the range of 1.0 to -1.0 and there is a threshold of the voltage
ratio at approximately -2.0, which can distinguish the successful interruption and instantaneous re-

ignition.

Arc imaging measurement has been conducted through an array of total 109 optical fibres to allow
observation of the overall quenching chamber under the different vent condition. Experimental results
show that arc motion instability (repeat of back- and forwards-motion) in the splitter plate region
leads to the fluctuation of the arc voltage. The arc moves further as well as more quickly in the case
of the wider vent. The well distributed vent contributes to an increase in an arc motion velocity and

reduction in a total arc duration.

Arc spectrum is captured by a spectrometer when the arc is ignited by a copper wire in a narrow
enclosed chamber. It is found that the arc light intensity measured by the arc imaging system (AIS)
is directly related to the arc temperature: the light intensity increases as the arc temperature rises. This

result shows that the arc image can represents the temperature distribution in the chamber.
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CHAPTER 5: ARC MODELLING

Most of simulation work has focused on current limitation phenomenon and behaviour of the arc
plasma prior to the current zero moment without evaluating re-ignition following the current zero
point. There has been little detailed numerical investigation of re-ignition phenomena even though

avoiding re-ignition is a key goal when designing the quenching chamber.

Normally, the simulation has been validated by comparing calculated waveforms (current and voltage
waveforms) with measured waveforms in previous works. The arc image data can be useful to validate
arc modelling by showing the correlation between the measured light intensity and the simulated

temperature distribution.

There are two objectives of arc modelling in this thesis; to calculate the exit arc voltage (the main
parameter of the re-ignition evaluator) and to validate arc modelling with the measured arc images.
The calculation of the exit arc voltage is improved by modifying the V-J relationship (original V-J
curve is shown in Figure 49) in the arc root. In order to validate arc modelling, the simulated

temperature distribution is compared with the arc images (light intensities).

5.1 METHODOLOGY OF ARC MODELLING

5.1.1 GEOMETRY AND BOUNDARY CONDITION OF ARC MODELLING

Figure 106 shows the geometry for arc modelling, corresponding to the internal structure of the FTA.
Arc modelling validation is achieved with this geometry. Table 11 shows boundary conditions used
for arc modelling. The fluid domain is the volume of internal air in the FTA, which is modelled by
MHD theory. The metal solid parts are considered as specific domains considering only the electric
and heat transfer phenomena. The current density calculated from the circuit equation (7) is applied
to the current-in boundary while there is a 0 V electric potential at the current-out surface. There are
two opening boundaries; the front opening near the moving contact and the back opening near the
vent. In the arc model, the back opening boundary is modelled closer to the vent than the real test
condition after checking the effect of the opening boundary location in order to reduce the simulation
time. The opening conditions are set as atmospheric pressure and temperature (1 atm, 300 K). There
is the condition of no slip wall on the interfaces between the fluid and solid part. The simulation
includes the temperature and pressure dependent properties of air (density, electrical conductivity,

thermal conductivity, the specific heat capacity and viscosity) [61], [62].
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Figure 106 Geometry of LVSD used for arc modelling.
Table 12 Boundary condition for arc modelling.
Interface Heat transfer mot/InZﬁ/um Electric Pressure
Movable
contact
ot | O
Fluid Splitter No slip wall CIF
plates
Supporter Adiabatic i
Fluid outermost 300 K [81] ) Zer0 flux®
surfaces
- |= specific
Current-in 500 K [82] - value
- Zero flux
-V=0V
Current-out 500 K [82] - - 7610 flux
- Flow direction :
Opening 300 K normal to Zero flux 1 atm
boundary

& CIF (Conservative Interface Flux) implies that the quantity in question will “flow” between the
current boundary and the boundary on the other side of the interface [83].
b Normal components of variables equal to zero.
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5.1.2 LORENTZ FORCE

Lorentz force is one of the main factors to influence arc motion during the switching process. It is
generated from the current flowing path and ferromagnetic material like the splitter plate in the
LVSD’s chamber. VVolumetric Lorentz force on a hypothetic arc element is calculated by the finite
element method (FEM) prior to the arc motion simulation by MHD theory. The external magnetic
flux density is imported to the MHD arc simulation. The proposed method of arc modelling (using
the look-up table for magnetic flux density) reduces the complexity and calculation time for the arc

modelling.

Figure 107 shows the geometry for the Lorentz force calculation, which corresponds with the internal
configuration of the FTA. Total Lorentz force on the arc column is calculated by FEM software
(Maxwell 3D, a part of ANSYS Electronics Desktop 2016 [84]) depending on the current (0 A - 2000
A) and arc position (from the ignition point to the end point of the splitter plates). The nonlinear
property (B/H curve) of iron splitter plates is considered in the Lorentz force calculations. There are
two assumptions: the arc radius is independent of the current (assumed to be the same as the radius

of a hot channel for arc ignition) and the arc column is perpendicular to the fixed contact.

Arc runner

Splitter plates

Moving contact

Y
‘}Z
X

50mm 4u£mnzs{nzn/‘ Omm

Fixed contact

Figure 107 LVSD chamber geometry for Lorentz force calculation.

There are two factors to generate Lorentz force on the arc in the LVSD; one is the current path and

the other is the splitter plate’s effect. The effect of the splitter plates on the Lorentz force is negligible
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when the arc is near the ignition area; however, it becomes significant as the arc approaches the splitter
plates. Table 13 shows the comparison of Lorentz force of models with and without splitter plates
when a current of 1000 A flows. It is seen that Lorentz forces in both cases are very similar when the
arc position is 20 mm or less. But, there is a significant difference in Lorentz force for the case of the
40 mm arc position; the Lorentz force with splitter plates is greater by over 5 times than that without
plates. Figure 108 presents the magnetic flux density in the XY plane of the half symmetric FTA,
computed by the FEM when the arc is at 0 mm, 20 mm and 40 mm position. The flux density on the
right side of the arc column in the 40 mm arc position model is much greater than that of the left side
when compared to the results of 0 mm and 20 mm cases. This is due to the influence of the high

permeability of the ferromagnetic material (splitter plates).

Table 13~ Comparison of Lorentz force between models with and without splitter plates
under 1000 A input current.

- Lorentz force [N]
Arc position [mm] - - - -
With splitter plates Without splitter plates
0 0.22 0.22
20 0.42 0.41
40 2.90 0.51

(b) 20 mm arc position
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(c) 40 mm arc position (d) magnetic flux density index

Figure 108 Magnetic flux density distribution in the XY plane of the half symmetric FTA.
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The influence of the splitter plates is clearer in Figure 109 presenting the magnetic flux density in the
XZ plane at the ‘A’ point in Figure 108 (c) (the middle position of the fourth plate from the bottom)
when the arc is located at the 40 mm point. The left side of the arc (the region between the arc and
the splitter plate) has much lower flux density than the right side since most of the magnetic flux
penetrates into the more permeable splitter plate. This distortion of magnetic flux leads to large

Lorentz force near splitter plate region.
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Figure 109 Magnetic flux density distribution in the XZ plane at the middle position of a plate
(the fourth plate from bottom) when the arc position is 40 mm.

When the arc is divided into 8 segments by splitter plates, the Lorentz force of 8 small arcs is
calculated. Lorentz force analysis shows that the arc tends to remain inside the splitter plates. After
entering the splitter plates, the arc firstly experiences the Lorentz force acting towards the left side
(the positive X direction as shown in Figure 107). As the arc further moves towards the left side, the
Lorentz force decreases and there is net zero force on the arc at the 56 mm position. Figure 110 shows
magnetic flux density distributions in the XY plane of the half symmetric FTA and in the XZ plane
at the “A’ point Figure 110 (a) (the middle position of the arc segment between third and fourth plates
from the bottom) when the arc is located at 53 mm and 57.5 mm from the ignition point. In the model
of the 53 mm arc position, overall magnetic flux density on the right side of the arc is larger than that
on the left side and then Lorentz force acts toward left side of the arc (X direction). However, this

situation is reversed for the case of the57.5 mm arc position. The balance point is observed at 56 mm.
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Figure 110 Magnetic flux density distributions when the arc is located at 53 mm and 57.5mm:
the left figure is the distribution in the XY plane of the half symmetric FTA and the right
one is the distribution in the XZ plane at the ‘A’ point Figure 110 (a) (the middle position of
the arc segment between the third and fourth plates from the bottom).

Figure 111 shows the Lorentz force on the arc towards the X direction associated with the current at
several different arc locations; the arc is perpendicular to the fixed contact (X axis) and is located at
the positions of 0 mm, 20 mm, 40 mm, 57.5 mmand 62.5 mm in the X axis. It is seen that the Lorentz
force is significant different depending on the arc location and current. To consider the influence of
the Lorentz force on the arc motion, the average apparent external magnetic flux density inside the

chamber, Bey is computed by Equation (42)

Bex = FLo/(IL), (42)
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where F, is the pre-calculated total Lorentz force on the arc column, | is the current and L is the arc

length at the specific position. Be is the function of the current and the position in the X axis.

12

-12 , . , . , : , . ,
0 500 1000 1500 2000
Current [A]

Figure 111 Lorentz force associated with current at different arc locations; the arc is
perpendicular to the fixed contact (X axis) and is located at the positions of 0 mm, 20 mm,
40 mm, 57.5 mm and 62.5 mm in the X axis.

Figure 112 shows Bex obtained from Equation (42), based on the results in Figure 111. It varies with
the current as well as the position of the X axis. Figure 113 shows the example of the Bex distribution
in the overall chamber. It is calculated in the case of a 1000 A current. The position of the X axis
represents the distance from an ignition point as shown in Figure 107. Before 35 mm, Be, is stable at
around 20 mT without the effect of splitter plates. When the arc is close to the splitter plates, Bex
increases up to 136 mT. After the arc enters the plates, Bex decreases and it becomes a negative value
(Lorentz force acts on the arc towards the negative direction of the X axis). If the arc comes out from
the plates, Bex increases again and it is still negative due to the splitter plates (Lorentz force acts on

the arc towards the splitter plates which is the negative direction of the X axis).
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Figure 112 External magnetic flux density associated with the current in the cases of the 0 mm,
20 mm, 40 mm, 57.5 mm, 62.5 mm arc locations.
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Figure 113 External magnetic flux density associated with the location in the chamber in the
case of a 1000 A current; the position of the X axis represents the distance from an ignition
point as shown in Figure 107.
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In the MHD arc simulation, Bex , which is a function of the current and position of the X axis, is used
as an input parameter to generate the Lorentz force on the arc in the fluid domain. Local Lorentz force

per unit volume is expressed as

fLo = J X Bex, (43)

where fi, is the Lorentz force per unit volume and J is the current density. Local Lorentz force is
calculated in the overall fluid domain and it affects the air fluid motion, which is regarded as the effect

of Lorentz force.

5.1.3 CURRENT LIMITATION

Current limitation is one of the main factors in determining the switching performance of LVSDs.
Normally, a high arc voltage is generated by multiple arc roots on the surfaces of the splitter plates
during switching operation. This increase in the arc voltage achieves significant reduction of the arc
current, leading to less damage to a LVSD when compared to the prospective current, if this

phenomenon were not to occur.

Current limitation is implemented by using the forward Euler method. The forward Euler method is
a step-by-step numerical procedure to solve an ordinary differential equation such as Equation (1)
[85]. The current in the next iteration is calculated from the present current in the forward Euler

method. Equation (1) can be changed into Equation (44)

diy 1
T ZE[US (t) -1 (t)R _Uarc (t)] ' (44)

where, Us is the system voltage, | is the current, R is the resistance, L is the inductance and U ar is the
arc voltage (see Figure 20). If we apply a finite value of the time step (At), the current variation

Equation (44) can approximately be expressed as Equation (45)
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dl (t) I (tn+1) -1 (tn) 1
b n =E[Us(tn)—|(tn)R—uarc(tn)], 45)

where, the index n refers to the present simulation iteration, n+1 indicates the next iteration, and At
is the time step (period) between n and n+1 step. The current in next iteration is obtained from
Equation (46).

(60 =16)+ AU () - 16)R -V, ()] o)

Figure 114 shows the current difference between the present and previous iteration (the second term
of the right side in Equation (46)), calculated by the forward Euler method where the arc voltage is
assumed zero, the time step is 5 us and other electrical parameters are as described by Figure 26 (the
system voltage is 240 V, the current is 55 kA, the power factor is 0.45 and frequency is 50 Hz). To
validate the forward Euler method, the solution of the forward Euler method is compared with the

exact solution obtained by Equation (47) [86], as shown in Figure 115.

1(t) =—U—mzsin(—e)exp(—%t)+U—mzsin(wt—9) : (47)

In Equation (47), Un and w were respectively defined by Equation (48) and (49)

U, (t) =U,, sin(wt) , (48)
CO=27Z'f y (49)

where, f is the frequency. It is observed that the solution of the forward Euler method is in close

agreement with the exact solution.

130



150

100 —

50

Current [A]
=
|

-50 4
-100
150 +——"—F+—-+—7F-—-"-7T-—"Tr7T""""—""
0 2 4 6 8 10 12 14 16 18
Time [ms]

Figure 114 Current difference (between the present and previous iteration) calculated by the
forward Euler method.

100000
80000 —
60000 —
40000 —

20000

Current [A]

—=— Exact solution
—o— Euler solution

-40000 —

-60000 —

-80000 — 71 T T T 1 T T " T T T T T T 1
0 2 4 6 8 10 12 14 16 18

Time [ms]

Figure 115 Comparison between the solution of the forward Euler method and exact solution:
the arc voltage is 0 V, the system voltage is 240 V, the current is 55 kA, the power factor is
0.45 and frequency is 50 Hz.
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5.1.4 CONTACT MOTION

In [87], Rumpler presented that comparison of simulated results with and without the consideration
of contact motion; the model without contact motion overestimates the arc energy by 85 % when
compared to the experimental result whereas there is a 13 % deviation from the test result in the model
with contact motion. This implies the contact motion has a significant influence on the arc
characteristics including arc motion and, for accurate arc modelling, the contact motion must be
considered. In this research, the influence from the contact movement is modelled by the deformation
and re-meshing technique introduced in [87]. We shows the voltage waveform and detailed arc motion

associated with contact motion.

