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Abstract

Hybrid DC circuit breaker switching techniques have been proposed for use in multi-
terminal HVDC networks, to create an efficient, reliable and controllable system.
There are two DC hybrid switching techniques. The first is arc interruption based on
current oscillation. The second is interruption without an arc, like with a voltage
commutation approach. The main difference is whether or not the interruption
mechanism deals with the arc. Interrupting the arc not only causes erosion of the
electrode surface, therefore reducing useful lifetime, but also introduces uncertainty
to the process of successful interruption. This thesis therefore focuses on

determination of the best switching technique for HVDC applications.

To highlight the advantages of interruption without an arc, this thesis uses a vacuum
circuit breaker (VCB) as the main breaker to investigate arc effects on interruption
performance, when employing a forced current commutation method. The vacuum
arc characteristics are detailed, thereby giving the VCB operation understanding
needed. The VCB opening time is reduced from approximately 50ms to 13ms by
employing a coil DC activation method. This allows the coil counter-EMF to be

observed and utilised to optimally trigger the auxiliary commutation circuit.

An active commutation test circuit is proposed, and in simulation and experimentally,
the VCB interruption properties are investigated in terms of varied interruption
current, di/dt, dvycg/dt, and gap distance. Experimental results elicit that the key
parameters determining arc interruption probability is di/dt , where even if
dvycg/dt is low, successful interruption become impossible if di/dt is above a
certain level. By analysing the post-arc current based on its electrical behaviour, the
reason why di/dt and dvy.g/dt dominate successful interruption probability is

explained.

A cascaded commutation circuit is proposed, and its validity is confirmed by
simulation and experimentally, showing the interruption probability is improved

compared to the test circuit, even with small circuit inductance.
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1 Circuit breaker concepts for high-power DC applications

1.1 Introduction

The first commercial high voltage direct current (HVDC) network in 1954 was rated
at 100kV, 20MW and was commissioned between the mainland of Sweden and the
Isle of Gotland [1.1]. It utilised a 60 mile submarine cable weighing approximately
1,000 tons. Today, the transmission capacity in HVYDC operation has reached 200
GW in total, and the Asea Brown Boveri Ltd. (ABB) has acquired around 90 orders
among the 170 projects in world and has installed transmission capacity of
approximately 120 GW [1.2].

The major electric power transmission method is still based on three-phase
alternating current (AC) that is produced by power stations and transmitted to the
consumers by the AC transmission systems. Why has the HVDC system become
popular [1.3]? The reasons to select HVDC rather than AC for transmitting power in
some cases are numerous and complex, but the most common arguments for
choosing HVDC are: firstly, HVDC permits long distant power transmission with
low losses, with less environmental pollution, since the transmission line HVDC
requirement is much smaller and needs less space than AC at the same power rating;
secondly, HVDC realises the possibility of accurately controlling active power by
utilising converter stations that convert AC to direct current (DC) and vice-versa,
without reactive power conduction and losses hence improves power quality; thirdly,
HVDC not only has the capability of limiting short circuit currents but also allows
interconnection of asynchronous ac systems; moreover, the investment cost is less.
However, the key element to establish multi-terminal HVDC networks in terms of
efficiency and reliability as well as controllability, is the realisation of viable HVDC
circuit breakers (CBs) [1.4].

The requirements of AC and DC CBs are significantly different, where the main
differences are due to the absence of a natural current-zero crossing in DC

applications. It is difficult to interrupt large DC currents. Due to lack of large



inductance in DC grids involving voltage source converters, a DC breaker has to
interrupt the fault current very quickly to avoid excessive overcurrent and needs to
dissipate the stored magnetic energy without producing an excessive high voltage
[1.5].

This chapter gives an overview of present electric current limiting and interruption
techniques of DC breaker designs. Most technologies are a hybrid circuit topology
which comprises a traditional AC interrupter and semiconductor devices, as well as
commutation elements involving a series combination of a capacitors and inductors.
This hybrid circuit technology involves the traditional AC interrupter component
operating (gap opening) with interruption current. Paul G. Slade [1.6] stated that an
arc will always form during breaker separation as long as basic conditions are
satisfied. Since a vacuum is considered an environment-friendly arc-quenching
medium, the vacuum interrupter demands attention in HVDC applications. Thus, the
objectives of this thesis are to investigate the interruption performance of the vacuum

interrupter.

1.2 Fundamentals on switching in DC-grids

There are three levels in the classification of DC voltages [1.7], namely low voltage
and medium voltages as well as high voltage, where the range of low voltage is up to
1200V, and the range of medium voltage is from 1500V to 3000V and possibly up to
15kV, above which is generally classified as high voltage. HVDC is suitable for high
power transmission and for the ‘back-to-back’ stations of AC systems. Medium
voltage DC is suitable for electric traction and electric heating devices as well as
some drives. Low voltage DC is suitable for most sorts of urban applications and
mine electric traction, in various drives and converter systems. Hence the fault
parameters vary from situation to situation. The time constant in the HVDC situation
is usually large compared to low and medium voltage situations that have a time
constants in the range of 5 to 30ms and prospective fault amplitudes in the range of
10 to 150kA [1.8].



Figure 1.1 illustrates an equivalent circuit for a DC system, comprising an ideal DC
source, lumped resistance and inductance, with a circuit breaker as well as a fault

circuit.

isc R, L, Breaker

Voe 7 Fault

Figure 1.1 Equivalent circuit of a DC grid.

Assuming the voltage drop across the breaker is zero, the fault current is defined by:

Voc =Ry -isc + Ly - S5 (A) (1.1)
In general, AC grids have large generators and transformers which introduce
inductance. Consequently, the time constant is large and the amplitude of the fault
current is suppressed. The resulting impedance also restricts the thermal fault current.
However, a DC grid involving a voltage source converter (VSC) does not possess
this inductance and only R, limits the fault current. VSC based systems not only
have small DC-side inductance but also any dc fault current is aggravated by DC
capacitor discharge [1.9, 10]. For instance, if the value of V. is 30kV and the
normal current is 2kA, with lumped resistance R;=10mQQ, the theoretical maximum
fault current will be 3000kA. But if the lumped inductance is L; = 1mH and a turn-

off time of 20ms is required, the maximum current will rise to 545.4kA.

Although it is impossible for the fault current to reach to this level due to the limited
short circuit power of sources [1.5], it is apparent that fast fault isolation action is
needed in DC systems. The main devices in a DC grid system are the converter
stations, with the main function to convert AC to direct current (DC) and vice-versa.
They can, however, shut down their load current within a few microseconds.
However, in advanced systems, shutdown leading to a loss of power in the entire grid

at each fault, is unacceptable. Furthermore, in order to ensure the converter station



operates normally, a reasonable level of HVDC voltage is needed post fault isolation.

This means a short-circuit fault must be cleared within a few ms [1.11].

A fast switching AC circuit breaker has been possible for the last decade [1.12]. But
it has not been commercialised. The reason seems to be the cost and the fact that

faster switching is not essential in AC power grids.

1.3 Current limiting techniques

A current limiting device can be considered as a series of elements in the line.
During normal operation, it presents low impedance to the load current. When a fault
occurs, it presents large impedance to the fault current. The purpose of the current
limiting device is not necessarily to finally give zero current, because an auxiliary
series interrupter can interrupt near zero currents. A number of current limiting

techniques are discussed in the following sub-sections.

1.3.1 Fuses

There is no doubt that the fuse is the most familiar and simplest current limiting
device [1.13]. It not only supports a continuous current conduction with low losses
but also clears a fault automatically. A current limiting fuse possesses fast action and
rapid interruption, where thermal and electrodynamic effects on circuit components
are minimised. However, due to fuses having low continuous current ratings, they

only apply to low and medium voltage systems.