Table 14 shows the detail of the deformation and re-meshing process in the fluid domain as the contact
gap increases (the movable contact parts from the fixed contact). To improve mesh quality, new
meshes are generated after contact travel of 0.5 mm, 1 mm, 1.8 mm, 2.5 mm, 3.3 mm, 4 mm, 4.8 mm,

and 5.5 mm.

Table 14  Mesh state associated with contact movement.

Displacement Initial state 0.4 mm movement 0.5 mm movement
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Figure 116 and Figure 117 show the arc voltage waveform and the temperature distribution in the
case of fully opened contact gap and opening movable contact. The current experimentally obtained
data as shown in Figure 116 is applied to two models (fully opened gap and opening gap models).
Since the model with the fully opened contact gap has a much longer arc column than that with the
opening contact, there is a higher arc voltage in the case of fully opened gap at the early stage (from
arc ignition to 0.75 ms) of simulation. From 0.5 ms to 0.75 ms, the arc moves backwards due to the
large opening area behind the arc in the fully opened state. Figure 117 shows the comparison of
opening condition behind the arc between two models. The arc back-motion affects the arc voltage
and the voltage drops by 25 V in the case of the fully opened case. There is a similar value arc voltage
(48 V) at 0.75 ms in both cases; however after this point, the arc rapidly moves towards the splitter
plates and the voltage is higher in the case of the opening contact compared to the fully opened case.
From this result, it is convinced that there is a significant difference between the models simulating

fully opened and opening contact.

Voltage [V] Voltage [V]  Current [A]
100 — 100 ~2000
80 ~ 80
~ 1500
60 - ~60 T
~ 1000
40 40 |
—=— Arc voltage in the case of fully opened contact gap L 500
20 - —— Arc voltage in the case of opening movable contact L 20
—a— Current
0 T T T T T T T T T 0 =0
0.0 0.5 1.0 1.5 2.0
Time [ms]

Figure 116 Comparison of arc voltage between the models simulating a fixed fully opened
contact and opening contact.
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(b) 0.5 ms
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Temperature [K]

(e) Temperature index
Figure 117 Comparison of temperature distributions between the fully opened contact and

opening contact models; left figures are the temperature distributions for the opening
movable contact whereas right ones are the temperatures for the fully opened contact gap.
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(@) fully opened model  (b) opening movable contact model

Figure 118 Difference of the back opening condition between the fully opened model (a) and
opening movable contact model (b): the green boundaries show the back opening area.

5.1.5 ARC ROOT FORMATION

The arc root formation process plays a key role in the arc motion and voltage increase during the
switching operation of LVSDs. There are two methods to implement the arc root formation in arc
modelling.

One is to build a thin mesh layer (0.1 mm) in front of the metal surface where the electrical
conductivity is modified, based on the V-J curve like in Figure 49 [67]. The electrical conductivity in

a thin mesh is calculated as below

Oy = ‘]arv_ ) (50)

where, Jar is the current density Var is the voltage drop in the arc root and Ay is the layer thickness
(0.1 mm).

The other is to set the contact resistance on the interface between a fluid (air) and solid (splitter plate
and electrode) also based on the V-J curve [82], [88]. The contact resistance (pcr) is expressed as

below
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pcr:J_- (51)

In the case of contact motion, the contact resistance method is a simpler and more effective way. The
mesh deformation and re-meshing process does not affect the contact resistance; however, the
deformed mesh can influence the electrical conductivity in a thin mesh layer and the special treatment
is required to calculate the thin layer’s conductivity. In this research, the contact resistance method is

adopted to model the arc root formation including the voltage drop in the arc root.

Figure 119 shows the simplified chamber that is composed of two electrodes, one splitter plate and
two vents at the end of electrodes. The external magnetic field of 0.1T is applied in the fluid domain
and 100 A DC current is provided as a boundary condition. The simulation geometry, condition and
mesh quality are the same as described in [88]. Figure 120 and Figure 121 illustrate the arc splitting
process with consideration of arc root formation. Following arc ignition, the arc moves towards the
splitter place by the combination of Lorentz force and pressure gradient. At about 0.1 ms, the arc
bends and stretches itself near the splitter plate; therefore, the corresponding arc voltage increases as
shown in Figure 121. At about 0.17 ms, the arc roots are formed at a region 4 mm from the edge of
the splitter plate. At 0.2 ms, the arc is totally divided into two segments. After the arc bends and
stretches near the splitter plate, the arc voltage increases due to the contact resistance on the splitter
plate’s surface. If there is no resistance on the plate’s surface, the arc penetrates the splitter plate and

is easily divided as shown in Figure 122.

Current
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Figure 119 Simulation geometry.
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Figure 120 Distribution of arc current density during arc root formation.

Voltage [ V]

70
60 4
P
50 e
v
Pl
.-’".
40 - .
P L
>
Ay A
304
20 4 —a— Arc voltage
Current
10 A
0 T T T
0.0 0.1 0.2

Time [ms]

100

- 80

60

Current [A]

40

20

Figure 121 Arc voltage and current during arc root formation.
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Figure 122 Distribution of arc current density when disregarding arc root formation.

5.1.6 RADIATION LOSSES

The high temperature arc in LVSDs has thermal losses primarily due to radiation. The prevalent
method for the modelling radiation loses in previous work is the net emission coefficient (NEC) [21].
This arc modelling work also adopts the NEC method and NEC data varied with temperature and
pressure (Figure 44) is used. We present the effect of radiation on the temperature, arc voltage and

arc motion by comparing the results of arc simulation with and without radiation losses.

There is a significant difference between simulation results with and without radiation effect even
though the identical current (current data in Figure 116) is applied to two models. Figure 123 shows
the influence of radiation on the average temperature inside the quenching chamber. It is seen that
radiation loss contributes to arc cooling. Due to the cooling effect, a higher arc voltage is obtained by
simulating radiation loss as shown in Figure 124. Figure 125 shows a detailed comparison of chamber
temperature distribution associated with radiation loss. As expected, the temperature is higher in the
model without radiation than the model with radiation losses. Furthermore, in the case without
radiation effect, the high temperature region above 20000 K spreads wider in the chamber. This
difference in temperature distributions between models results in different plasma properties and

leads to difference in arc motion.
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Figure 123 Comparison of average temperature in the chamber associated with radiation losses;
the identical input current (current data shown in Figure 116) is applied to two models.
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Figure 124 Comparison of arc voltage associated with radiation losses; the identical input
current (current data shown in Figure 116) is applied to two models.
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Figure 125 Comparison of temperature distributions associated with radiation losses; left
figures are the temperature distributions from the simulation with radiation losses whereas
right figures are the temperature distributions from the simulation without radiation losses.
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5.1.7 EFFECT OF THE V-J CURVE ON THE ARC VOLTAGE AT ARC EXTINCTION (LOow
CURRENT REGION)

The calculation of the exit arc voltage is important to predict re-ignition phenomena in LVSDs as
described in 4.1. From the literature review (section 2.2.4), it is shown that the arc voltage increases
as the current decreases in the low current region due the voltage increase in the arc root. We improve
the calculation of the exit arc voltage by modifying the V-J curve of the arc root based on the measured

arc voltage and simulated current density on the splitter plates.

The voltage and current waveforms measured by the AIS show the arc voltage significantly increases
as the current decreases shortly before the current zero point. Figure 126 shows the measured and
simulated arc voltage when the current in Figure 127 flows through the FTA. From the measured
data, it is seen that the arc voltage is below 300 V prior to 3.95 ms; however, after this point the

voltage increases and reaches 392 V immediately before the current zero point.
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Figure 126 Measured and simulated arc voltage; arc voltage is calculated based on V-J
relationship as shown in Figure 128.
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Figure 127 Measured and simulation input current; simulation input current is used for arc
modelling.
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Figure 128 V-J relationship (relationship between voltage and current density): the sheath
voltage (arc root voltage) is 8.3 V based on [23], ‘A’ is the hump region where the voltage
is above 8.3 V.
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Figure 128 shows the V-J relationship (relationship between the arc root voltage and current density)
used in arc modelling for Figure 126. The graph in Figure 128 is based on Lindmayer’s arc root model
(see section 2.5.3); however, the value of voltage drop in the arc root is from Yokomizu’s
experimental results described in section 2.2.3. This V-J curve has the constant voltage of 8.3 V above
1.2x10° A/m? and the hump region in the range of 2.7x10% A/m? to 1.2x10° A/m2. The hump region
is marked as ‘A’ in Figure 128 where the voltage is above 8.3 V. From the simulated data in Figure
126, it is seen that the arc voltage has no apparent influence by the low current region. The value of

the arc voltage remains steady at approximately 290 V instead of increasing.

The increase in the arc voltage near the current zero point during LVSD’s switching process can be
explained by the negative V-1 characteristic in the low current region as described in 2.2.4. Some
experimental data shows the increase of the arc voltage in the low current region is mainly due to the
increase in the voltage drop at the cathode root voltage. In this thesis, we treat the anode and cathode
roots equally to reduce the complexity of arc modelling. It is assumed that the increase of the arc
voltage near the current zero is due to the anode and cathode root effect, equally. If the voltage drop
in the arc roots is modelled properly near the current zero point, we can get a more accurate exit arc
voltage, which is the main parameter to predict the re-ignition phenomena. The calculation of the arc

root voltage is improved by modifying V-J relationship, especially the hump region.

Figure 129 presents the current density on the splitter plates in the region of low current; it reveals

that the current density in the arc root area decreases as the current approaches the zero point.

[Am*-2]
4
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Current Density
o & 7o
20,5,
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(a) 3.95 ms (70A) (b) 4.0 ms (10A)  (c) Current density index

Figure 129 Current density on splitter plates near current zero point.
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However, the value of the current density of the arc root spot on the splitter plate is still far away from
the hump region in Figure 128. The hump region of Lindmayer’s arc root model (see Figure 128) is
in the range of 2.7x10° A/m? to 1.2x10° A/m?. In the simulation result, it is seen that there is the wide
region of the arc root over 5x10° A/m? on the plate. We also calculate the arc voltage from the V-J
relationship without the hump region and find that its result is the same to the simulated data
considering the hump region. This supports that the hump region in Figure 128 has inconsequential

influence on the arc voltage near the current zero point.

In order to modify the V-J curve, especially the hump region, we collect the current density,
experimental arc voltage (A), simulated arc voltage (B) near the current zero point as shown in Table
15. The current density is the maximum value calculated at the surface of the fourth plate (see Figure
129). The current density decreases as the current lowers. The measured arc voltage increases as the
current density decreases. However, it is seen that there is no significant variation in the simulated

arc voltage associated with the current or current density.

We assume that the voltage increase in the low current region is mainly caused by the voltage of the
arc roots. The experimental arc voltage represents the voltage drop including the negative V-I
characteristics of the arc roots whereas the simulated arc voltage refers to the voltage drop without
the consideration of the negative V-I curve. The difference between A and B can be considered as the
effect of the negative V-I characteristics. When the arc stays at the splitter plates, there are 16 arc
roots (anode and cathode roots). We can get the effect of the negative V-I relation in each arc root
from Equation (52) and calculate the voltage drop in the arc root from Equation (53), which includes

the effect of the negative V-1 characteristics.

A(experiment) — B (simulation)
Vim = 16 , (52)

Vmod :VNVI +83 [V] ! (53)

where, Vv refers to the voltage increase in each arc root due to the negative V-I curve, A is the
measured arc voltage, B is the simulated arc voltage, Vmod is the modified voltage in the arc root. Vmed

is used as the basic data to modify the V-J curve for the arc root modelling.
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Table 15 Simulated current density, measured arc voltage (A), simulated arc voltage (B), Vv fro
Equation(52) and Vmod from Equation (53) .

-l[_r:qzl]e Current [A] Cur:e['r;:[/gqezr}sity : e V0|tag.e ad : Vi * [V] Vo ¢ [V]
Experiment (A) |Simulation (B)
3.915 112 8638947.0 289.4 289.4 0.0 8.3
3.925 100 7968751.5 292.0 289.9 0.1 8.4
3.935 88 7379934.5 296.0 290.3 0.4 8.7
3.95 70 6401949.0 300.0 291.7 0.5 8.8
3.96 58 5593081.0 308.0 293.2 0.9 9.2
3.97 46 4687183.0 312.0 295.3 1.0 9.3
3.98 34 3488321.3 332.0 298.5 2.1 104
3.99 22 2042156.0 372.0 299.5 4.5 12.8
2 The current density is the maximum value calculated at the surface of the fourth plate (see Figure

129).

®V/nvi is the increased voltage in each arc root due to the effect of negative V-I relation, which is
calculated from Equation (52)

¢ Vmod IS the modified voltage in the arc root, which is calculated from Equation (53). It includes the
effect of the negative V-I characteristics.

Based on the calculated current density and the modified voltage in the arc root (Vmod) in Table 15,
several points (blue triangular points) of the new V-J relationship can be plotted as shown in Figure
130. The modified V-J curve is derived from new 8 points as shown in Figure 130. The modified V-
J curve has a different voltage value from Lindmayer’s V-J curve in the region of 10* A/m? to 9x10°
A/m?; the modified one has a much wider hump region (2.7x10% A/m? to 1.0x107) than Lindmayer’s
one. Figure 131 shows the measured and simulated arc voltage by using the modified V-J relationship.
It is observed that the simulated voltage increases as the current zero point approaches and there is a
similar trend between the measure and simulated data. Furthermore, there is a good agreement in the
exit arc voltages from the simulation and experiment (simulated value: 327 V, measured value: 332
V).
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Figure 130 Modified voltage in the arc root (blue triangular points), modified V-J curve and
Lindmayer’s VV-J curve.
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Figure 131 Measured and simulated arc voltage: the simulation is conducted based on the
modified V-J relationship as shown in Figure 130.
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5.1.8 FLow CHART OF ARC MODELLING

Figure 132 shows a flow chart of the arc simulation process. Commercial software, ANSYS CFX, is
used to build the arc model in this thesis. Arc modelling requires simulation of fluid dynamics, heat
transfer and electromagnetic phenomena. An iterative approach is used to calculate simulation

parameters with time. The RMS residual target (0.0005) is set as the convergence criteria.

S Arc ignition; External magnetic
( — >
St ) a 10,000 K channel field (B.,)
1 !
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t=t+dt J Pluldmdyngilmlcs, Currentdensity (/) | g
. emperature & pressure —*| . ]
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1stribution J xB,,
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— —Current —— Arc current; Arc voltage:
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Y
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Figure 132 Flow chart of arc modelling.

The external magnetic flux density (Bex) is pre-calculated based on the arc position and current to
account for Lorentz force within the arc simulation. The calculated B is distributed in the fluid region
and it is updated in each stimulation time based on the current value. After arc ignition from a hot
channel between contacts, the current density distribution is calculated from the electrical
conductivity of air and electric field strength in the quenching chamber. The current density is the
main parameter used to determine ohmic heating, Lorentz force as well as arc voltage. The current is
deduced from the external circuit after obtaining the arc voltage including voltage drops in arc column
and arc root (sheath). Based on calculated ohmic heating, Lorentz force and current, a simulation of
fluid dynamics is then carried out; and then the distributions of temperature and pressure are renewed
and air properties updated (the density, electrical conductivity, thermal conductivity, specific heat
capacity and viscosity). The current density, ohmic heating, Lorentz force, arc voltage as well as
current are re-calculated from updated conditions. This iterative process continues until the current

zero point.
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5.2 VERIFICATION OF ARC MODELLING

We validate arc modelling by comparing the simulated arc temperature, arc motion and waveforms
(current and voltage) with experimental data. Further, the effect of the vent distribution on arc motion
is investigated through the simulation. Especially, the simulated temperature distribution is compared

with the measured arc images in detail for the validation of arc motion.

5.2.1 TEMPERATURE COMPARISON

Temperature calculation is carried out through arc modelling and the simulated result is compared
with measured temperature, which is evaluated from Cu | spectrum lines as described in section 4.3.
Table 16 and Table 17 show the simulation and experimental conditions, respectively. The measured
current in Figure 92 is used as the input source in the simulation. The effect of arc root formation and
Lorentz force is not considered since the arc is established in the narrow enclosed chamber without
moving. Figure 133 shows the geometry of arc modelling for temperature calculation, which
represents the modified FTA for arc spectrum measurement (see Figure 72). The arc initiates through
a 1 mm radius hot channel between electrodes. It is assumed that the developed arc diameter is the
same to the chamber width (5 mm); hence, 2.5 mm radius NEC data is used in this modelling, which
is derived from [63].

Table 16  Simulation condition for temperature calculation.

Item Condition description

- The measured current is used as the input current.
Input current - The current between 3.5 ms and 8.0 ms in Figure 92 is
imposed to the source boundary.

- Figure 133 shows the geometry of temperature calculation.
Geometry - The geometry is based on the modified FTA as shown in
Figure 72.

Arc root formation . Not considered

(V-J curve)
Lorentz force - Not considered
Radiation loss - Using the NEC radiation loss as explained in 5.1.6
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Table 17  Experiment condition for arc imaging measurement.
Item Condition description
Vent - No vent

- Closed narrow chamber

Charging voltage

100 V

Current

- The 450 A peak current flows through the FTA.
- Figure 92 shows the current waveform.

Filter

ND 8

Chamber volume
(fluid domain)

Figure 133 Geometry of arc modelling for temperature comparison

Figure 134 shows the simulated temperature distribution and Table 18 presents the comparison
between measured and simulated temperature at four different frames linked to the spectrometer
measuring time (see Table 18 for the time). The simulated temperature is obtained at the spectrometer
fibre position. It is seen that the temperature decreases as the current decreases in both experimental
and simulated results. The largest discrepancy is observed as 11.3 % at the 11th frame and the smallest

difference (1.0 %) is seen at the 23th frame. Despite some discrepancies, overall, it can be said that

N

Current-in

Electrode

Current-out

there is a good agreement between measured and simulated temperature.
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Figure 134 Simulated temperature distributions in the half model.

Table 18  Comparison between experimental data and simulation results.
Temperature [K]
Frame ? Time®[ms] | Current [A] Remarks
Experiment | Simulation
11th 3.58 170 15755 13980 Figure 134 (a)
17th 5.00 88 12792 11999 Figure 134 (b)
23rd 6.42 57 10895 11000 Figure 134 (c)
28th 7.60 34 9901 10368 Figure 134 (d)

aThe frame number corresponds with Figure 92.
bTime represents the starting instance of the integration time in each frame.
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5.2.2 SIMULATION RESULTS WITHOUT CURRENT LIMITATION

In arc modelling without current limitation, the arc voltage and arc motion are computed by the given
current without consideration of the external circuit. Table 19 and Table 20 show the simulation and

experimental condition, respectively.

Table 19  Simulation condition for arc modelling without current limitation.

Item Condition description

- Not considering the external circuit
- The current is given as shown in Figure 127

- Figure 106Figure 133 shows the geometry of temperature

Current limitation

Geometry calculation.
- The geometry is based on the FTA as shown in Figure 59.
Arc root formation |- The modified V-J relationship is adopted as shown in Figure
(V-J curve) 130

- Using the external magnetic field density to consider Lorentz
force on the arc as explained in 5.1.2

- Using the method of deformation and re-meshing scheme as
explained in 5.1.4

Lorentz force

Contact motion

Radiation loss - Using the NEC radiation loss as explained in 5.1.6

Table 20  Experiment condition for arc imaging measurement.

Item Condition description

- Two apertures vent (23% open)

Vent - Figure 85 (a) shows the vent condition.

Charging voltage 200V

- The 1800 A peak current flows through the FTA.

Current - Figure 127 shows the current waveform.
Filter ND 8
Display mode - Dynamic threshold mode

- Contour level : [10 %, 13 %, 16 %, 19 %, 22 %, 25 %, 28 %]

The comparison between experimental and simulated arc voltage is presented in Figure 135 while the
input current in Figure 127 is adopted as the boundary source condition. Figure 136 shows arc motion
(light intensity) recorded by the AIS and the simulated arc temperature distribution in the quenching

chamber of the FTA, with corresponding waveforms in Figure 135. The arc is established across the
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contact gap after the contact separation and the arc voltage increases as the contact gap increases. And
then, it is seen that the arc extends and the arc travels towards the splitter plates as seen in both
measured and calculated data (see Figure 136 (a) ~ (d)). The experiment shows that the arc reaches
the splitter plate and the voltage increases significantly at around 1.5 ms due to arc root formation at
the plate surfaces. Furthermore, the arc voltage oscillates between 1.5 ms and 2.0 ms due to the
instabilities of the arc attachment at the splitter plates. After then, it notably drops near 2.0 ms when
the arc back motion is observed and the arc root is detaches from the plates (see measured data in
Figure 136 (d) and (e)). The simulated arc voltage continuously increases until 1.3 ms, however it
remains at about 85 V between 1.3 ms and 2.0 ms while the arc is located in the middle position
between the ignition point and splitter plate region (see simulated data in Figure 136 (d) and (e)). This
results in a less simulated arc voltage than the measured one between 1.3 ms and 2.0 ms. Both
measured and simulated arc voltage start to increase again from 2.0 ms. It can be seen that there are
more than 10 times of significant drops of the arc voltage in the experimental data from 2.0 ms, which
are caused by arc back motions. For instance, it drops by 156 V and 176 V at 2.5ms and 3.3 ms,
respectively. The voltage drop and arc back motion also can be seen in the simulated data but the
modelled arc moves back only once slightly at 2.8 ms (see simulated data in Figure 136 (g) ~ (i)) and
the drop of the calculated arc voltage is relatively small (74 V) compared to the measured data. The
simulated arc stably stays in the splitter plates after entering them at approximately 3.0 ms (see
simulated data in Figure 136 (j) ~ (m)). The measured data show that the arc does not remain in the
splitter plate region until 3.7 ms. The stable arc in the splitter plates is observed after 3.7 ms (see
measured data in Figure 136 (I) and (m)). The discrepancy between the simulation and experiment

may be mainly due to the simplified model of Lorentz force.

In general, it can be said that the simulated waveforms and arc motion have similar trends with the
measured data in spite of some discrepancies of the arc back motion, voltage drops and arc shape
between experimental and modelled data. Furthermore, it is worth that the arc model gives the similar
value of the exit arc voltage when compared to the measured one (simulated value: 327 V, measured
value: 332 V)
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Figure 135 Measured and simulated arc voltage.
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(d)1.5ms

(e) 2.0 ms

(f) 2.45 ms

(g) 2.65 ms
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(h) 2.75 ms

(i) 2.8 ms

(k) 3.5ms

(I)3.7ms
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Figure 136 Simulated temperature distribution in the half model and measured arc image data
(dynamic threshold mode) in the quenching chamber of the FTA.

5.2.3 SIMULATION RESULTS WITH CURRENT LIMITATION

We simulate arc behaviour with the consideration of the external circuit (current limitation) and
validate arc modelling by showing an agreement of the voltage waveforms of the simulation and
experiment. Table 21 shows the simulation condition for arc modelling. Except consideration of the
external circuit, other conditions are the same with Table 19. The experimental condition is the same
with Table 20.

Table 21  Simulation condition for arc modelling with current limitation.

Consideration Condition description

Current limitation - Considering the external circuit as explained in 5.1.3

Arc root formation
(V-J curve)

Lorentz force .
- Same with Table 19

Contact motion

Radiation loss
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Figure 137 shows the waveforms obtained from the experiment and simulation considering current
limitation (the experimental data are the same with data in previous section (5.2.2)). Arc modelling
starts to consider the current limitation from 0.25 ms. Before 1.5 ms, the simulated arc voltage is more
or less similar with the experimental result; therefore, the experimental and simulated current are in
a good agreement. However, it is seen that the modelled arc voltage is lower than the experimentally
observed value between 1.5 ms and 2.5ms, leading to the less rate of change of the simulated current
than experimentally observed. The higher current is calculated near 2.5 ms than the measured one due
to this lower arc voltage. The situation is reversed after 2.5ms where the modelled arc voltage is
greater than experimentally observed, resulting in a more rapid onset of the current zero point in the
simulated case. The simulated arc motion is shown in Appendix B. Overall, it can be said that arc
modelling gives good prediction of switching current and voltage waveforms. The arcing time and
exit arc voltage have a 5.5 % error (simulated value: 3.78 ms, measured value: 4.00 ms) and a 2.1%

error (simulated value: 325 V, measured value: 332 V), respectively.

In the simulation with current limitation, the capacitor voltage corresponds to the system voltage in
(46). Figure 138 presents the simulated voltage of the capacitor bank from 0.25 ms to the arc
extinction. The capacitor voltage is calculated by (54)

I(t
Ucap (tn+1) = Ucap (tn) - At% (54)

where, Ucap IS the voltage of the capacitor bank and C is the capacitance.
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Figure 137 Comparison between experimental data and simulation results with current

limitation.
150 4
100 +
>
(0]
&n
S
=
=
50
0 T T T T T T T T
0 1 2 3 4
Time [ms]

Figure 138 Simulated capacitor voltage.
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5.2.4 EFFECT OF VENT DISTRIBUTION ON ARC MOTION

It is observed that the well distributed vent contributes to an increase in arc motion velocity and
improvement of switching performance in 4.2.2. In order to investigate the effect of vent distribution
on the arc motion thoroughly, we simulate arc motion with different vent distribution and compare
the results. The simulation condition is shown in Table 19. The current in Figure 127 is identically
applied in the two simulation cases (2 apertures vent and 12 apertures vent model) without
consideration of the external circuit. Table 22 shows the test conditions. Only vent distribution is

different between two cases and other conditions are the same.

Figure 139 and Figure 140 show arc voltage waveforms and temperature distributions associated with
the vent conditions. There is no difference between two cases in the arc motion and voltage
waveforms from ignition to 0.5 ms. However, it can be seen that the arc of the 12 apertures model
travels faster toward splitter plates from 0.5 ms and this arc enters quicker splitter plates than that of
the 2 apertures model. Also, it is observed that there is no arc back motion in the case of 12 apertures.
Between 2.45 ms and 2.75 ms, the arc voltage of the 2 apertures model is slightly higher than that of
12 apertures condition, which may be associated with the arc motion in a bottom part (see the A area
of Figure 140 (f)). The wider bottom aperture of 2 vent model improves the gas flow in the bottom
part of the arc and the bottom part of the arc moves towards splitter plates further than that of 12
apertures model, leading to the higher arc voltage. In general, the arc moves quicker towards splitter
plates and the arc voltage is higher in the 12 apertures model when compared to the 2 apertures case.

Table 22 Experiment condition for arc imaging measurement.

Item Condition description

- 12 apertures vent (23% open) as shown in Figure 85 (b)

Vent - 2 apertures vent (23% open) as shown in Figure 85 (a)

Charging voltage

Current Same with Table 20

Filter
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Figure 139 Comparison between simulation results depending on vent distribution; Figure 86
shows the detail vent condition.
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(h) 3.0 ms
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Figure 140 Comparison between simulated temperature distributions in the half model
depending on vent distribution; left figures are the results of 2 apertures vent whereas right
figures are the data of 12 apertures vent.

Figure 141 shows the relative pressure distributions in both cases at 0.5ms when both arc position and
shape are similar. It is seen that there is a significant difference of the pressure distribution in the stack
of splitter plates between the 2 apertures and 12 apertures model. The gas does not flow out through
the vent in the A area of the 2 apertures (see Figure 141 (a)) and the pressure is relatively high
compared to the case of 12 apertures. This blocking effect could be main reason of the difference of

arc motion depending on the vent distribution.
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Figure 141 Comparison between simulated pressure distributions (volume rendering images) at
0.5 ms depending on vent distribution.
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5.3 SUMMARY

The switching performance of LVSDs can be predicted by current limitation and the exit arc voltage
that is the main parameter of the re-ignition evaluator (voltage ratio). We study the arc model to
simulate the effect of current limitation and especially to calculate an accurate exit arc voltage. The
model considers the influence of Lorentz force, contact motion and radiation losses. In order to
consider the effect of arc root near the current zero, the V-J (voltage and current density) relationship

in the arc root is modified based on the measured arc voltage and simulated current density.

We validate the arc model with the experimental data, especially the arc images measured by the AlS.
It is observed that simulated arc motion (temperature distribution) has a similar trend with the
measured arc images. Further, it is seen that the arc model gives the good prediction of the exit arc

voltage and current limitation when compared to the measured data.
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CHAPTER 6: CONCLUSION

6.1 SUMMARY OF MAIN FINDINGS AND RESULTS

Nowadays, the present market trend for LVSDs is towards a compact product with high breaking
capacity and DC switching devices. In order to produce competitive products meeting market demand
with low development cost, it is essential to predict the switching performance, i.e. current limitation

and re-ignition, and optimize the product prior to manufacturing real ones.