Self-recovery fuses using sodium had been proposed [1.14], but a viable outcome is
uncertain. This is because a fuse arc voltage occurs produced by the stored magnetic
energy which causes an increase in the system voltage, which must be suppressed to
avoid excessive overvoltage. That is, the fuse arc voltage can raise to twice the line
to neutral voltage due to energy considerations and fuse size limitations. A fuse has
two obvious disadvantages: first, the continuous current rating cannot reach a high

value due to its size; and second, it has to be replaced after each fault.



1.3.2 Positive temperature coefficient resistors (PTCR)

The positive temperature coefficient resistor (PTCR) is a mixture of polymer and
metal materials. It is connected into the line in series and carries current continuously.
Under normal circumstances, the PTCR presents a stable low resistance. When the
current starts to increase and its internal temperature rises, a critical temperature is
reached where the polymer resistor has a higher resistance, eventually reaching ten
times the normal magnitude. When this occurs the amplitude of current is sharply
decreased and a load breaker interrupts the limited current. After the fault has been
cleared, the PTCR regains normal low resistance at room temperature. Consequently,
the PTCR can be considered as a repetitive current limiter.

Skindhoj [1.15] has analysed these devices in 220V AC systems where a prospective
current of 16KA is limited to 3kA. For a high voltage 12kV system, Strumpler [1.16]
restrained the prospective currents between 4 to 14kA within approximately 1ms.
However, these devices are not generally accepted in terms of economy and
reliability, and for DC networks their performance is uncertain.

1.3.3 Superconducting current limiters (SCCL)

Since the operating temperature of superconducting materials is well below room
temperature, in order to maintain a superconducting state cooling equipment is
mandatory. The fault current forces the superconducting material to enter its resistive
state. There are two superconducting current limitation types as shown in Figure 1.2,
where figure (a) presents the resistive type where the fault current is transferred to a
shunt resistor and thereby is limited, and figure (b) illustrates the inductive type
where the superconducting material is connected to the secondary side of coupled
coils [1.17-19].
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Figure 1.2 Schematic of the superconducting current limitation types: (a) resistive and (b) inductive.

Resistive type

There is a critical temperature T¢ in the superconducting element, where the value of
Tc is dominated by the superconducting material. Under normal operating conditions,
the superconductor has zero resistance, provided its temperature is below Tc. When
the fault occurs, the current density exceeds the superconducting limit, the internal
temperature of the superconductor exceeds Tc, and the resistance of the
superconductor exceeds the shunt resistance. Thus, the fault current is commutated
into the parallel path and only a small current remains in the superconducting

element. The limited current is finally interrupted by a suitable breaker.
Inductive type

Under normal conditions, coupled coils comprise a conducting primary coil and a
superconducting secondary coil which creates a short-circuited transformer. The
coupled coils transfer the low impedance secondary into the primary circuit.
However, as primary current is increased to a certain level, the secondary current
density will reaches a level causing a change in the state of the superconducting
material. A resulting high impedance is reflected into the primary side, which limits
the fault current. Finally, the breaker interrupts this current. A stack of short-circuit
rings composed of superconducting material can be applied to the secondary side
[1.20].

The features of these current limiting devices can be concluded as follows: they do

not have moving parts; and the energy losses are low, but they need a permanently



cooled device. Economically the superconducting current limiter could be suitable
for medium voltage AC networks, but, the coupled inductive type cannot be utilised

in DC systems.

1.4 Current interruption methods

Current interruption in DC systems is more difficult than in AC systems due to the
absence of a natural current-zero. Since there is no large inductive device in the VSC
based DC system, DC breakers have to interrupt the fault current quickly to avoid
excessive overcurrent and to dissipate the stored magnetic energy without producing

an excessive high voltage.

DC interruption

Inverse voltage Current commutation
method method

Current Limiting

| Current Oscillation |Voltage Commutation

Voltage Introduction Self Forced Off-state voltage of
g oscillation oscillation solid-state switches
[ |
Non-linear material| | Impulse circuit Arc R+Ar+Switches LC+Arc Switches & LC Switches & solid-state
or devices LC & Switches (passive) or RLC (active) switches
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Figure 1.3 Classification of DC interrupting methods; PTC: Positive Temperature Coefficient, R: resistor,
RLC and LC: oscillating loops with and without damping.

Numerous proposals for introducing a current-zero have been presented in articles
and patent applications [1.21-25]. Based on the literature [1.24], these methods can
be divided into two groups as shown in Figure 1.3. The first group can be addressed
as the inverse voltage method where the classic AC interrupter creates an arc voltage

significantly in excess of the system voltage. The second group can be interpreted as



employing a current commutation method where a virtual current-zero is developed
by utilising auxiliary means which include current oscillation and voltage
commutation, and where the current oscillation is accomplished by switching parallel
commutation circuits to produce a counter-current through the breaker. Voltage
commutation means the current commutation is achieved by introducing a voltage

which exceeds the on-state voltage of the parallel commutation path.

1.4.1 Conventional direct current breakers

An arc plasma is utilised in classical direct current interruption in order to produce an
inverse voltage in excess of the system voltage for the current-zero [1.26]. Under
normal conditions, the AC interrupter is closed to support the high continuous
currents flow with low power losses. Once a fault is detected the AC interrupter
starts to switch (gap separation). An arc plasma is developed causing erosion on the
contact surface and is always accompanied by acoustic noise and gasses. Such
interrupters have slow reaction. Hence, it is difficult to limit the maximal fault
current due to said slow opening and long arcing times. If based on the solution
proposed in [1.12], which uses a fast mechanical breaker, although the reaction time
is reduced the erosion rate is still high because of the high inverse voltage produced

to create the current-zero.

This method can be used in low and medium-voltage applications. There is some
suggestion of its use in high-voltage systems, but prototypes have not been
transferred to a real application [1.4].

1.4.2 Solid-state circuit breaker

With development of power semiconductors including the power diode, thyristor,
GTO-thyristor, IGBT, power MOSFET, and recently the IGCT, these devices have
acquired attention in power system applications [1.27-30] since they offer a fast
acting arcless mechanism, high reliability, and reduced maintenance. Figure 1.4
illustrates the basic breaker topology, which includes power semiconductors and a

voltage suppressor MOV,
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Figure 1.4 Solid-state circuit breaker.

During on-state operation, the power semiconductors are able to conduct continuous
currents. Once a fault is detected, the power semiconductors are turned off, resulting
in a fast increasing voltage until the voltage suppressor MOV starts to conduct. The
MOV clamps the voltage to 1.5 times its nominal value, thereby clamping the grid

overvoltage and absorbing the energy stored in the line inductance [1.26].

Since the solid-state solution provides fast operation with switching times of a few ps,
the maximum prospective fault current can be avoided. However, it also possesses
some disadvantages. The costs are high and the on-state losses are high compared to
mechanical breakers. Device cooling is necessary. Additionally, solid-state switches
are sensitive to transient overvoltage and overcurrent. Figure 1.5 illustrates an
overview of the electrical operating bounds of solid-state devices [1.31]. The IGCT

has almost the same rating as the GTO.
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Figure 1.5 Application ranges of power semiconductor devices, where SCR: Silicon Controlled Rectifier or
Thyristor; GTO/GCT: Gate Turn-Off thyristor/ Gate Commutated thyristor; IGBT: Insulated Gate
Bipolar Transistor; and MOSFET: Metal Oxide Semiconductor Field Effect Transistor; (adapted
from[1.31]).