This research is concerned with prediction and improvement of switching performance of LVSDs.
Through an extensive experimental study on the re-ignition phenomena and switching performance,
the reliable evaluator for re-ignition and improved vent distribution have been proposed. In addition,
numerical arc modelling has been built, based on the conventional MHD theory, which can be used

to aid the design of LVSDs. Several conclusions are summarized as follows.

Firstly, an experimental investigation has been carried out regarding re-ignition evaluators that can
predict the switching performance of LVSDs prior to empirical laboratory testing of real products. It
is found that the voltage ratio (which is defined as the ratio of the recovery voltage to the exit arc
voltage) is a reliable evaluator. Instantaneous re-ignition does not occur when the voltage ratio is
positive or it lies in the range of 0 to -1.0. It can be used as a ‘strict’ global evaluator to predict re-
ignition of the LVSD. Also, there is an experimentally observed *‘soft’ threshold of the voltage ratio
at approximately -2.0, which distinguishes most of the successful interruptions from instantaneous
re-ignitions. The rare cases of re- ignition when the ratio lies in the range of -1.0 to -2.0 are attributed
to the arc attachment at the edges of splitter plates and re-ignition directly through an air gap without
the arc root voltage (sheath voltage). Delayed re-ignition cannot be predicted by using either the exit
arc voltage or voltage ratio; however, it was diagnosed with the result of failure in the LVSD operating
mechanism. It should be the subject of mechanical design improvement, rather than optimisation of

electrical arc dynamics.

Secondly, we has measured arc images in the quenching chamber and investigated arc motion in the
splitter plates in detail. An array of total 109 optical fibres is placed in the FTA to allow observation
of the arc motion in the overall chamber including the splitter plate region. It is found that the arc
does not enter the splitter plates directly and it repeatedly moves backwards and forwards in the
splitter plates. This arc back-and forth-motion results in the fluctuation of arc voltage. The arc voltage
drops when the arc comes out from the splitter plate; whereas, the arc voltage increases when the arc

enters the plate region. Forming new arc roots on the surface of the splitter plate requires a certain
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amount of energy to emit electrons from the cathode and to generate ions at the anode. During the arc
splitting and root forming process in the plates, the hot gas remains in front of the splitter plates (the
region behind the arc after the arc enters the splitter plates) and the conductance of the hot air behind
the original arc column can be higher than that of the arc in the splitter plates. This leads to creating
a new current path in front of the splitter plates and causes the instability of the arc position in the

splitter plate region with the fluctuation of the arc voltage.

Thirdly, the investigation of the effect of vent condition on arc motion and switching performance
has been empirically carried out. The vent condition has a significant influence on the arc motion and
switching performance. It is observed that the arc moves further and more quickly if there is the larger
vent opening area in the quenching chamber. In addition, it is seen that the well distributed vent helps
increase the arc motion velocity and improve switching performance. This result is related to the
blocking effect of vent apertures. From the simulation study, it is found that the partially choked vent
with 2 apertures causes the blocking effect on the gas flow, leading to the arc back motion, whereas

there is no arc back motion under the evenly distributed venting condition (12 apertures).

Fourthly, we has calculated the arc temperature from the relative spectrum intensity measured by the
spectrometer and investigated the correlation between the temperature and the light intensity
measured by the AlS. It is found that the light intensity is strongly related to the arc temperature; the
higher temperature is evaluated when the greater light intensity is measured.

Fifthly, 3-D arc modelling has been implemented to predict switching performance (current limitation
and re-ignition) of a LVSD. Arc modelling takes into account Lorentz force, plasma properties
associated with temperature and pressure, contact motion, radiation loss, arc root voltage, and external
circuit condition (current limitation). Especially, the V-J (voltage and current density) relationship in
the arc root is modified, based on the measured arc voltage and simulated current density to calculate
an accurate exit arc voltage (main parameter of the re-ignition evaluator) near the current zero. It is
observed that the simulated results have a similar trend with the experimental data and it is able to

predict arc motion, current limitation, exit arc voltage and arc temperature.

The results of this research can help predict and improve the switching performance of a LVSD.
Especially, a LVSD designer can evaluate the performance of a particular chamber, modify it and

find the improved design, based on the voltage ratio evaluator and arc modelling data.
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6.2 FUTURE WORK

Arc modelling can be improved by including metal erosion and wall ablation phenomena. The
electrodes, splitter plates and side wall can be heated up and vaporized when the arc current is high
enough to generated sufficient energy. The vaporized material changes the properties of the original
air plasma and has a significant influence on the arc behaviour during the switching process.
Therefore, metal erosion and wall ablation phenomena need to be considered especially under a large

short-circuit current.

In this research, the arc imaging measurement and modelling investigation have been carried out by
using the FTA which is designed as the quenching chamber of the MCB, under the condition of the
short-circuit current less than 2 kA. The MCCB and ACB have a more complex chamber structure
and much higher breaking capacity than the MCB. This research can be benefitted from extending
the experimental work and validation of arc modelling using more various kinds of LVSDs under
more severe short-circuit conditions. For example, it is necessary to prove the effect of the vent
condition on the arc motion in other types of LVSD. In addition, further validation works of arc
modelling is required by using different types of LVSDs.

The calculation of the exit arc voltage has been improved through modifying the V-J curve, based on
the experimental results in the case of a 1800 A peak current. However, the V-J curve could vary with
the test condition, especially the current value. In the case of a larger current like several tens of KA,
the hump region of the V-J curve can be narrower than the modified V-J curve as shown in Figure
130. A larger current makes the arc column and cathode surface hotter; hence less arc voltage is
required to sustain the arc near the current zero point. It is necessary to investigate the calculation of
the arc voltage near the current zero point, associated with the short-circuit current for the more

general calculation of the exit arc voltage (which can be used for various kinds of test conditions).
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APPENDIX A: DETAILS OF ARC IMAGING MEASUREMENT

Al EXPERIMENT PROCESS

The experimental apparatus for the arc imaging measurement consists of the arc image system (AIS),
capacitor discharge system (CDS), flexible test apparatus (FTA), digital storage oscilloscope (DSO),
solenoid controller (SC) and computer. Figure 142 illustrates the general arrangement of the
experimental apparatus for the arc imaging measurement. After setting the FTA and charging the
CDS, a switching test can be conducted by a special program (FLEXGAV4.BAS). After running

switching test, we need to discharge the voltage from the CDS and save the test results.

Current, voltage data Digital
Storage
Oscilloscope
Tn'gger Current, voltage
m data
Capacitor
Arc Image Di ph
System 1scharge Short circuit
System current
Trigger Trigger .
in in Flexible Test Apparatus
Solenoid
power !:]
N
C " S Solenoid —f=__}——{ Solenoid
omputer 3
- ! | control ?gf;ar]
Clock I

| Optical trigger reset

Optical trigger

Figure 142 General arrangement of experimental apparatus for arc imaging test [20].

Al.1 RESETTING FTA

Before running the arc test, we need to reset the FTA. While the shaft latch is lifted up, the solenoid
hammer should be placed at the initial position (Figure 143). After then it is necessary to put the safety

cover on the FTA in the case of an accident (Figure 144 (a)). The safety switch should be closed by
175



the safety cover in order to charge the CDS (Figure 144 (b)). Unless the cover pushes the switch, we
cannot charge the CDS.

¢
/ :

S 4 % 43 Shaft latch

Figure 143 Resetting the FTA.

(a) Safety cover (b) Safety switch

Figure 144 Putting the safety cover.
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Al.2 STARTING COMPUTER PROGRAM

Before charging the CDS, we need to open the computer program. Figure 145 shows the computer
program for the arc imaging test. If BLEXGAOQ04.BAS is loaded in the initial state of the program
(Figure 145 (b)), the control and data acquisition mode starts (Figure 145 (d)). In this mode, we can

adjust the contact opening delay time (Tcoa), run the test and save the arc waveforms. In this research,
Teon is Set as 500 ps.

[ERLR E4it View Search Hun Bebag Calls Optioss

reate File
oad Tlle.
| "load File, .

estart
Lo Linue

(c) Starting (d) Control and data acquisition program

Figure 145 The computer program for the arc imaging test.

Al1.3 CHARGING VOLTAGE IN CDS

Figure 146 shows the front panel of the CDS. First of all, the switch 1, 2 and 3 should be turned on
in order to charge the voltage in the CDS. And then, we can adjust the charging voltage by rotating
dial after pushing the ON button (Figure 147 (a), (b)). The set voltage will be charged in the CDS
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when we push the charging button (Figure 147 (c)), and the ready indicator will be turned on if the
voltage charging is completed (Figure 147 (d)).

Figure 146 The front panel of the CDS.

(@) Pushing ON button (b) Rotating the dial for setting voltage
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R

(¢) Pushing charging button (d) Ready state

Figure 147 Procedure for voltage charging.

Al1.4 SETTING AIS FOR TRIGGER SIGNAL

In order to measure the arc images by the AIS, the trigger waiting mode should be ready before

running test. We can switch from the normal mode to the trigger waiting mode by clicking the button
(Figure 148).

Trigger waiting mode

File Edit

il =

Figure 148 Clicking the button for the trigger waiting mode.

179



A1.5 RUNNING TEST

Figure 149 shows how to set the test run number and contact delay time (500 us in these tests). The
run number will be a name of the DSO file. The contact delay time means the period of time between

the starting point of current and the moment of contact separation. After entering the contact delay

time, we can run the test by pressing the enter button and space bar on a keyboard, sequentially.

Falot On Wave Control
Delay Count (us)? 508
]

In_.r: PRotion in Miniature Circuit Breakers.
ontroT and Data Acquisition Program

(a) Entering the test run number  (b) Entering the contact opening delay time (T coq)

Figure 149 Setting the test run number and contact opening delay time.

While the switching process runs, the DSO and AlS automatically measure the electrical waveforms

and arc images, respectively. Figure 150 is the example of the DSO’s waveforms.

Figure 150 DSO waveforms.
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Al1.6 DISCHARGING VOLTAGE FROM CDS

After running the test, the residual voltage in the CDS should be discharged for safety. First of all, we
need to press the discharge button before touching the FTA or any conductor (Figure 151 (a)). After

then, the CDS should be turned off by pushing the off button when the residual voltage is totally
discharged (Figure 151 (b)).

(a) Pushing charging button (b) Ready state

Figure 151 Procedure for discharging the residual voltage.

Al.7 SAVING EXPERIMENTAL DATA

The DSO waveforms and arc image data are downloaded by the computer program and AlS,
respectively. We can save the current and arc voltage waveforms by entering a “4” or “S” character
on a keyboard (Figure 152). In terms of the arc image data, the optical fibre data can be downloaded

by sequentially clicking the download and saving buttons as shown in Figure 153.
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Figure 152 Saving DSO waveforms.

Downloading data

Open Experiment...
Save Experiment..,
Save results

(a) Clicking the download button (b) Clicking the button of save results

Figure 153 Saving the arc image data.

A2 PREPARATIONS FOR FTA

There are some precautions to build up the flexible test apparatus (FTA) in order to measure arc
images properly; those are about a stack of splitter plates and windows for optical fibres.

A2.1 SPLITTER PLATES

The stack of iron plates has been made from the splitter plates of the commercial products (the

Polestar MCB made by Crabtree Electrical Industries Ltd). Figure 154 shows the plate’s stack which
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has 3 iron plates. There are two kinds of plate holders which can support the splitter plates; one is a
wide holder for a back side and the other is a narrow one for a front side (where the arc images are
measured).

(@) An iron plate (b) A stack of 3 splitter plates

Figure 154 An iron plate stack.

Figure 155 illustrates how to install the stack of splitter plates in the FTA. Two stack holders prevents
the plate stack from moving and being disordered during the interruption operation.

Stack holder

Figure 155 Installation of a stack of splitter plates.
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A2.2 FILTER AND GLASSES FOR OPTICAL FIBRES

There are 3 kinds of windows between the optical fibres and the arc plasma; a filter, outer glass and

inner glass.

During a switching event, the arc is so bright that the light intensity measured by the fibres are easily
saturated to highest value. In order to decrease the arc’s brightness and avoid the saturated situation,
the natural density (ND8) filter is placed in front of the fibre array block (Figure 1567).

The outer glass is put in front of the filter and it is fixed by an insulating tape (Figure 157 (a)). This
outer glass made from quartz protects the filter and fibre array block from the thermal damage by the

arc.

A pair of inner glasses is placed in both sides of the quenching chamber (Figure 157 (b)). It can be
made from toughened or quartz glass.

NDS filter

(a) An outer glass (quartz glass) (b) A pair of inner glasses (toughened or quartz glass)

Figure 157 Outer and inner glasses.
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A3 REARRANGEMENT OF FTA AFTER SWITCHING TEST

A3.1 CLEANING WINDOW GLASSES

The arc produces some soot in the outer and inner glasses. This soot can block the arc’s light and the
optical fibres cannot properly measure the arc images. Therefore, it is necessary to clean up soot after

every switching test. We used a soft sand paper to clean glasses as shown in Figure 158.

() An outer glass (b) A pair of inner glasses

Figure 158 Cleaning window glasses.

A3.2 ADJUSTING FIXED CONTACT AND ARC RUNNER

The fixed contact or arc runner can be bended by the high temperature of the arc like Figure 159. We
need to check their condition after every test. If the fixed contact or arc runner is dislocated after a

test, they should be rearranged in the same condition as before a test.

1SN RRE|

contact

"*". ded fix

Figure 159 A bended fixed contact.

185



APPENDIX B: ARC IMAGES WITH CONSIDERATION OF
CURRENT LIMITATION

Figure 160 shows the simulated arc temperature distribution with the consideration of current

limitation and arc motion (light intensity) recorded by the AIS. These data correspond with the
waveforms in Figure 137.

(d) 1.5ms
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(f) 2.45 ms

|

(9) 2.65ms

(h) 2.75 ms

(i) 2.8 ms
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() 3.7ms

Temperature [K]

(n) Temperature index

Figure 160 Simulated temperature distribution in the half model (with current limitation) and
measured arc image data in the quenching chamber of the FTA; dynamic threshold mode
and contour level of [10 %, 13 %, 16 %, 19 %, 22 %, 25 %, 28 %].
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Experimental Study of Re-1ignition Evaluators
Low Voltage Switching Devices

Dongkyu Shin, Igor O. Golosnoy, and John W. McBride

Abstraci— The re-ignition of the arc during the interruption
process deteriorates the switching performance of low voltage
switching devices (LVSDs). Avoiding re-ignition is thus a kev goal
in the effective design of the quenching chamber. A reliable
evaluator of re-ignition provides the opportunity to predict the
switching performance of a LVSD during the design process and
to refine the product prior to manufacture and empirical device
testing. In this paper, re-ignition evaluators are investigated
through the analysis of interruption test data for several types of
LVSDs under the single-phase and three-phase circuit conditions.
It is observed that the ratio of the recovery voltage to exit arc
voltage, where exit arc voliage is defined as the value of the arc
voltage immediately prior to the current zero point, is a reliable
evaluator for the prediction of re-ignition in the switching tests of
LVSDs. It is also noted that there are no occurrences of
instantaneous re-ignition where this voltage ratio lies in the range
of 1.0 to -1.0 and there is a threshold of the voltage ratio at
approximately -2.0, which can distinguish the successful
interruption and instantaneous re-ignition.

Index Terms—Exit arc voltage, low voltage switching device
(LVSD), re-ignition evaluator, switching performance, voltage
ratio.

I INTRODUCTION

OW voltage switching devices (LVSDs) are widely

utilized in power distribution networks to turn on and off
circuits and to protect humans and other connected equipment
against overload or short circurt accidents. The gquenching
chamber of a LVSD 1s the maimn volume for switching current
and consists of a movable and fixed contact, splitter plate, side
plate. magnetic yoke and vent as shown in Fig. 1. When the
movable contact separates from the fixed contact, an arc 1s
established in the contact gap which then moves towards the
splitter plates by the combination of gas flow and Lorentz
forces. After the arc enters the splitter plates, there 1s an
increase in the arc voltage resulting from the multiple anodic
and cathodic potential drops associated with the surface
interactions with the splitter plates. Ideally, the arc is
extinguished at the first current zero moment or sooner i the
case of a current linmting device, however the arc can re-1gmite
after the current zero point.

D. Shin andI. O. Gelosnoy are with the School of Electronics and Computer
Science, University of Southampton, Southampton, S017 1BJ, UK. (e-mail:
ds7gl4(d) soton.ac.uk).

J. W. McBride is with the Faculty of Engineering and the Environment,
Unitversity of Southampton, Southampton. SO17 1BJ. UK. He is also with
Unversity of Southampton Malaysia Campus, Nusajaya, 79200, Johor,
Malaysia.
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Fig. 1. Half symmetric geometry of a quenching chamber i an LVSD.

The present market trend for LVSDs 1s towards a more
compact product with higher breaking capacity. In order to
produce competitive products meeting this demand with low
development costs in a short time, 1t 15 essential to predict the
switching performance of a LVSD and to optimize a product
prior to manufactuning a real device. One of the main factors
the deterioration of the switching performance 1s re-ignition
after the first current zero point. Re-ignition n a LVSD
interruption refers to the failure of the arc interruption at the
first current zero point; hence the current continues its flow
after the current zero point. Re-igmtion may lead to longer
arcing duration. severe contact erosion and side-wall damage of
LVSDs during the interruption process. Avoiding re-ignition is
therefore crucial when designing a quenching chamber. In
practice a reliable evaluator i1s required to predict the re-1gnition
phenomena and to evaluate the switching performance of a
particular device prior to empinical testing of real products.

It has been suggested that if the breakdown voltage 1s greater
than the recovery voltage (applied voltage across the breaker at
zero current point), there will be a successful interruption
withont re-sgmition [1]. [2]; however, the problem of
determining the breakdown voltage of the arc plasma after the
current zero point has not been fully addressed due to the
changes at the breakdown characteristics of the gas-plasma
muxture by complex recombination and cooling processes mn
the breakers. Some experimental studies have been undertaken
regarding the breakdown voltage after the current zero point
and evaluators of re-ignition in LVSDs in order to achieve the
improved performance of switching devices. Shea measured
the breakdown wvoltage depending on the vent area of a
quenching chamber and reported that increasing the vent area
enhances the breakdown voltage after current mnterruption [3]
Takahashi and Lindmayer compared the breakdown voltage of
the double contacts (Uzg) with that of the single contact (Ug:)
and observed that the ratio Uza/Ug: 15 1.7 — 1.8 for Ag alloy
contact material, such as AgNi 90/10, AgCdO 90/10 and
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ApSnO: 88/12 [4]. Chen ef al. wmvestigated the recovery
characteristics of the breakdown voltage in four different
chambers of the magnetic contactor in an attempt to understand
the effect of the configuration of the quenching chamber [3].
More complex evaluators have been also suggested. Balestrero
et al. presented the mucroscopic evaluators that can forecast
re-ignition by obtaming the arc voltage or current through a
sensitive current measunng device with a signal processing
algorithm, for conditions under 10 kA [6], [7]. There were the
current decay rate and the change in electric conductivity of the
plasma 1n the microscopic evaluators, however implementation
of these evaluators is not an easy task for a large scale
evaluation campaign. Hauver ef al. introduced the concept of the
exit arc voltage, the arc voltage immediately prior to the current
zero point, and proposed that the probability of re-ignition after
the current zero moment 1s strongly dependent on the exit arc
voltage [8]. [9]. It was found that the evaluator of the exit arc
voltage 15 a sumple tool. however 1ts reliability has not been
nigorously tested. Shin er al. proposed an additional evaluator,
the ratio of the system voltage to the exit arc voltage at the
current zero point, through the switching test results of the
muniature circwat breakers (MCBs) and molded case circwt
breakers (MCCBs) [10]. Chen et al. studied the correlation
between the arc motion and re-ignition in magnetic contactors
by using optic fiber arc imaging technology and found that the
better the arc entry into the splitter plates, the less likely the
re-ignition [11].

The exat arc voltage could be the simplest evaluator for the
industry engineers to evaluate re-ignition phenomena without
the complex calculation of the breakdown voltage; however, 1t
has some limitations regarding the test conditions conducted in
previous studies and the accuracy of re-ignition evaluation. The
previous experimental investigation was carried out under a
single circuit condition using a single type of MCCB [8], [9]:
hence the reliability of the exit arc voltage needs to be
experimentally proved by wvarnious kinds of switching
conditions. Also, there 1s no clear threshold value of the exit arc
voltage to predict successful interruption. The objective of the
work described in this paper 1s to investigate a more accurate
and reliable evaluator for the prediction of re-ignition based on
the switching data of various kinds of test conditions. The
proposed evaluator, the voltage ratio, 1s an extension of the exit
arc voltage technique. This paper presents the detailed
comparison between the exit arc voltage and voltage ratio as a
re-igmition evaluator. Further, it shows a clear threshold of the
voltage ratio between the successful and failed interruption.
which can aid in a LVSD design.

II. EXPERIMENTAI METHODS AND WAVEFORM ANALYSIS

A. Switching Test Circuits and Conditions

The experimental mvestigation 1s carried out with 10kA
20kA. 55kA and 100kA test circuits using either MCBs or
MCCBs. Figure 2 shows diagrams of the interruption test
circuits for single- and three-phase LVSDs. The short-circuit
condition 1s adjusted by a transformer, resistor and reactor.
Only R and T phases are utilized for the single-phase tests.

—_— AT
Power -~ A ¥ A AN
-
e (1) (2 G @ G
(a) Single-phase test circuit
S e A
Power __~__ A ¥ AN
(1) 2) 3 @ ©) )]
(b) Three-phase test circuit
Fig. 2. Test circuit diagrams for a single-phase and three-phase LVSD: (1)

back-up circuit breaker, (2) three-phase transformer. (3) making switch. (4)
reststor. (3) reactor, (6) single-phase MCB, (7) three-phase MCB or MCCB.

A 13 8 kV commercial power line 1s used as the power source
for the 10 kA and 20 kA switching tests, whereas a short-circuit
generator provides the energy for the 55 kA and 100 kA tests.
The current and voltage of each phase are recorded by an
oscilloscope (10 MHz, Yokogawa DL750), a passive voltage
probe (250MHz, Tektronix P5100) and a Rogowski current
transducer (16MHz, PEM CWT). No any special filters are
used to smooth the waveforms. The observed fluctuations in the
waveforms are reflections of a physical phenomenon related to
the back and forward motion of the arc at the splitter plates
[12]1.

Table I shows the test condition of each switching case. A
total of 110 interruption tests are conducted with previously
wnused switching devices under five different test circuats.
Table II shows the gquenching chamber features of the LVSDs
used for given switching tests. When the circuit condition is
repeated for the tests on the same LVSD type (for example. the
switching cases of test number 1 — 26 in Table I). the venting
condition varies and some components within the quenching
chamber are replaced. This includes changing the geometry of
the movable and fixed contact, splitter plate. side plate,
magnetic yoke or gassing material Therefore, there is no
1dentical test condition among 110 switching cases presented in
Table 1. Testing a variety of circuit conditions and chamber
configurations provides the broad switching results for the
thorough investigation of re-ignition evaluators.

There are two types of the interruption operation in the
switching tests: the open interruption and close-open
interruption. The open interruption represents the switching test
where short-circuit current starts to flow through a closed
LVSD and the contacts automatically open due to short-circuit
current. The close-open mterruption 1s the switching test where
a LVSD manually operates from the open state to the close state
while the system voltage 1s applied across a device and then the
contacts automatically open. The single-phase switching test 1s
conducted through either the open or close-open interruption
operation. However, the three-phase test 1s performed only
through the close-open operation 1 order to obtain an accurate
extrapolation of the system voltage at the current zero pomnt. It
1s difficult to calculate the system voltage at the current zero
point by the extrapolation method in a three-phase open
mterruption test due to distortions observed in the wvoltage
waveforms after switching. The distortions may result from the
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TAELEI TAELEII
SwWITCHDG TEST CONDITIONS QuercHING CHAMBER FEATURES 0F LVEDS
Number . Prospective Power Emd Test Kind .
Voltage * K eTy. . Type of Chuantity of c
of phase cuTant Factor of LVSDs | number I_‘E.-';fDr | chamber® | splitter plates Parameters
1 252V 10kA 0454 1-26
G3IAF* - Venfing condition
MCB - Geometry of movable and fixed
10 kA 0459 27-28 Jniaivai A
100AF ﬁ?; Single 13 - Geometry of splitter plate
\iC-CB 20-41 - - Geometry of side plate
- - Geometry and kind of gazsi
1234F 47 48 :narem.'rj;la"Tr e
MCCB ="
20kA 03 230AF 1004AF - Venfing condition
MCCE 49 -32 MCCE Simgle 10 - Geometry of splitter plate
- b - Geometry of gassing material
¥ gasimg
S00AF | 53_36 : -
MCCB - 125AF . - Venfing condifion
— Single 10 - Geometry of splitter plate
125AF - MCCB = . .
MCCE 57 -65 - Geometry of gassing material
- Venfing condition
L60AF - =
MCCE 66 -67 {fgég Double 15 - Geometry of magnetic yoke
h - (reometry of gassing matenial
N 250AF :
3 483V 55kA 02 MCCE 68 - 69 . ~ Venting condition
400AF L T Double 16 - Geometry of magnetic yoke *
MCCB 70 -73 MCCB - Geometry of side plate ®
S00AF = 400AF - Geometry of splitter plate
MCCE 74-78 MCCB Double 18 - Geometry of magnetic yoke
160AF T - Ge r of movahl
70 826 ometry of movable contact
MCCB ,f;gég Double 18 - Geometry of splitter plate
250AF 27.38 h - Geometry of magnetic yoke
MCCB T
- (reometry of movakle contact
BO0AF - )
5 400AF Double 18 - Geometry of splitter plate
100 kA 02 MCCE 89-91 MCCB - Geometry of magnetic yoke
630AF 97 _99 *Each kind of LVSDs has a different confignration of the quenching chamber.
MCCE In general. the quantity of splitter plates 15 larger and the volume of a quenching
S004F 100 - 110 chamber is bigger as the ampere frame (AF) becomes higher.
MCCE ® There are two types of quenching chambers in L VSDs: one is a single contact

* The voltage value refers to the phase voltage in single-phase tests and
line-to-line voltage in three-phase tests.

b The power factor is selected according to IEC 60947-2 [13].

“The test number corresponds to the switching data in Fig. 6 and 7.

? According to TEC 60947-2, the power factor is 0.5 when short-circuit current
is 10 kA

* Ampere Frame(AF) represents the frame size rating of the LVSD.

step voltage applied to the circuit and associated travelling
wave reflection at non-matching impedance points.

B.
1) Switching results

There are three possible switching outcomes: 1) a successful
interruption without re-ignition. 2) a failed iterruption with
instantaneous re-ignition or 3) a failed interruption with
delayed re-ignition. All interruptions with re-ignition are
regarded as failures i this paper. Figure 3 shows the current
and voltage waveforms of a successful intermuption and two
kinds of re-ignition in the switching test of LVSDs. In the
successful interruption. the arc 1s extinguished at the first
current zero point without re-igmition (see Fig. 3 (a)). In the
case of instantaneous re-ignition. the arc re-ignites and the
current continues to flow immediately following the current
zero point (see Fig. 3 (b)): however, delayed re-ignition has a
pause without current flowing prior to arc re-ignition [8], [9]
(see Fig. 3 (c)). It 15 believed that instantaneous re-ignition is
related to a high temperature of the arc plasma. which keeps
sufficient electrical conductivity of the residual plasma:
whereas, delayed re-ignition relies on the dielectric breakdown
which 1s mainly mfluenced by the recovery and breakdown

Waveform Analysis

chamber and the other is a double contact chamiber.

“When the circnit condition is fixed for the tests on the same kind of the LTVSD
(for example, the switching cases of test mumber 1 — 26 in Table I), several
design parameters (the venting condition and the geometry of a movable
contact. fixed contact. splitter plate, side plate, magnetic yoke or gassing
material) of the quenching chamber are changed.

#The polymer can be placed inside the quenching chamber to improve the
switching performance. This polymer is called the gassing material.

#The side plate and magnetic yoke (shown m Fig. 1) nfluence the magnetic
field in the chamber and they help to increase Lorentz force on the arc.

voltage. Often delayed re-ignition is a consequence of the

movable contact’s back-motion m the quenching chamber of
the LVSD.