In order to interrupt at high powers, a combination of both series and parallel
arrangements of the solid-state switches is utilised. However, a new problem arises:

how are voltages and currents shared among the switches?

1.4.3 Hybrid solution

As previously described, purely mechanical and solid-state switches possess both
specific advantages and disadvantages. In order to effectively utilise the advantages
and eliminate the disadvantages, a hybrid circuit breaker has been proposed, based

on a fast-acting mechanical switch, as shown in Figure 1.6 [1.5].

Mechanical switch

line I
o —

8
.3
(@]
<

Figure 1.6 Conventional hybrid circuit breaker.

During normal operation, the mechanical switch conducts the current, with low
losses. When a fault is monitored, the current is transferred into the solid-state path
by the arc voltage produced when the mechanical switch is opened. This means that
the mechanical switch requires no other components to extinguish the resulting arc,
and contact erosion is minimised. The solid-state switches conduct the current until
the mechanical switch gains ability to block the system voltage. At this time, the
solid-state switches are turned off, causing an increasing voltage with fast rate until
the voltage suppressor MOV clamps. The MOV clamping voltage is 1.5 times the
grid voltage thereby clamping the overvoltage and the demagnetising energy stored
in the line inductance. The inductance Lg can be the line inductance of the path or a

specific element.
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The advantage of this method is that the on-state power losses are minimal. A natural
current-zero is produced by the arc voltage. The arc voltage must exceed the on-state
voltage of solid-state switches, for the current to commutate from the arc to the
semiconductor path. For interruption at high power rating, the power rating of the
solid-state switches is increased by adding a combination of series and parallel
devices, thereby increasing the on-state voltage. Series connection decreases the
commutation rate, but the arc voltage could be increased by various means, such as
for the vacuum interrupter by using a transverse magnetic field (TMF) [1.32] or for
an air interrupter by applying an airblast [1.26]. However, the mass of the mechnism
Is increased. The mainly disadvantage of this method is that a time is needed for arc
recovery and for the contacts to adequately separate after current commutation. This
time duration is determined by the type of the mechnical breaker and external

electrical conditions.

1.4.4 Hybrid HVDC breaker

Voltage commutation

ABB has proposed a hybrid DC breaker to fulfil HYDC grid requirements [1.11].
This hybrid configuration has negligible on-state power losses and provides current
interruption capability within 4ms, at 70kV. Figure 1.7 shows the topology of the
hybrid HVDC breaker. There are two branches: one includes a bypass branch that
contains a series combination of a semiconductor-based load commutation switch
and a fast mechanical disconnector, and the other branch is the main semiconductor-
based breaker that comprises several sections with individual arrester banks. Each
independent section in the main breaker branch is designed for full voltage and
current breaking capability whereas the load commutation switch branch is
dimensioned for lower voltage and energy capability. The disconnecting circuit
offers dielectric separation of the load after fault clearance thereby protecting the

arrester banks of the hybrid HVDC breaker from thermal overload.
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Figure 1.7 Hybrid HVDC breaker.

The fast mechanical switch is opened without experiencing current thereby it can be
accomplished by a lightweight contact system. When the mechanical switch reaches
the open position the main HVDC breaker interrupts the current. The dielectric
separation means the load commutation switch has a low voltage requirement.
Proactive control of the hybrid HVDC breaker is utilised to compensate for the time

delay of the fast disconnector.

Comparing with the method described in Section 1.4.3, the topologies are the same,
in addition to extra solid-state switches in the nominal path. They both have same
commutation method, termed voltage commutation, to produce a current-zero in the
mechanical breaker. The different is that the former utilises arc voltage the later use
the off-state voltage of the solid-state switches to commutate the current.
Consequently, assuming interruption at same power rating, the hybrid presents better
performance than the former, in terms of commutation rate and cost. Additionally, if
the mechanical switch has same opening speed in both topologies, the total
interruption time in the later (hybrid) is less because the former needs wait for arc

recovery.
Current oscillation

Another method [1.35-38] to produce current-zero in the mechanical switch is
termed current oscillation. Figure 1.8 illustrates the basic arrangement of the hybrid
HVDC breaker based on this method. In general, this topology comprises two
mechanical switches: a main breaker and an isolation switch. The main breaker is

parallel connected to commutation and energy absorbing paths.
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Figure 1.8 Basic arrangement of the hybrid HVDC breaker.

The main breaker supports the continuous current iz flow; the isolation switch
provides dielectric separation of the load after fault clearance thereby avoiding MOV
thermal overload while the solid-state switches in the commutation path only conduct
during the interruption process. A series combination of a capacitance C. and
inductance L. is incorporated into the commutation path: thus there will be an
oscillating current i-with a frequency w? = 1/L.C. between the main breaker and
commutation path. The line current i;;,. originally flows through the main breaker
and is sinusoidally transferred into the commutation path until the amplitude of i is
increased to same as iz. At this point, a current-zero arises in the nominal path and
the main breaker can interrupt with zero current. As the line current i;;,,, continues to
flow through the LC commutation circuit, the voltage across the capacitor C. charges
to a voltage within the capability of the grid. At this voltage, the remaining energy
stored in the line inductance is dissipated in the energy absorption path (MOV),

forcing the line current to decrease.

There are two current commutation modes: namely active commutation if C is pre-
charged; or passive commutation otherwise. Due to solid-state switches having a fast
reaction time, the mechanical drive of the hybrid breakers must be as fast as possible
[1.33]. The mass of the mechanism must be increased for interrupting higher current.
The Section 4.2.1 gives a detailed description of this current commutation
technology. Since the main mechanical part is separated with some current flow, this

method also needs to deal with the arc situation. This means the main breakers must
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have capability to withstand the large transient recovery voltage at the time

immediately following the first current-zero.

In term of system voltage rating, the main breaker can be one single unit [1.22] or the
series connection of several mechanical interrupters [1.26, 34]. The performance of
various classical AC interrupters as a main breaker has been investigated and include
an oil breaker [1.4], air-blast breaker [1.26], vacuum interrupter [1.25, 35-38], and an
SFe¢ gas CB [1.34, 39]. Although the test conditions vary, the experiment results are
acceptable. They all concluded that the interruption capability of the interrupter is
dominated by two factors: namely the current slope di/dt before the current-zero,
and the rate of rise of the transient recovery voltage dv/dt across the mechanical
breaker after the current zero. The factor di/dt is based on the oscillation frequency
and amplitude which can vary over a large range. The factor dv/dt depends on the
voltage of the capacitor C.. Thus it has been proposed [1.40] that the vacuum
interrupter is applicable to HVDC applications since it offers high interruption
performance (large di/dt and /dt ) with low breaker times (< 5ms) [1.35].

Comparison

Previously, the current oscillation approach, especially active commutation,
dominated the development of the hybrid HVDC breaker. Since the current
oscillation involves an arc situation, the vacuum interrupter becomes a possible as a
building element for HYDC CBs due to its excellent insulating properties after the
current-zero. However, this trend is broken by the approach proposed by ABB.
Rather than interruption with an arc based on current oscillation, the ABB approach
is interruption without an arc voltage. Assuming interruption at the same power

rating, the two approaches (traditional and ABB approaches) compare as follows.

e The mass of mechanical switch in the traditional approach is large compared
to the ABB approach. Therefore the ABB opening speed is faster.

e Since the first approach has to deal with an arc, the interruption performance
is uncertain, unlike the ABB approach.

e The conduction power loss in the traditional approach is smaller, but both are

negligible.
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e Both need solid-state switches in the commutation bypass path, and the

traditional approach needs large capacitance.