2) Exit arc voltage, re-ignition arc voltage and system voltage
at the current zero point

To investigate re-ignition the following
parameters are denived from the switching waveforms: the exit
arc voltage. re-ignition arc voltage and system voltage at the
current zero point. The exit arc voltage 1s now defined as the

evaluators

value of the arc voltage 20 ps prior to the cumrent zero pomt
either successful or failed interruptions. coimnciding with the
definition provided by Hauer ef al. [8], [9]. The re-ignition arc
voltage 15 the value of the arc voltage 20 ps after the current
zero point only when instantaneous re-ignition occurs. The
system voltage at the current zero point 1s the value of the
supplied voltage across a LVSD when the arc 15 extinguished or
re-1gnites.

Figure 4 shows typical current and voltage waveforms
during a three-phase interruption process of a MCCB where
instantaneous re-ignition occurs in the R phase and the arc 1s
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10000 - r
- = 400
7500 - I
: —+— Current
Voltage I
5000 g
b 200
—_— 200 L =
= Delayed re-ignition =
E 04 basawanl |l Eju
é First current =
o aspg 4 ZErQ point r ==
200
5000 -
7500 < L 100
-10000 - T T T T T T T
o 2 4 ] 8 1n 1z 14 16

Time [ms]
(c) Waveforms of delayed re-ignition
Fig. 3. Current and voltage waveforms of a successful interruption and two

kinds of re-ignition: these are the switching results of single-phase MCBs under
252 V and 10 kA condition.

first extingmshed in the T phase. The moving contacts of the
device are manually closed to the fixed contacts at 0 ms and
instantaneously begin to separate automatically due to the
repulsion force caused by shori-circuit current. It 1s observed
that the arc voltage rises as the contact gap increases and, after
passing the current zero point (A), the arc polanity reverses to
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(b) Voltage waveforms.

Fig. 4. Current and veltage waveforms of a three-phase MCCB switching test
under 483 V and 20 kA condition: A is the first current zero point in R phase
and B is the first cumrent zero point in T phase.

maich the current polarity in the R phase. After instantaneous
re-ignition, the re-ignition arc voltage 1s recorded as a relatively
high value when compared with the exit arc voltage. and finally
the arc current is interrupted at the first current zero point (B) of
the T phase. The exit and re-1ignifion arc voltage are directly
measured from the arc voltage waveforms. The system voltages
at the current zero pomnts (A and B) are obtained through the
extrapolation using the time period from the current zero point
to the last zero moment of the system voltage prior to the arc
ignition (Af; and Af).

In the case of the open interruption, the system voltage at the
current zero point 1s computed by the extrapolation method
based on the first zero point of the system voltage after the arc
extinction.

If instantaneous re-ignition occurs. the data of the next
current zero event are measured. which is either a successful
interruption or delaved re-ignition.

3) Voliage ratio
Figure 5 shows the equivalent circuit diagram of the
three-phase switching test and the circuit equation of the
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R-phase based on Kirchhoff s voltage law can be expressed as
[14].

I, (1)

U,,-\:_R (!') = Ix(f)Rx +LR +L'rmr_R(I) +Li=v - (1)

We can get (2), (3) and (4) since the three-phase power sources
are synchromzed.

U, 2(0+U,, ((O+U,, ;(1)=0. @)
IO+ L(N+1,()=0. 3)

dI@) _dI @) , di () _
d  dt dt

0. @)

The voltage at the neutral point in the power source part can be

calculated from (3) by using the three circuit equations of each
phase and (2) - (4).

Uy g0 +U,,. s(0+U,, (8

U, =
. 3

&)

It 15 assumed that the recovery voltage applied across each
phase of the LVSD 1s composed of the system voltage and the
neutral point voltage. Since the arc voltage becomes zero at the
current zero point, the recovery voltage across the R phase can
be wiritten as

[’Trm:_s ‘{E) + LTM_T(")

["rrdr_R = {"r;;\s_!i(! ) +

(©)

The voltage ratio 1s defined as the ratio of the recovery voltage
to the exit arc voltage. For the three-phase and single-phase
system, the voltage ratio can be formulated as (7) and (8).
respectively,

T
rec_J

Volrage ratio = ——— (M
Ugsi ;
U,
Voltage ratio = U— . (8

where Ui 15 the exit arc voltage and j 1s the index of the phase.
In the smngle-phase test, only the system voltage 1s assumed as
the recovery voltage.

4} Polarity between the recovery voltage and exit arc voltage

When comparing the polarity of the recovery and exit arc
voltage. there are two possible cases: the same polanty or
opposing polarities. If there 1s a strong current limiting effect
and a high exit arc voltage duning the interruption process. the
current drops to zero prior to the zero pownt of the system
voltage and the same polarity case is observed.
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Fig. 5. Equivalent circuit diagram of a three-phase switching test: U, is the
system veltage, T is short-circuit comrent, U, is the arc voltage, Uy is the
voltage at the neutral point. R is the resistance, L is the inductance and the
subscripts (R, 5 and T) represent each phase of the circuit.

III. RESULTS AND DISCUSSION

The exit arc voltage, proposed by Hauer [8]. [9]. 1s the
simplest evaluator to predict instantaneous re-ignition, which is
easy to implement in an industrial design scenario; however,
this evaluator does not consider the recovery voltage, which 1s
the source of the breakdown (re-ignition) and its limitation in
predicting successful interruption 15 observed i the switching
test data (Fig. 6). Firstly, there are some successful interruption
cases where the exit arc voltage 1s too small to forecast the
success and therefore a failed interruption 1s expected
according to the exit arc voltage. Secondly, there 1s no clear
threshold to distinguish a successful and failed intermuption in
the evaluator of the exit arc wvoltage. To overcome the
limitations of the exit arc voltage as a sole evaluator and to
predict re-ignition more accurately, the wvoltage ratio 1s
introduced in this study. as in (7) and (8).

A, Exit arc voltage as an Evaluator

Figure 6 presents the full data of the correlation between arc
re-ignition occurrence and the absolute value of the exat arc
voltage in 10 kA, 20kA. 55 kA and 100 kA switching tests.
Since each point corresponds to a different test condition or
device design, a large vanation in the exit arc voltage is
observed as expected. If the exit arc voltage exceeds 400V 1t 1s
plotted as 400 V. There are 30 successful interruptions with the
same polarities between the recovery and exit arc voltage, 74
successful ones with the opposing polarities, 31 instantaneous
re-ignition events and 6 delayved re-ignition events in the
switching data. In general, the absolute value of the exit arc
voltage 15 low in the case of instantaneous re-ignition whereas a
high value 1s observed in the successful interruption cases. But
there are two limitations in the usage of the exit arc voltage as
an evaluator for instantaneous re-ignition as presented in Fig. 6.
The average value of the exit arc voltage of all instantansous
re-ignition events 1s 47 V. however two successful cases (A and
B) are marked below this average, which 1s not explained by the
evaluator of the exit arc voltage alone. Additionally, there 1s no
clear threshold between successful and failed interruptions.
Except A and B points, the minimum exit arc voltage in the
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Fig. 6. Re-ignition occurrences depending on the exit arc voltage: the exit arc
voltage is plotted as 400 V 1f 1t is greater than 400 V.

case of the successful interruption 1s 73 V. whereas the
maximum value in the mstantaneous re-1gnition case 15 149 V.
There are 20 successful cases and 6 mstantaneous re-1gnitions
in this overlapping region between 73 V and 149 V., which are
not predicted by the exit arc voltage, accurately.

The delayed re-ignition phenomena cannot be predicted by
the exit arc voltage. This may be attributed to a fault in the
LVSD operating mechanism detected during the post-test
examunation of the device. As an example of the post-test
examination, if the movable contact is not locked by the
operating mechanism after opening. 1t can rebound and the
contact gap will reduce. causing a failure.

B. Voltage Ratio as an Evaluator

Figure 7 uses the same test data as Fig. 6, but now shows the
dependence of the re-ignition occurrence on the voltage ratio
defined in (7) and (8). Values below a voltage ratio of -3.0 are
plotted as -3.0. Three groups of the voltage ratio are observed:
the first (region 1) 1s the positive ratio (in the case of the same
polarity between the exit and system voltage), the second
(region 2) 1s the range of 0 to -2_0 and the third (region 3) 1s less
than -2.0. Omutting the cases of delayed re-igmition. all
switching trials are successful in the range of the positive
voltage ratio. There are 74 successful interruptions with the
opposing polarity and 2 instantaneous re-igmition cases in the
second region of 0 to -2.0 voltage ratio. Only mstantaneous
re-ignition events are seen m the range below -2.0. Particularly,
both A and B successful interruptions are predicted by the
voltage ratio, which 1s -0.52 and -1.37, respectively, but not by
the exit arc voltage evaluator. Overall, it can be concluded that
the voltage ratio 1s a more detailed and accurate evaluator fo
forecast the switching performance than the exit arc voltage.

Like the exit arc voltage, the voltage ratio evaluator cannot
predict delayed re-ignition that 1s associated with the failure of
the operating mechanism of the LVSD.
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Fig. 7. Re-ignition occurrences depending on the voltage ratio; the voltage ratio
15 plotted as -3.0 1f 1t is lower than -3.0.

C. Discussion
1) The region of the positive voltage ratio

The successful operation with a positive voltage ratio can be
explained by the inconsistency of the circmt equation near the
current zero point. As the voltage drop across the external
resistive load 1s negligible, the circust equation near the current
zero point in the single-phase test can be expressed as

r U -1%0
Upe O~V () =L=_ =

®
For the three-phase circuit, the voltage between the system
voltage and the voltage at the neutral point 1s required in (9). If
instantaneous re-igmition occurs i the range of the positive
voltage ratio with the decreasing current where both system
voltage and exit arc voltage are initially positive, the value of
the left hand side i (9) prior to the cumrent zero moment is
negative due fo a higher arc voltage compared to the system
voltage: but 1t switches to positive immediately after the current
zero moment due to a positive system voltage and the mnversion
of the arc voltage to negative. However, the value of the night
hand side is still negative because the current continues to
decrease afier the current zero pomnt. [t indicates that such
situations are not possible and the only solution is an open
circuit, 1.€. successful interruption.

2) The region of the negative volrage rario

The situation of the negative voltage ratio can be explaimned
with the aid of the race theory presented by Slepian [1].
Instantaneous re-ignition occurs in the case of the recovery
voltage (which 1s effectively an open circuit voltage across the
gap in the device) being higher than the breakdown voltage
immediately after the current zero point. As the value of the arc
voltage 15 determuned by the power input required to sustain the
arc [2]. the breakdown voltage should be greater than the arc
voltage.
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It 15 observed from Fig 8 that the absolute value of the
re-ignition arc voltage (the arc voltage immediately after the
current zero point) 1s greater than that of the exit arc voltage in
all mstantaneous re-ignition cases. From this test result. 1t 1s
apparent that the exit arc voltage has a sigmficant influence on
the arc characteristics immediately after the current zero pont.
Further. Fig. 8 shows that a different test condition leads to very
different re-ignition arc voltage which in turn indicates that the
exit arc voltage itself 1s probably not the best evaluator.

It 1s in agreement with the theory. that there 1is no
nstantaneous re-ignition in the range of 0 to -1.0 voltage ratio,
i.e. when the breakdown voltage 15 higher than the recovery
voltage (note that the breakdown voltage 1s always higher than
the exit arc voltage due to cooling effects). In practice, the
threshold between successful and unsuccessful mterruptions 1s
observed at more relaxed conditions, when the voltage ratio of
approximately -2.0 (see Fig. 7). There are two possible
explanations for the observed threshold. The increase in the
breakdown wvoltage due to plasma cooling and reduction in
plasma conductivity 1s possible; therefore, a higher than the exit
arc voltage 15 needed to support a colder arc. The other
explanation can be a switching of cathodic and anodic sheaths
over the splitter plate surfaces. This switch takes place just
before re-igmition when the sufficient recovery voltage 1s
applied to 1) compensate the voltage drop (which corresponds
to the exit arc voltage) m the existing sheaths allowing
electrons and ions to move in the opposite direction; 2) to create
an additional voltage drop with opposite polarities accelerating
electrons and ions for the ions generation at the anodic sheath
and the electron enussion from the cathode by 1oms
bombardment. The magnitude of tlus additional voltage 1s
equal to the exit arc voltage if we assume that the latter one 1s
almost all due to the surface sheaths.

There are rare cases when re-ignition occurs at the ratio
above -2.0. We believe that these cases correspond to situations
when the arc is attached at the edges of some splitter plates
prior to the current zero point and the arc re-ignites directly
through an air gap skipping the edges. This re-ignition does not

requure the sheath switch as the arc 1s established through the
hot gas region in front of the splitter plates without creating an
additional voltage drop in the cathode and anode sheath. In this
case, the breakdown voltage can be less than 200% of the exit
arc voltage, however, always greater than 100% of the exit arc
voltage. The modelling can select the LVSD design to push the
arc further towards splitter plates and this would allow to
consider the relaxed re-1ignition criterion. the voltage ratio =
-2.0.

Iv.

In this paper. an experimental mmvestigation has been carried

CONCLUSION

out regarding re-ignition evaluators that can predict the
switching performance of LVSDs prior to empinical laboratory
testing of real products. The following conclusions can be
drawn.

1) The voltage ratio (which i1s defined as the ratio of the
recovery voltage to the exit arc voltage) 15 a reliable
evaluator and provides more information than the exit arc
voltage.

2) Instantaneous re-1gnition does not occur when the voltage
ratio is positive or 1t lies in the range of 0 to -1.0. It can be
used as a “strict” global evaluator to predict the switching
performance of the LVSD. Also, there 1s
expenimentally observed ‘soft” threshold of the voltage
ratio at approximately -2.0, which distinguishes most of
the successful interruptions from instantaneous
re-igmtions. The rare cases of re- ignition when the ratio
lies 1 the range of -1.0 to -2.0 are attributed to the arc
attachment at the edges of splitter plates and re-ignition
directly through an air gap without the sheath voltage.

3) Delaved re-1ignition cannot be predicted by using either the
exit arc voltage or voltage ratio; however, it was
diagnosed with the result of failure in the LVSD operating
mechanism It should be the subject of mechanical design
improvement, rather than optimization of electrical arc
dynamics.

an

REFERENCES
I. Slepian,

. “Extinction of an A-C. arc.” Trans. AIEE. vol. 47, no. 4, pp.
1398-1407, 1928.