For interruption at high power rating, the hybrid HVDC breaker proposed by ABB
appears the only way to meet the requirement of HVDC grids. However, from an
economical view, the hybrid HVDC breaker adopting current commutation may be
more suitable for the low and medium voltage applications, such as electric traction,

various drives, and converter systems.

Consequently, the objective of this thesis is to seek some positive aspects of active
commutation applied to the vacuum interrupter, to compete with and circumvent the

patented ABB approach.

In summary, in order to develop a high-speed current limiting vacuum circuit breaker
based on a hybrid current commutation concept, the features and properties listed in
Table 1.1 [1.7] are necessary.

Table 1.1 Design requirements for hybrid breakers.

Subject Purpose Methods
High-speed | fast fault detection o define suitable criteria for faults in a certain
operation time network in terms of parameters 4i, di/dt
fast main breaker e speed up the coil discharge time if solenoid
opening time operated mechanisms applied
e introduce counter-current before full gap
distance is reached
¢ adoption of a fast electrodynamic drive system
decrease the entire mass of the moving parts of
the main breaker
High-current | fast current e decrease the commutation inductance
interruption | commutation from increase the arc voltage in the main breaker
main breaker to e increase the commutation capacitor initial
commutation path voltage
adaption of main e obtain optimum commutation parameters. If
breaker and parameters are too large, commutation time
commutating devices increases. This can be compensated by
initiating the counter-current in advance
suppression of utilise proper overvoltage protection device
overvoltage during the (non-linear resistance)
interruption utilise freewheel diode to transfer the load
stored inductive energy
increase the commutation capacitance and
decrease initial voltages
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1.5 Objectives

In this research, an AC vacuum circuit breaker (VCB) is used to analyse arc effects
on fault clearance. Based on a hybrid breaker using active current commutation, the

following should be achieved:

e The opening time should be reduced (since the DC energising circuit only
speeds up the discharge rate of coil current rather accelerating the opening
speed).

e In order to create an efficient, reliable and controllable HVDC system,
several hybrid DC circuit breaker switching techniques have been proposed.
Determination of the best technique for HVDC applications is necessary.

e A current-zero is produced by introducing a counter-current from a bypass
commutation circuit, where optimal commutation initiation is needed to
minimise the LC requirements. An adaptive control method is needed.

e Although the vacuum interrupter offers large values of di/dt and dv/dt,
their limits are uncertain. The relationship between the interruption
performance and di/dt — dv/dt should therefore be investigated.

e Although hybrid breaker technology adopting current commutation appears
mature, further investigation of the arc behaviour under different conditions
to optimise this technology is needed. In addition, the commutation

parameters including capacitance and inductance should be optimised.

1.6 Outline of thesis

The main subjects of each chapter are as follows.

Chapter 2 describes the characteristics of the vacuum arc including its formation and

models as well as post-arc properties.

Chapter 3 presents the VCB drive mechanism. Based on the DC energising circuit,

the opening time of the VCB is accelerated. Using detection of the plunger
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movement counter-EMF, an adaptive control circuit is developed to trigger the

commutation circuits at the optimal moment.

Chapter 4 describes the active and passive commutation circuits in detail. A test
circuit is built to investigate the interruption properties of the vacuum interrupter in

terms of varied interruption current, di/dt and dvy g /dt, as well as arcing time.

Chapter 5 presents a cascaded commutation circuit without a snubber circuit. The

size of commutation parameters, including capacitor and inductor, are optimised.

Chapter 6 gives general conclusions and recommendations for the future research.
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2 Vacuum insulation

2.1 Introduction

When introducing the vacuum interrupter it is necessary to understand and
interpreting the vacuum arc. The name vacuum arc is improper, being a contradiction
since there are no conducting media in a vacuum. It is more accurate to be addressed
as a metal vapour arc because metal vapour burns in the vacuum as the current-
carrying contacts separate. However, since the name vacuum arc is prevalent and

accepted, it is used throughout this thesis.

The internal model of a vacuum arc is discussed in detail in this chapter, including
the diffuse arc mode and the constricted arc mode. The vacuum arc is relatively
stable once started, and like arcs arising in a gaseous media, it is self-sustaining. It
will continuously transmit energy from the electrical source to load until the external
conditions are changed, such as the occurrence of a current zero or removal of its
energy source. However, at low defined current level, the arc becomes unstable and
suddenly extinguishes rapidly. This phenomenon is termed current chopping and is
discussed in Appendix B.2.3 Finally, the vacuum arc can be characterised as a self-
sustained electrical discharge through the inter-electrode region, keeping the current
flowing by the burning of vapour and charge carriers drawn from one or both of the
electrodes.

Vacuum breakdown, especially in a period immediately following arc interruption, is
also determined by the vacuum arc. The vacuum interrupter needs time for the
recovery of dielectric strength after interruption. Consequently, the post-arc model is

illustrated to help understand vacuum arc recovery.
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2.2 Definition

If an electron is released from a solid and starts to move it away, a force exists
between the electron and the positively charged region vacated. Thus, work is
applied to the electron for movement. This not only results in a change in potential
energy of the electron but also causes the formation of a potential well, and therefore
confines electrons close to the solid surface. Consequently, the potential of the
departed electron is defined as the vacuum energy (OeV), and to some extent it is
interpreted as barrier potential (typically 3.8eV for copper) [2.1]. According to the
band theory of metals, the metal electrons will fill the band structure and follow
Fermi-Dirac statistics, where the Fermi energy level is defined as the highest level
occupied by an electron at OK, and also is equal to the energy distribution midpoint
of electrons at temperatures above OK. Consequently, for electrons to escape from a
solid, they must overcome a barrier of several voltages, known as the work function,
which is defined as the difference between the vacuum energy and the Fermi energy.
In other words, it represents the additional energy the electron requires to escape
from the solid. Fortunately, there are no electrons with this energy at room
temperature, except those influenced by a change in the external conditions, such as
metal being heated, an externally applied field, etc.

The energy distribution of the conduction band electrons is proportional to an
increasing temperature as metal is heated. Thus, some electrons can escape from
metal to the surrounding space when they achieve sufficient energy to overcome the
work function. This process is referred to as thermionic emission [2.2], and was first
proposed by Richardson and generally quantified by Dushman, who proved why
refractory metals, such as tungsten and molybdenum, can bring high thermionic

emission, which is described by:

doe
j — Al X TZ X e(_%) (21)
This expression describes the relationship between current density, /(A/m?) and the
absolute temperature T(K), where ¢, represents the thermionic work function, x is

Boltzmann’s constant (1.37x 10~23joules/K), and e is the electronic charge. The
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constant A, is derived from experimentally, and is approximately 6x 10° for most

metals.

Field emission is when electrons move away from a metal due to a strong electric
field, which is capable of reducing the barrier potential. This is understood by
considering Figure 2.1 [2.3, 4]. Figure 2.1 (a) describes conditions at an ideal
boundary between the metal (left side) and the vacuum (right side). The cross-
hatched region represents the metal conduction band within which electrons are
located, and the conduction band extends down from the Fermi level. The Fermi
level itself is ¢V below the surface potential, where ¢ represents the work function.
Consequently the Fermi level is at —¢V if the potential in metal surface is considered

as zero volts. To pull away from the metal, Fermi electrons must acquire at least geV

of energy.
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Figure 2.1 Potential energy against distance for electron near metal surface [2.5]: (a) without image charge
field; (b) with image charge field; and (c) with image charge and external field.

The electron will escape from the metal when it gains enough energy, and then affect
the field due to its charge. Consequently, the electron field and its image within the
metal dominate the potential profile form, as shown in Figure 2.1 (b). In Figure 2.1
(c), an external electrical field results in the linear change of potential profile,
represented by the dashed line. The solid line indicates the combined potential profile
after superposition. Consequently, the effect of the external field is not only to reduce
the maximum height of the potential barrier to a level below the work function,
(where the potential barrier is further reduced if the field is increased), but also

produces an area where the potential falls as electrons move away from the solid.
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As the external field increases, the width of the barrier is reduced to the point where
quantum tunnelling occurs across the barrier, based on a finite probability. The width
change dominates this probability, which increases as the width narrows, i.e.
probability increases with increasing field. For Fermi energy electrons, this is shown

as o in Figure 2.1 (c), and this behaviour obeys the following function [2.6]:

-K
/=K, X E? xe( /e) (2.2)
where J represents the current density and E is the applied field. The constants K,

and K, depend on the work function and vary slightly as applied field is changed.

Arc formation, different types of arc, electrode spots, arc voltage and current
chopping, etc. are important physical contact mechanisms and involve complicated
processes. Detailed information on all of these arc processes and characteristics are
detailed in Appendix B.

2.3 Vacuum breakdown and its recovery

Breakdown voltage is the minimum voltage across a given gap distance that results
in a portion of an insulator becoming electrically conductive. The factors that
influence the breakdown strength of a vacuum are electrode effects, gap distance,

vacuum pressure, and ‘conditioning’.

e Electrode effects: for a given gap distance, the breakdown voltage varies
from electrode material to material. In general, the breakdown strength is
proportional to the melting point of a metal. The condition of the contact
surface also affects the breakdown strength. Even on new polished contacts,
its surface is full of asperities and protrusions which will become a source to
enhanced electron emission [2.7]. Spolaore and Bisoffi [2.8] established that
the breakdown strength reduces as the electrode diameter increases, as shown

in Figure 2.2.
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Figure 2.2 Breakdown voltage with increasing electrode size.

Gap distance. Figure 2.3 illustrates the relationship between vacuum

breakdown voltage, /5 and the contact gap d based on many sources [2.7-14].

For a small gap,d < 0.4mm, Vgis in proportion in gap d. For larger gaps,

0.4mm < d < 100mm, V is in proportion in gap d", where 1) is between 0.3

and 0.7. n = 0.58 for 0.4mm < d < 40mm and n = 0.34 for 40mm < d <

100mm.
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Figure 2.3 log-log plot of breakdown voltage, Vg, as a function of contact gap in a vacuum [2.8].
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e Vacuum pressure dominates the mean free path which determines the
probability of collision between electrons and metal atoms. Normally, the
vacuum interrupter operates with a vacuum 10~2~10"*Pa, which is a low
gas density and introduces few collisions. Thus electron avalanche does not
develop in the residual gas between the contacts [2.9].

e ‘Conditioning’ is a method used to increase the ability to withstand high
voltages between two electrodes before breakdown occurs in a vacuum
following multiple discharges [2.15]. Conditioning operations eliminate
sources of pre-breakdown current such as from micro-projections and
protrusions on the contact surfaces. Methods for conditioning are spark
conditioning by using a high-voltage AC power supply and high-voltage
pulsing, as well as current conditioning [2.16].

The difficult phase in vacuum breakdown is a period that immediately follows arc
interruption. The vacuum interrupter needs time for dielectric strength recovery to
withstand the transient recovery voltage (TRV). A re-ignition may occur that
indicates a failure to interrupt if the recovery time is not sufficient, since there is no
vacuum state immediately after current-zero in the vacuum interrupter. In other
words, the gap is still in a conductive state due to a residual plasma in the gap from
the prior arcing. Parts of the contacts are capable of emitting electrons and ions as

well as metal particles due to the hot electrode surface.

Farrall [2.17] analysed the recovery of dielectric strength after current interruption in
a vacuum by performing experiments based on a few electrode materials, for given
conditions. An AC power source was utilised to a produce a high current arc through
the contact during electrode separation, keeping the AC source switched on until arc
extinction. A high-voltage DC supply or a short pulse for a few microseconds, where
both could be delayed to any time after the arc extinction, was introduced across the
vacuum interrupter. In order to quickly reduce the current through the vacuum
contact to zero after its sinusoidal peak, an auxiliary circuit was used to produce a
fixed ramp current opposing the AC current direction. The experiment results
revealed that contacts made from refractory metals, such as tungsten and

molybdenum, perform better than metals like copper and silver, in recovery rate and
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breakdown strength. However, the refractory metals readily exhibit the current
chopping phenomenon. The recovery performance is not only determined by the
electrode metal but also dominated by the gap geometry and conducting current. The
recovery time reduces as the electrode diameter increases, but increases as the gap
distance increases or as the measured current decreases. Zalucki and Seidel [2.18]
also analysed the recovery period, but with the high-voltage DC supply connected
with opposite polarity across the gap. This produces higher breakdown voltage (10 to
20%). Since the experiment is with a diffused arc, only cathode spots occur, so arc

cathode tracking roughens the surface and increases the breakdown voltage.

2.4 Post-arc model

A critical moment for dielectric recovery in a vacuum interrupter is the post-arc
phase, which involves the residual ions and electrons between the electrodes after the
circuit current-zero. To understand the residual arc, the simplified one-dimensional
post-arc model is proposed [2.19-21] as shown in Figure 2.4. After current reduces to
zero, there is neutral plasma within the vacuum interrupter. Also there is a space
charged sheath (s) expanding from the new cathode to the new anode if a transient
recovery voltage (Urec) arises. This sheath should only consist of ions. The sheath
not only withstands the whole transient recovery voltage (TRV), but also sustains the
post-arc current due to freely moving ions. Although the remaining gap is neutral,
with zero voltage drop, the electrons are influenced by new anode potential. Thus,

the post-arc current in neutral plasma occurs as the electrons enter the new anode.
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Figure 2.4 Model for sheath growth after current zero.

Gerd and Manfred [2.22] proposed a mathematical model of sheath growth,
confirmed experimentally by employing a chamber which contained two sets of
contacts with variable distances (d) between the sets. One set was the main contacts
for experiencing arc stress, whilst the other set were the high-voltage electrodes for
experiencing the TRV that can have a positive or negative potential, as shown in
Figure 2.5. This experiment was based on an assumption that the residual plasma is
independent of the thermal stress and melting on the contact surface. Thus the

mathematical expression for the current density j is:

J=NXZpy Xe X (v; + ds/dt) (2.3)
where j represents current density; n is the ion density at the boundary between the
sheath and the neutral plasma; Z,,, is the mean ion charge number, which varies
from material to material; e is the elementary charge; v; represents the ion velocity at

the sheath boundary; and s is the sheath thickness.
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The ion velocity v, (typically 10°'ms™) at the sheath boundary arises from the high
pressure [2.17] that results from the movement and reformation of cathode spots in
the former cathode electrode (now the new anode) of the VCB. It reduces to zero
once the ions have arrived at the new cathode after travelling a gap distance of a few
millimetres in the first few us. The ion velocity is considered as zero with respect to
the time scale of several us to several tens of us. For the simplest case or for short
times, the ion density n is assumed constant, where the ion density is dominated by
the electrode material and the level of current through the inter-electrodes region.
The one-dimensional model of Figure 2.4 and equation (2.3) also indicate that the
post-arc current will drop to zero suddenly as the sheath arrives at the anode
electrode, since there is no more gap into which the sheath can expand (ds/dt = 0).
If the surface area of the planar electrodes is Ag;, then equation (2.3) can be written

as.

i(6) = Agy XX Zyy X € X (35/ 1)) (2.4)

where i(t) represents post-arc current and Ag; is electrode surface area.