P. G. Slade, Electrical Contacts Principles and Applications. New York:
CRC Press, 2014, pp. 353-616.

I. I. Shea, “Dielectric recovery characteristics of a high curent arcing
gap.” IEEE Trans. Compon. FPackag. Techmol, wol 25, no. 3, pp.
402-408, Sep. 2002.

A. Takahashi and M Lindmayer. “Reignition voltage of arcs on
double-break contacts,” IEEE Trans. Compon, Hybrids, Manuf
Technel, vol CHMT-9, ne. 1. pp. 35-39, Mar. 1986.

D. Chen. X. Li and R. Dai, “Measurement of the dielectric recovery
strength and reignition of AC contactors.” JEICE Trans. Electron., vol.
ES88—C. ne. 8. pp. 1641-1646. Ang. 2005.

A_ Balestrero, L. Ghezzi, M. Popov. and L. van der Sluis, “Current
intermuption in low-voltage circuit breakers.”™ JEEE Trans. Power Del.,
vol 25, ne. 1. pp. 206-211. Jan. 2010.

L. Ghezzi and A Balestrero, “Modeling and sinmulation of low voltage
arcs.” PhD. dissertation, Tech. Univ. Delft, Delft. . Netherland, 2010,
W. Haver and X. Zhou, “Re-igniticn and post arc current phenomena in
low voltage circuit breaker.” in Proc. JCEC, 2014, pp. 398-403.

W. Hauver, “Re-ignition phenomena in low-voltage circuit breakers.”
PhD. dissertation. Vienna Umiversity of Technology, Austria, 2012,

2
13

4]

[

(6]

M
(8]
[

196



[10] D.Shin, I O. Golosnoy, and J. W. Mcbnde. “Arc modelling for switching
performance evaluation i low-voltage switching devices,” in Proc.
ICEC, 2016, pp. 4145,

[11] D.Chen, K Dai, and X Li “Experimental investigation on the arc motion
with different configurations of quenching chamber m AC contactor,”
IEICE Trans. Electron., vol. E89-C no._ 8. pp. 12011205, Aug. 2006.

[12] I. W. McBride, D. Shin and T. Bull. “A study of the motion of high
current arcs in splitter plates using an arc imaging system.” in FProc.
ICEC, 2016, pp. 175-180.

[13] Low-Ioltage Switchgear and Confrolgear-Part 2: Circuit Brealkers,
International Electrotechnical Commission, Edition 4.0, IEC Standard
60947-2, 2006.

[14] T. Onchi. M. Isozaki, and M. Wada, “Current limiting simulaticn for low
veltage cireuit breaker.” in Froc. IECON, 2003, pp. 631-636.

Dongkyu Shin received the B Eng. degree
i electrical engmeenng from Hanvang
University, South Korea, m 2004, the
M Eng degree in electrical engineering
from Seoul National Umiversity. South
Korea. mn 2006, and 1s currently pursuing
the Ph.D. degree at the Electronics and
Electrical Engineering Research Group.
Unaversity of Southampton, UK.

Igor O. Golosnoy recerved his M. Sc.
degree in applied mathematics and physics
from Moscow Institute of Physics and
Technology, Russia n 1992 and the Ph.D.
degree in mathematics and physics from
the Institute for Mathematical Modelling.
Moscow. Russia in 1995, Now he 15 an
associate professor at the Electronics and
Electnical Engineening Research Group.
Faculty of Physical Sciences & Engineering, University of
Southampton. His research interests mnclude numencal
modelling of wvarious coupled electrical, thermal and
mechanical phenomena m gas discharges and optical emission
spectroscopy of plasmas.

John W. McBride 1s the CEO of the
Umversity  of  Southampton—Malaysia
Campus, Johor Bahru, Malaysia, and a
member of the  Electromechanical
Research Group with the University of
Southampton, Southampton, UK.
Previously he was the Associate Dean of
Research with the Faculty of Engineenng
and the Environment. and the Chair of the
Electro-Mechanical Research Group. He 1s an Expert in
electrical contact physics and surface characterization. He has
authored over 200 papers, and holds three patents.

197



Development of Switching Performance Evaluator and Arc Modelling Tool for Low-Voltage
Switching Devices

Abstract

Purpose

The main objective of this study i1s to investigate a reliable evaluator of arc re-ignition and to develop a
numerical tool for accurate prediction of are behaviour of low-voltage switching devices (LVSDs) prior to
empirical laboratory testing of real products.

Design/methodology/approach

Two types of interruption tests have been carried out in the investigation of re-ignition evaluators. Are
modelling tool coupled with the load circuit has been developed to predict arc characteristics based on
conventional magnetohydrodynamics theory, with special attention given to Lorentz force acting on the are
column and surface phenomena on the splitter plate. The model assumptions have been wvalidated by
experimental observation of are motion and current and voltage waveforms.

Findings

It 1s found that the exit-voltage across the switching device and the ratio of system to exit-voltage at the current
zero point are reliable evaluators for prediction of re-ignition. Where the voltage ratio is positive, instantaneous
re-ignition does not occur. Further, the probability of re-ignition is very low if the voltage ratio is in the rage of -
1.3t 0.

Originality/value

It is observed that the voltage ratio can be considered as a reliable global evaluator of re-ignition. which can be
used for various types of LVSD test conditions. In addition. it is shown that arc modelling allows a good
prediction of the current and veltage waveforms. are motion as well as the exit-voltage, which can be used to
obtain the evaluator of re-ignition,

1. Introduction

Low-voltage switching devices (LVSDs) are essential to turn on and off electric current and to protect humans
and other connected equipment against overload or short circuit accidents in the power distribution network. A
quenching chamber of an LVSD is the main volume for switching current and it consists of a movable and fixed
contact, magnetic yoke, arc runner, vent and splitter plates (see Figure 1). When the movable contact separates
from the fixed contact. an arc is established between the contacts and it moves towards the splitter plates by gas
flow and Lorentz force. Concurrently. there 15 a dramatic inerease in the arc voltage due to the multiple anodic
and cathodic potential drops in swfaces of the plates. Ideally, the arc is extinguished at the first current zero
moment, however the are can re-ignite beyond this point. During this breaking process, the arc parameters have a
great influence on interruption performance of the LVSD (Freton and Gonzalez. 2009).

Movable
contact

Magnetic
voke

Figure 1. Half symmetric schematic structure of a quenching chamber in an LVSD.

There has been several reports on correlations between the experimentally observed behaviour of the are and
predicted performance of LVSDs. McBride et al. carried out experimental studies of the influence of contact
opening velocity and material. wall material and venting condition on the arc motion in a miniature circuit
breaker using a fibre optic imaging system, pressure gauges and spectrograph (McBride er al.. 2002). Balestrero
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et al. introduced several ‘microscopic evaluators’ that can predict re-ignition by measuring the current or arc
voltage over a 10 ps time period near the current zero event. when ion recombination and non-equilibrium
phenomena dominate (Balestrero er al.. 2010). Hauer et al. found that the probability of re-ignition after the
current zero event is heavily dependent on the ‘exit-voltage’ (the are voltage immediately prior to the current zero
event) and Shin ef al. backed Hauer’s findings by showing the test results of different types of LVSDs (Hauer and
Zhou, 2014, Shin et al.. 2015, 2016).

Ares are nonlinear phenomena and their characteristics are strongly dependent on the dimensions,
temperature, pressure and attachment points of the arc. For the reliable prediction of the switching performance,
the arc behaviour should be accurately simulated. Karetta ef al. analysed the arc motion with a 3-D
magnetohydrodynamics (MHD) model incorporating heat conduction. gas and current flows and magnetic force
(Karetta and Lindmayer, 1998). Lindmyer ef al. extended MHD arc modelling for the arc root formation by
introducing the nonlinear relationship between the potential drop and current density in the arc root region of the
splitter plates (Lindmayver et al.. 2006). Rong and Ma et al. conducted numerical analysis on the influence of
metal erosion and wall ablation on plasma properties and arc behaviour in an LVSD (Rong ef al., 2009, Ma et al..
2009).

Although the technology available for the design and analysis of LVSDs has been notably developed thanks
to the previous experimental and numerical studies, there are still limitations in the prediction of the switching
performance and optimization of LVSDs. The experimental approach is expensive and time-consuming.
Moreover, it 1s difficult to experimentally obtain internal arc parameters such as cwrrent density and temperature
that are useful in improving the design. Most previous numerical methods have focused on the behaviour of the
arc plasma prior to the current zero moment without evaluating the probability of re-ignition following the current
zero moment, even though avoiding re-ignition is a key goal when designing the quenching chamber,

This paper presents a reliable evaluator of switching performance, which can helps judge the probability of re-
ignition and a numerical tool for accurate prediction of arc behaviour in the LVSDs.

2. Experiments on arc re-ignition

It is considered that an interruption trial is successtul without re-ignition if the breakdown voltage in the
switch is greater than recovery voltage (Slade. 2014, Slepian, 1928): however, the evaluator is required for a re-
ignition prediction for designing LVSDs because of the complexity in accurately calculating the breakdown
voltage of the arc plasma in an LVSD after the current zero moment. It changes with time and depends on
geometry due to complex recombination processes taking place inside the switch. In this paper, the re-ignition
evaluator has been obtained prior to the current zero point without complex caleulation of the breakdown voltage
and it is used as a parameter which can judge the arc phenomena (re-ignition) after the current zero point.

2.1 Experimental method and explanation of switching circuit

The experimental investigation was carried out through two types of interruption tests (see Table I). The first
is a low power test for a single-pole miniature circuit breaker (MCB) and the second is a high power one for a
three-pole moulded case circuit breaker (MCCB). Figure 2 shows test cireuits for the interruption tests of single-
pole and three-pole LVSDs. The current and voltage waveforms were recorded by an oscilloscope during
switching tests. All tests were conducted with a previously unused switching deviee and every device has a
different quenching chamber design (vent size and position, splitter plate’s geometry. efe.) or contact opening
velocity.

Table I. Two types of interruption tests.

Test ) . ; Prospective current . ) Frequency
sample Number of pole Voltage [V] [A] Power factor [Hz]
MCB 1 252 (phase voltage) 10000 0.45 60
MCCB 3 483 20000 0.3 60
(line-to-line voltage)
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(a) Single-phase test for MCBs
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(b) Three-phase test for MCCBs

Figure 2. Test circuits for a single-phase and three-phase test: (1) back-up circuit breaker. (2) three-phase
transformer, (3) making switch, (4) resistor, (5) reactor. (6) test MCB. (7) test MCCB.

Figure 3 shows the equivalent circuit during the mnterruption process. During switching operation of the
LWVSD., the arc current is significantly reduced due to the arc voltage when compared to the prospective current
that 1s determined by the resistance (R), reactor (L) and system voltage (Uz). This current limitation is explained
by equation (1). The arc voltage is gradually raised up as the arc moves towards the splitter plates after the
1gnition between contacts. The arc voltage plays a role as a resistor to prevent the arc from inereasing rapidly.
Further, when the arc voltage is higher than the system voltage the rate of change of the current (dI/dr) becomes
negative and it leads to the early current zero point.

R—L}i

U Upe

LVSD

Figure 3. Equivalent circuit during interruption process: Us 1s the system voltage, I is the current. R is the
resistance. L is the inductance and Uy, 1s the are voltage.

U, (r)=1(r)R+L%+D’m (1) . (1)

2.2 Experimental results and discussion

Figure 4 shows the voltage and current waveforms for both a successful and a failed interruption of an MCB.
A successtul mterruption means that the short circuit current is interrupted at the first current zero point, whereas
a failed one indicates there is re-ignition after the current zero point. During a successful interruption. the arc
voltage waveform i1s relatrvely high and remains so up until the current zero point when compared to the voltage
waveform of a failed interruption. If the LVSD fails to interrupt the short circuit current at the first current zero

moment, a large current continues to flow until at least the next current zero point resulting in severe damage to
the device.
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Figure 4. Voltage and current waveforms during mterruption operation of MCBs.

Table IT shows some switching test results of MCBs. System voltage means the value of system voltage at the
current zero moment and re-ignition voltage is the value of arc voltage immediately after the current zero point
when re-ignition happens. There are two possible cases of polarity: the exit-voltage and system voltage may have
the same polarities (test number 3) or opposing polarities (test number 1, 8 and 22). In addition. re-ignition can be
further classified as one of two types [4]: ‘mstantaneous’ re-ignition, which oceurs immediately after the current
zero event causing the short circuit current continues to flow in reverse polarity and ‘delayed’ re-ignition, where
there is a pause between the current zero moment and re-ignition (Hauer and Zhou, 2014).

Table II. Some test results of MCBs.

. _ Re-ignition
Test Exit-voltage System & oltage _ Vol_mge [V] Polarities Remark
number [V] [V] (immediately after the
current zero point)

1 87 -103 - Different Success

3 315 123 - Same Suecess

8 53 -198 -125 Different Instantancous

fail
=73
22* 87 (-265 at delayed -115 Different Delayed fail
re-ignition point)

*The delayed re-ignition occurs at the moment of 1.49 ms after the first current zero point. Note that the re-
1gnition voltage (the arc voltage immediately after the current zero point) is different from the exit-voltage due
to plasma cooling and expansion.

2.2.1 Exit-voltage as a re-ignition evaluaror

Figure 5 presents the relationship between occurrence of arc re-ignition and the exit-voltage at the first current
zero moment in the MCB and MCCB tests. It can be seen there are different thresholds of the exit-voltage that
distinguish sueccessful interruptions from failed interruptions, which are around 80 V for MCB tests and about
133 V for MCCB tests, These test results illustrate that re-ignition is strongly correlated to the exit-voltage but the
threshold value varies with the test condition.
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Figure 5. Relationship between interruption performance and exit-arc voltage of MCBs and MCCBs.
2.2.2 Voltage ratio as a re-ignition evaluator

In order to investigate a reliable evaluator for predicting re-ignition, the concept of the voltage ratio is
mntroduced. The voltage ratio 1s calculated from the exit-voltage and the system voltage near the current zero,
given in equation (2)

Voltage ratio = Us(tg) /' Uz (2)
where g 1s the instant of the first current zero. Uy 1s the system voltage and Ugy 15 the exit-voltage.