The experimental results verified the mathematical model and confirmed the effect of
the vacuum interrupter shield, shown in Figure 2.6 (a). Due to the negative bias
attracting ions, a current flowing to the shield was observed when the shield was
grounded, confirming that there are ions in the residual plasma. Since the test vessel

had a larger surface than the test electrode, the post-arc current in the test vessel was
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large compared to that in the test electrode. Thus the post-arc current is proportional
to the surface area. With increasing test voltage, all three post-arc current traces
displayed similar appearance, all rising together to a certain level and abruptly
dropping at the same time, because the positive space charge sheath started to rise
when it moved from the new cathode electrode and could no longer expand as it had
arrived at the new anode electrode. The distance, d, between the main contacts and
high voltage electrodes was adjustable to enable study of the ion density distribution

in the test chamber after conducting current reduces to zero.
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Figure 2.6 (a) Post-arc current measurement: main current 1=7.5kA RMS, test voltage U=+18KkV, test
vessel grounded [2.22] and (b) the voltage zero before the development of the TRV.

With a main current of 10kA RMS and a positive TRV with different time delay after
current zero, the results show the residual plasma is uniformly distributed in the test

chamber centre after current zero.

However, the model is incomplete. The model excludes the effects from thermal
stress and melting of the contact surface after experiencing the arc. It also does not
consider the effect of collisions during sheath expansion if the sheath thickness is
greater than the ion mean free path [2.23, 24]. Since it assumed that ion velocity v, is
zero in terms of the us time scale, the observable pause before the development of
the TRV, shown in Figure 2.6 (b), is ignored. The residual plasma has to be prepared
to produce the sheath for the forthcoming TRV. The voltage-zero period immediately

following current interruption was explained and formulated by Ezra and Lanen
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[2.25]. The displacement current caused by the time change of the electric field

inside the sheath could be modelled by sheath capacitance, given by

K
Csp = V3?4 (2-5)

sh

KTe

where K, ~ 0.42(Zneg,)Y 2(7)1/4AEL (2.6)

K is the Boltzmann’s constant; T, is electron temperature; Z is average ion charge; n
is ion density at the plasma-sheath boundary; Ag; represents surface area of the

electrodes; &, is the permittivity in vacuum; and Vg, is the sheath voltage.

However this thesis questions one of initial conditions for equations (2.4) and (2.6);
that the ion density is only determined by its natural decay and the post-arc current.
Niwa and Funahashi [2.26, 27] found that the vacuum interruption is not only
dependent on the rate of TRV after current zero, but is also reliant on the current
decline rate before current zero. The change in current decline rate affects the

residual plasma.

2.5 The merit of the vacuum circuit breaker

As previously mentioned, a number of factors affect the properties of a vacuum
interrupter, including electrode material, electrode dimensions, gap distance, and the
level of conducting current. In order to maintain the vacuum, VCBs are permanently
sealed, which makes it difficult to directly measure the vacuum arc. Many
researchers [2.26-29] have investigated the vacuum circuit breaker by considering it
as a black box. The figure of merit for describing one property of a VCB, is the

product:

_di o dv
S dt T dt
where di/dt represents the rate of decline of current immediately before current-

(2.7)

zero, and dv/dt represents the rate of rise of voltage across the opening contacts

immediately after current zero.
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The higher this product, the better the performance of the vacuum interrupter. Figure
2.7 illustrates the definition of di/dt and dv/dt. The relationship between them is
popular with the researchers, since di/dt and dv/dt are convenient electrical

behaviour measurements.

Current

Voltage

dv/dt /

Figure 2.7 Definition of di/dt and dv/dt

Although the properties of the VCB have been investigated by several researchers,
all experiment results conclude that to achieve successful interruption using the VCB,
the value of di/dt must be increased as dv/dt reduces. The dielectric strength starts
to recover as the conducting current through the electrodes reduces. The relationships
between di/dt and the gap distance and the conducting current level have been
investigated, and show that di/dt increases as the gap distance increases, but
reduces as the conducting current level increases. However, di/dt cannot reach too
high a level, otherwise the vacuum interrupter behaves as a short circuit and dv/dt
loses its function in the recovery of dielectric strength [2.29]. di/dt is key in the
interruption of the vacuum circuit breaker. These VCB property conclusions are
based on high power rating operation. The objective in this thesis is to study the
fundamental properties of the VCB at lower currents, and to find the optimum gap

distance for the vacuum interrupter for faster fault clearing.
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2.6 Summary

This chapter utilised graphical evidence to describe the mode transition of the
vacuum arc which is dominated by electrode materials and the internal dimensions of
the vacuum interrupter, as well as the conducting current level. The diffuse mode of
the vacuum arc has two distinct advantages, namely less electrode surface erosion
and easier interruption when compared to the constricted mode. Methods to keep the
arc diffuse were described, such as the application of magnetic field and carefully
designed in electrode structures [2.30, 31]. The post-arc model illustrated that there is
an approximately uniform distribution of the residual plasma in the electrodes after

current-zero. The recovery time is material dependent.

The vacuum arc characteristics considered in this chapter, although incomplete, are

sufficient for the understanding of VCB operation needed in the following chapters.
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3 Vacuum circuit breaker mechanisms

3.1 Introduction

The objective of the operating mechanism of the vacuum circuit breaker (VCB) is to
close and open the contacts when the appropriate operating signals are received. In
order to achieve optimal VCB performance, many design mechanisms should be
considered, such as control of impact velocity, along with detailed analysis of the
contact dynamics, etc. [3.1]. Although the closed position, where energy is
transmitted, occupies almost all of the VCB’s useful life, the moment of separation is
one of the most significant periods for the VCB. AC energising is widely employed
in the solenoid operation of the VCB, but DC is also appropriate, avoiding the need

for rectification. Thus DC energising is proposed to speed up mechanical activation.

Prior to separation of the internal VCB electrodes, there is an interesting
phenomenon that a coil current ‘peak’ appears even after the coil current-zero. This
phenomenon was first observed by Bauer and Sitar [3.2] who noted that after the
plunger starts to move back to its original position due to the spring force, a transient
increase in the solenoid coil current may be noticed due to the induced back EMF.
The reason for this counter-electromotive force is discussed in detail and its
occurrence is exploited for VCB adaptive control purposes.

A more interesting observation is that no matter how different factors affect the coil
current, the occurrence of the peak is consistent in relation to the formation of the arc
voltage. With analogue devices, the opening speed of the VCB is found to be
approximately 1ms™. This means that the moment VVCB interruption starts can be
predicted by utilising the current peak, which provides the reference point for
delaying triggering of the auxiliary circuit for current interruption. The delay
depends on the gap distance required. Consequently, a control circuit is proposed to
utilise the relationship between the occurrence of the current peak and the formation

of arc voltage.
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3.2 Solenoid operation

In this thesis, a VCB manufactured by AMPCONTROL company [3.3] is utilised
(with three vacuum interrupters in one frame), which is primarily for direct on-line
switching of squirrel cage induction motors and other applications, such as
transformer and capacitor switching. The key element in the VCB is the vacuum
interrupter, which carries the load current during normal operation. The internal
mechanisms and model of the vacuum interrupter have been discussed in Chapter 2

and Appendix B.

Figure 3.1 illustrates the typical solenoid mechanism. Normally, the armature is held
in an open position by the force from a spring which connects to two rectifier
switches, which are in a closed state during the VCB off-state and are in opened
when the VCB is on. Since the solenoid coil is energised by an electrical current
passing through the coil, it acts as a permanent type magnet and the strength (H) of
this magnetic field is proportional to the coil current magnitude. However, the VCB
remains in the open position until the magnetic force produced by the solenoid coil
exceeds the spring force. The rectifier switches remain closed until the electrodes
have been in contacted for a while, which then compresses the spring. The purpose
of rectifier switches is to retain full power for closing but to reduce the power for
holding the vacuum interrupter. This delay action is possible because there is always
a lag between the movement of the armature and the vacuum interrupter, due to the
connection mechanism, i.e. the vacuum interrupter starts to travel after the armature
has moved. In summary, since the magnetic force is proportional to the square of coil
current, the contacts start to close/open when the solenoid coil current has
increased/reduced to certain level, which means that the magnetic force produced by
the current is bigger/smaller than the spring forces. During VCB separation, these
compressed springs have enough force to open the contacts at short time after the

coil power has been removed.
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Figure 3.1 Schematic diagram of a solenoid operated VCB.

Figure 3.2 A VCB example. (Manufactured by AMPCONTROL) [3.3].

Table 3.1 Technical data on triple pole vacuum circuit breakers.

Rectifier

Contactor reference CMV 15 | CMV 30 | CMV 40 | CHV 30 | CHV 40/50
Operating voltage, kV 1.2 1.2 1.2 3.6 3.6
Current rating, A 150 300 400 300 400
Max motor duty, KW 225 450 600 1350 1350
Max transformer duty, kVA 250 500 660 1500 1500
Closing coil- closing, W 250 340 340 220 220
110A ac hold in, W 12 55 55 85 85
Weight of contactor, kg 4 10 10 125 125
Thermal rating (1s), KA 4 6
Mechanical life, cycles 5x 10°
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The objective of this thesis is to discuss how the VCB clears a fault, based on its
vacuum characteristic. This means concentrating on the separating moment and the

period after this. Figure 3.2 and

Table 3.1 illustrate the appearance of the VCB and the different voltage and current

ratings. The experimental results in this thesis are based on the CMV 15 type.

3.2.1 Solenoid design

The basic operation of solenoid mechanism has been introduced in the previous
section. Now its design will be introduced in terms of general principles, force and

motion characteristics, etc.

Figure 3.3 is the VCB bottom view, where the basic elements of a typical solenoid
include the solenoid coil and the steel core as well as the armature. The dashed line
represents the magnetic flux @ produced by the energised coil. The magnetic circuit
consists of six portions, where 1, 3, 5 and 6 represent the magnetic flux through the
steel and, 2 and 4 are the magnetic flux through the air gaps with length g — x in
terms of the coordinate position x. The cross sectional area of each portion is A. The
armature is attracted towards the solenoid coil after the coil has been energised,;
where the attractive force between the two is a function of coil current and is

dominated by the magnetic flux density B before the core material saturates.

_ o Airgap

-

W
&-. AR

...................

Armature A @

.

O Y @ Solenoid coil and
\ steel core

Cross section A

..........................

_WIAirgap
g-X

—

Figure 3.3 Rudimentary solenoid.
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According to the Ampere’s law, the magneto-motive force (MMF) produced by the
energised coil is Ni if there are N turns in the solenoid coil and is equal to the line
integral of the magnetic field strength H which is measured in ampere turns per

metre (A/m):

ngxlszzl':in 3.1)

For most practical topologies, this equation can be rewritten as:

Z H X1, = 2 N, X iy, (3.2)
k m

and the flux density B is a function of H assuming linear operation:

B = u X H weber/m? (3.3)

K= Uy X lo
where u represents the permeability of the medium; u,. is the relative permeability;

Uo is the permeability of air (uy = 4 X m x 1077).

The magnetic flux @ is given by:

N xi
O=BXxXA= 3.4
- (3.4)
? l
T uxA
where R represents the reluctance of the magnetic circuit.
Table 3.2 compilation of ampere-turns for series parts of magnetic circuit
Portion | Material | Area | B = ®/A H Length | H X1 R
(curve) L
H, X
1 Steel | 4 By i, L, L X, XA
: (Bo/My) L
2 Air A, B, OHZ oF 1 gy | Hy X gy x4
(curve) 13
: (Bo/Hy) Ly
4 Air A, B, ‘}{4 O/ lgs | Hy X gy x4,
(curve) L5
5 Steel | As Bs H, L, | Hs X1 X AL
(curve) lg
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Thus, calculation of each series magnetic circuit section can be put in tabular form as

in Table 3.2, which is hopefully self-explanatory.

The equations for this magnetic circuit can be simplified by assuming the cross
sectional A of each portion is same. H, and Hg represent the magnetic field intensity
in the air-gap and steel respectively, which are constant for a given medium, if 4 is
constant. Thus an ‘electrical’ equivalent circuit of the solenoid magnetic circuit is
illustrated in Figure 3.4. (In the analogy between magnetic and electrical circuits:

MMF=voltage, flux=current, and reluctances=resistance.)

Ra Ni

=
E

Figure 3.4 Equivalent magnetic circuit.

However, the property of magnetic reluctance is different from resistance, which is
considered as an energy consumption component. Magnetically, reluctance is an
energy storage element. The ‘DC voltage’ source represents the MMF produced by
the coil amp-turns. Ra and Rs represent magnetic reluctance in the air-gap and steel

respectively. Thus these magnetic reluctances are given by:

gt lgy 2%x(g—x)

= = 3.5
A7y x A Ho X A (33)
L+ 1, +1, +1
ERS — 1y l3 l5 l6 (36)
Ur X fo X A
Equation (3.2) becomes:
HAX(ld2+ld4)+H5X(lll+113+115+ll6):N><i (37)

Since the permeability in steel is higher than in air, most of the MMF is concentrated

across the air-gaps. Thus the flux @ is written as:
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q)_NXi_NXiX/,LOXA
Ry 2%x(g—x)
The flux linkage A is defined as the flux that pass through all of the circuit,

(3.8)

multiplied by the number of turns N:

NZxixXu,xA
A=NX]= Ho (3.9)
2X%X(g—x)

The inductance of the solenoid, L, is defined as the ratio of flux linkages to the

current through it:

L=—o=——t2"% (3.10)

2% (g—x)
This equation is only valid for small solenoid current, since the steel cores will

A N?xpu,xA
[

saturate and produce a nonlinear characteristic at high current. If the magnetising

characteristic is linear, then the energy W;, stored in the solenoid coil is:

N2XpoxA _ .o
(o) X i (3.11)

1 . 1
WL=5X LX12=EX

As mentioned previously, all of the MMF is focused in the air-gaps, which means
that all the energy will be applied within the air-gap to attain system movement
(g — x). Thus according to the conservation of energy, the magnetic force applying

on an object is:

_ow

= o (3.12)
and the energy density w,in the air-gap is:
w, pxLxi® g Nxi
Wa= o T Ix @0 xa_ 2 PGy (3.13)
1
~ 5 X g X H?

where v, is the air-gap volume, namely g x A for each gap.

Assuming the current is allowed to change to maintain constant flux through the
solenoid coil, a change in the system magnetic energy AW gives a change of energy
stored in the air-gap. Therefore, if a mechanical force applied to the armature moves

it an additional distance Ax, the work done is:
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1 1
AWnagn = ZXA[—xuotz X (g—x+A4x) — =X py X H?
2 2
(3.14)
x(g - x)]
=y X H* X Ax X A
The energy balance between mechanical and magnetic must be equal, AW,,ocn, =

AW agn, Which gives the magnetic force:

B2 x A d?
Ho Mo X A
The magnetic force is inversely proportional to the cross sectional area A. This

F=u,XH*xA= (3.15)

means that for a constant flux ®, the magnetic force increases as the cross section
area A reduces. However, there is a limit to how far the cross sectional area can be
reduced before excessive fringing occurs, which effectively enlarges the cross
sectional area A. Also, the magnetic circuit reluctance increases with excessive
rounding of the solenoid core pole faces, where the magnetic material may saturate

thereby decreasing the total flux @ [3.4].