Figure 6 shows the dependence of interruption performance of MCBs and MCCBs on the voltage ratio at the
first current zero moment. It can be seen that the switching trials are always successful in the case of the same
polarity (positive voltage ratio). Of the 26 trials where the voltage ratio is in the range of -1.3 to 0. there i1s only a
single delayed re-ignition, not predicted by the exit-voltage or voltage ratio evaluators. This anomaly may be
attributed to a fault in the operating mechanism detected during the post-test examination of the device.

* Suceess (same polarity)
o Success (different polarity)
a Instantancous Re-ignition (different polarity)

E’; a Delayed Re-ignition (different polarity)
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Figure 6. Relationship between the interruption performance and the voltage ratio of MCBs and MCCBs.

It is interesting to note that the interruption test is always successful if the voltage ratio is positive (the exit-
voltage has the same polarity as the system voltage). This situation happens only when the arc moves quickly
towards the splitter plates and a high arc voltage is generated., This result can be explained by Figure 3 and
equation (1). Solving (1) at an instant f near the current zero point. the voltage drop across the external resistive
load. the first term of the right hand side. is negligible and the circuit equation can be written as

a@

Us()~Uy ()= L5

©)
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If instantancous re-ignition can occur in the same polarity case (with decreasing current) where both system
voltage and exit-voltage are initially positive. the value of the left hand side in (3) prior to the current zero
moment is negative, but switches to positive immediately after the current zero moment due to the inversion of
the arc voltage to negative. However, the value of the right hand side is still negative because the current
continues to decrease after the current zero moment. It indicates that such situations are not possible and the only
solution is an open circuit, i.¢. successiul interruption.

On the other hand. when the system voltage is negative but the exit-voltage is positive (in the case of different

polarity). it may support the negative e.m.f. (L?) and provide a sufficient power for re-ignition to oceur. After
T

the current zero point, both the system and are voltages are negative. In order to support any current flow and
negative e.m.f., the absolute value of the system voltage should be higher than that of the re-ignition voltage (arc
voltage immediately after the current zero point). Figure 7 fits with this explanation by showing the ratio of the
system voltage to the re-ignition voltage when instantaneous re-ignition happens. Furthermore, a linear trend is
observed between the absolute values of the re-ignition voltage and exit-voltage (Figure 8). which means that the
exit-voltage considerably affects the arc characteristics (re-ignition voltage) after the current zero moment. This is
the reason why the voltage ratio can also be a re-ignition evaluator in the case of different polarity and the re-
ignition probability is very rare if the voltage ratio lies between around -1.3 and 0.

3

(]
h

(3]

—
[

=
in

System vollage/Re-ignition voltage
in

0 10 20 30 40 50 60
Test number

Figure 7. Ratio of the system voltage fo re-ignition voltage for non-successful interruption tests.
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Figure 8. Relationship between the absolute values of the re-ignition voltage and exit-voltage for non-successtul

interruption tests: re-ignition voltage is higher than exit-voltage due to increased plasma resistance (cooling and

expansion effects), and the error median between the absolute values of the re-ignition voltage and exit-voltage
15 61.3 %.
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3. Numerical model and simulation results

Prior to MHD computation of the are plasma. Lorentz force is caleulated by finite element method (FEM) and
used as an input parameter (the external magnetic flux density). The effect of the arc roof region is modelled
using the contact resistance on the surface of the plate. To validate the model. the simulated motion 1s compared
with experimentally measured arc motion by using a high speed optical are imaging system (AIS) connected to a
switching test apparatus described below.

3.1 Arc image measurement for validation of arc model

The flexible test apparatus (FTA) in Figure 9 is designed as the structure of an MCB and it is used to record
the are motion under controlled test conditions (McBride ef al., 2002, 2016). There are 109 fibres distributed i
the quenching chamber including 32 fibres between the splitter plates, which have 1 MHz sampling rate. The
optic fibres are slotted into the holes in the fibre array block. The photosensors of the AIS have a spectral
response range from 320 nm to 1060 nm and it enables the tracking of the arc motion through the light intensity
and position in the chamber during an interruption operation. A half cyele wave of a short circuit current is
provided by a capacitor bank and its magnitude is changed by adjusting a charging voltage of a capacitor.

(a) External configuration (b) Internal configuration

Figure 9. The flexible test apparatus for the arc image measurement.
3.2 Calculation of Lorentz force

Lorentz force is caleulated by a commercial FEM software depending on the current (from 0 A to 2000 A)
and arc position (from the ignition region to splitter plates). Figure 10 shows the analysis geometry of Lorentz
force. Figure 11 presents some results of Lorentz force acting towards the splitter plates depending on the current
and arc column position (these data are used to obtain the external magnetic flux density that varies with the
current and arc position).

Splitter plate —»

Moving contact

Fixed contact

Figure 10. The Analysis model of Lorentz force.
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Figure 11. Lorentz force acting towards the splitter plates depending on the current and arc position.

To consider the influence of Lorentz force on the arc motion. the external magnetic flux density B 1s
computed by (4), and (5)

Frp = IBal, “
Bex = Fro /(IL), (3

where Fr, 1s Lorentz force (data in Figure 11). I 1s the current, and L 1s the arc length at the specific position (the
arc column is assumed to be perpendicular to the fixed contact in the quenching chamber). In the arc model
(MHD computation), Be 1s used as the input parameter, which is the function of the arc position and current.

3.3 Assumptions and simplifications for arc model

To reduce the complexity and computation load of the arc model in an LVSD, the following assumptions and
simplifications have been adopted.

e The arc column is considered to be in a state of local thermodynamic equilibrium (LTE).

* The arc initial state is modelled as a hot channel in a small gap between contacts which has a
homogeneous temperature distribution (1mm radius and 10.000 K temperature) (Ma er al.. 2009).

* The arc gas motion is regarded as a laminar flow.
e Metal erosion and wall ablation are not taken into account.

e Lorentz force generated by nonlinear ferromagnetic material and current path in a quenching chamber is
caleulated by FEM prior to the arc simulation using the external magnetic flux density as a input
parameter applied to the fluid domain in the arc model.

3.4 MHD equations in arc column

The arc column is electrically neutral gas media. It is a mixture of electrons and heavy particles (ions, atoms
and molecules) staying in thermal equilibrium at high temperature. If the assumption of LTE holds in the arc
column, the arc can be treated as a single fluid and the mass, momentum and energy conservation equations can
describe the relation between the velocity, pressure, temperature in the are column as given below (Karetta and
Lindmayer. 1998, Yang er al. 2013).

a V()0 ©)
@+V-(Pl'}f})=—Vp+V-(quf)+(ij)j . %)
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In the equations (6)-(8). p is the density, is the time. F is the velocity, v; is the velocity component in 7 direction,
p is the pressure. 5 is the dynamic viscosity. J is the current density. B is the magnetic flux density. H is the

dynamic plasma enthalpy expressed by 4+77/2. h is the static enthalpy determined by [cdr . 4 is the thermal
- L4 P

conduetivity, ¢p is the specific heat capacity. Syq is the radiation energy losses and 5y is the heat generation due to
viscous dissipation. These are standard fluid dynamics equations with an addition of the Lorentz foree in
momentum equation (7) and ohmic Joule heat plus the radiative losses in the energy equation (8).

The clectric field E . which determines the ohmic heating source in the energy equation. is calculated from
Gauss’s law, (9) and (10).

V(o v®)=0. (9)

E=-V0, (10)
where o 1s the plasma electrical conductivity and @ is the electric scalar potential.

The simplified net emission coefficient method is employed in this work to caleulate the radiation energy loss
Srad. and the net emission coefficients are computed from (11),

e=G (exp(CyT)—exp(C,T)) . (1

where C; and C; are the constant coefficients 300 W/m® and 0.0011 K respectively. T, is the ambient
temperature and T is the arc temperature (Barbu e al.. 2012).

3.5 Modelling domains and boundary conditions

Figure 12 shows the domains and boundaries for the FTA s arc model. The fluid component is the internal air
volume of the FTA and it modelled by MHD theory with the external magnetic flux density, whereas the metal
solid parts are considered as domains including only the electric and heat transfer phenomena. The current density
calculated by the load circuit equation (2) 1s applied to the current-in boundary while there is 0 V electric
potential at the current-out surface. The opening condition is set as atmospheric pressure and temperature (1 atm,
300 K). The simulation includes the temperature and pressure dependant properties of air (density, electrical
conductivity, thermal conductivity. the specific heat capacity and viscosity) (Murphy, 1995, 2012).

Current-out

1

K*C‘un‘em-out

9 = Shape of
- 3 splitter plate

Current-in

Figure 12. Domains and boundaries for arc simulation of MCB: (1) moving contact (copper).
(2) fixed contact (copper). (3) arc runner (copper). (4) splitter plate (iron). (5) chamber volume (air).

3.6 Numerical model for arc root

The arc root 1s considered as a thin layer between the arc column and the metal surface of the cathode or
anode. Before entering the splitter plates, the are gradually bends and stretches around the plates generating the
high voltage necessary to form are roots on the splitter plates. After are root formation, the voltage drops in the
are roots on the cathode and anode are relatively high when compared to that in the are column. This are root
formation determines the exit-voltage and plays an important role in the switching performance of LVSDs. In
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order to consider the arc root formation, further consideration is required as LTE condition does not hold in the
arc root region and ordinary MHD theory cannot simulate the arc root phenomena.

P U,
2|/ S~
E)’: ;. o o Urs
Q f
3 |
-/
0 Current density (J) [A/m?]

Figure 13. Relationship between potential drop and current density in the arc root.

In order to take into account the arc root formation. the empirical relationship (Lindmayer er al.. 2006)
between the potential drop and current density is modelled in the simulation tool (see Figure 13). The contact
resistance, CRygor. considering the effect of the arc root region is adopted on the surface of the splitter plate and it
1s obtained from (12),

U__(J

CR (1) = T (12)
J

where Upgt 15 the potential drop in the anodic and cathodic are roots. Uy 1s selected to be 12.25 WV that is a half of

both anodic and cathodic drops on the surface of the plate (Nakayama er al.. 2003). and the peak voltage Uy

across the root 1s 20,

3.7 Implementation of arc simulation

The arc modelling process constitutes procedures of are ignition, MHD computation including the external
magnetic flux density, calculation of the external load circuit and contact motion (see Figure 14). After are
ignition, the arc voltage is caleulated taking into account the external circuit and contact motion until the first
current zero point. This modelling has been implemented in the Ansys CFX commercial software package widely
used in previous studies (Lindmayer ef al.. 2006, Barbu er al., 2012).

Start
v
| Arc 1gnition
'

Fluid dynamics;

™ Gas flow and energy

Temperature and
pressure distribution

Current density

distnbution

}

Contact motion
transport in the arc plasma

s

Ohmic heating

t=1+dt = e Current; Arc voltage
. zEro external circuit = Larentz force;
l}' JxB,
End )

Figure 14. Diagram of the arc modelling process.

3.8 Validation of arc simulation

Figure 15 shows the waveform comparisons between experimental and simulated results of the FTA. Figure
16 presents the are motion data recorded by the arc imaging system and the predicted are temperature distribution
in the quenching chamber, with corresponding voltage and current waveforms in Figure 15. In general, it can be
said that the computed waveforms and arc motion have the similar trend with the experimental data. Furthermore,
it is worth that this arc model can gives the similar value of the exit-voltage compared to the measured one
(simulated value: 252 V. measured value: 280 V)
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In Figure 15, the simulated arc voltage is too high at the beginning of the caleulation because the thin hot
conductive channel is placed between contacts for the ignition modelling but the arc voltage quickly reverses to a
low walue as the arc develops. As the are moves towards splitter plates and elongates, the voltage begins to 1ise.
Before 1.5 ms. the rate of change of the simulated current is higher than experimentally observed. This is due to
the modelled arc voltage being lower than the experimentally observed value. This is reversed after 1.5ms where
the modelled arc voltage is greater than experimentally observed leading to a more rapid onset of the current zero
point in the simulated case.

In Figure 16, following are ignition, the arc travels towards the splitter plates. When the arc enters the splitter
plates, a high value of arc voltage is generated by the effects of arc root formation. It can be seen that the
simulated arc moves faster after 1.65 ms and reaches the splitter plates more rapidly than experimentally
observed. This higher velocity motion leads to a higher arc voltage than measured voltage after 1.5 ms (see
Figure 15). In addition. arc back motion is observed at around 2.25ms in both simulated and measured data but its
effect in the simulation is reduced when compared with the real arc (the arc moves slightly back and the drop of
the arc voltage is small in the simulation compared to the experimental data).

Some diserepancies between the simulation and experiment may be expected from the use of a simplified
model of Lorentz force. radiation cooling effect and the absence of metal erosion (which is important when the
arc interacts with the plates).

1200 300
Simulated current

1000 250
Measurad current

800 200
< =
Samulated arc voltage ah
£ 600 % 150 :

400 100

200 Measured arc voltage 30
0 LAl 0
0 1 4 5
Time [ms]

Figure 15. Comparisons between experimental and simulated results of the FTA.

(a) 0.25 ms (b) 0.70 ms (c) 0.90 ms
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Figure 16. Arc images measured by the AIS and simwulated temperature distribution (volume rendering in the

half model) in the quenching chamber of the FTA.

4. Conclusions

The experimental and numerical investigations on the arc behaviour and re-ignition evaluators of LVSDs have
been studied in this paper. The following conclusions can be drawn:

It 1s found that the ratio of the system voltage to exit-voltage 1s a reliable evaluator. If the voltage ratio 1s
positive, instantaneous re-ignition never happens. In the case of the negative voltage ratio. if it lies in a
range between -1.3 and 0.0, the re-ignition probability is very low because in such cases the voltage source
does not have enough power to support the arc. This voltage ratio can be used for more accurate prediction
of re-ignition in the LVSDs without complex calculation of the breakdown voltage.

The model shows a good agreement with the experimental data. The arc modelling tool can predict the arc
voltage and arc current as well as arc motion. Also. the exit voltage 1s simulated as a similar value with the
measured one, which is an important parameter to obtain the evaluator of re-ignition.

To make better predictions of are behaviour and evaluation of switching performance, the arc modelling
needs to be modified by mcluding the metal erosion effect and improving Lorentz force and radiation
cooling calculation.. This advanced fully coupled smmmlation is a part of ongoing research.
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