3.3 The AC energising coil circuit

3.3.1 Mathematical model

Solenoid operation was discussed in the previous section in term of magnetic force
produced when energising the solenoid coil. Now the energising coil circuit is

considered when meeting VCB requirements.

In

Table 3.1, the power required for closing the VCB contacts is far greater than the
power required for holding them closed. Thus, a rectifier circuit with two switches is
used to achieve these different power objectives, as shown in Figure 3.5. The
rectifier switches are in a closed state when the VCB is off and are in an opened state

once the VCB mechanical system moves. The step-down transformer is used to
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achieve the required excitation voltage, v2v sin wt. The uncontrolled rectifier circuit
comprises the four diodes D; to Dg4. R, and R represent the load resistor and the
solenoid coil resistance respectively, where R; is introduced into the energising
circuit to reduce the current once the VCB is closed and for dissipating the energy
when the VCB has opened. No coil suppression is used, as this would slow down the
rate of current fall at turn-off. The inductance of the solenoid coil is represented by
Ls.

3 Rectifier
D, AD, RL Y *= switch
Rectifier
Transformer switch R
$ S
e 3§
Solenoid
1 A é(— coil
ZS DZ ZS D3 Ls

Figure 3.5 The AC energising circuit of the VCB

The solenoid is activated with a full-wave rectifier. Once the actuator has moved,
both rectifier switches are opened, with the one switch reconfiguring the circuit as a
half-wave rectifier, and the other switch adding series resistance to decrease the
power to the solenoid, as per Table 3.1. Figure 3.6 illustrates the exciting and

freewheeling circuits of the half-wave rectifier.

Figure 3.6 Half-wave rectifier during exciting and de-exciting circuit
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The output voltage is half the secondary winding voltage of the transformer
(sinusoidal input voltage). During the on state, the forward voltage applied across the
power semiconductors (diodes) is small, so can be ignored in the analysis. Thus the

mean output voltage v, (thence mean output current) is given by:

, 1 T
Vo =1Iyg X R4 = - X f V2v x sin(wt) X dwt
0

V2v i}
UO ES T ES 0.4‘5 XV = IO X RL+S (316)

The RMS load circuit voltage v, is:

1 Y
Vrms = \/% X f (V2v x sin wt)? X dwt
0

v
Vrms = 7= = 071X v (3.17)

According to the Kirchhoff’s voltage law, the current through the solenoid coil must
be continuous and above the minimum value required for the VCB to remain closed.
The current during excitation is:

dig , :
—7 F Ruasio = V2v sin(wt) O<wt<m (3.18)
And the current during freewheeling is given by:

Lg

di
d—to + Ry, gip =0 < wt <2 (3.19)
During the period 0 < wt < m, the supply current, through D, and Dy, is equal to the

Ls

current through the solenoid coil:

i(wt) = ig(wt)

2v V2v - (3.20)
= TSin(wt —0)+ (Ipzr + TSin 0) X e “*frano
Ofwtsnm
For
V2v 1+e /tano
lyonr = ——sin(0) X — — (3.21)
Z e /tanB —e /tanB
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where Z = /(R +5)? + (wLg)?
tan9 = (‘)LS/RL+S
During the period m < wt < 2w, when the supply current is zero, the coil current

freewheels through the diodes D3 and Dy:

io(wt) = ipzppa(@t) = Ipy, X e~ (@E=m/tan0 T<wt<2m (3.22)
for
Ioin = lopy X €™/1200
However, for VCB closing (before the two mechanical switches can operate), the
energising circuit is a single-phase full-wave diode bridge circuit as in Figure 3.5.
This means that the load resistor R is bypassed by one switch. Thus the current

through the solenoid coil is:

Vav_ (ot —0) +—00 o hans

lo((l)t) = TSin 1 — e_n/tan 9, (323)

where Z' = \/(Rg)? + (wLs)?
tan BI = (A)Ls/RS
The RMS current is derived by integration of this current equation (3.23) squared,

and is given by:

v -
yms = 5 [1+ 4sin? 0'tan 6’ x (1 + ¢ "/ran 67)]1/2 (3.24)
The solenoid coil withstands the transformer secondary rectified voltage and its mean
voltage is:

- 1 T

vo=1Iy XR, = - X f V2v x sin(wt) X dwt (3.25)
0
2+/2v

:0.9XU210XRL

U():
T

At coil deactivation, the coil current freewheels to zero through diodes D3 and D,.
Initially the load resistor R is in the decay path, before its parallel connected bypass

switch has operated.
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3.3.2 The simulation and experimental results

According to equation (3.15), when energising the solenoid coil, once the coil current
increases to a certain level, the armature starts to close as the magnetic force is
greater than the spring force. The rectifier switches open when the internal electrodes
of the vacuum interrupter have closed. Hence, the full-wave rectifier circuit becomes
a half-wave circuit, which produces less power, but enough to complete contact
closure and contact holding. As the air gap decreases, the flux increases and coil
current is reduced. However, the reduced coil current still maintains the flux above
the necessary threshold level. When the VCB receives the signal to open, the
armature circuit remains close until the solenoid coil current decreases to a certain
level. As has been indicated, it is a bi-directionally electrically activated solenoid
mechanism. Thus the electrodes of the VCB start to part after the armature has
moved minimally. The simulation of the energising circuit utilises PSPICE software

to analyse the voltage and current of the solenoid coil in terms of rated voltage of the
UK.

0T A Y AV A N A A W AT A
5 1 T O S A T
o I L L A O AR T A O R < A A A
L 1 0 A i . A L I R W
A (A AT S A
S L PV T T T A §, A
00.280 0.300 0.325 Timg‘(ass)o 0.375 0.400 0.415 O0-445 0.480 Time (5) 0.520 0.550

Figure 3.7 The simulation results of voltage and current during VCB holding and separation.

Power
- removed

i i i i i i
0.0 0.1 .1
0 0.02 0.04 0.06 0.08 0.1 0.12 g Time (s) 015
Time (s)

Figure 3.8 The experimental results of voltage and current during VCB holding and separation.
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Figure 3.7 and Figure 3.8 show the simulation and experimental results respectively.
It is apparent that both figures are basically the same during the steady-state but
completely different during separation. This difference is a ‘peak’ in the practical
coil current even if its external power is removed. This is due to the counter-
electromotive force (counter-EMF), which is not included in the basic PSpice circuit
model. This EMF feature will subsequently be exploited. The change of discharge
rate of the coil current after the peak indicates the rectifier switches closing, one of

which bypasses the load resistor R, hence increasing the time constant.

The VCB arc properties during the separating period, as shown in Figure 3.9 (a),
were investigated with a test circuit comprising a DC source, the VCB, and a
transmission line represented by a resistor and an inductance. As mentioned in
Appendix B.1, the arc voltage indicates the separation of the internal electrodes,
while the current magnitude through the VCB dominates the period of the arc voltage
after electrode separation. For example, forgiven electrodes, the arc period is 0.9ms
for 6kA interruption current but reduces to 0.1ms for 1kA. For a low test current, the

arc voltage period can be considered as an indication of the electrode separating

period.
V 20
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R o ! : 2
g Arc current| : o)
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Figure 3.9 A test circuit and its experimental results (Vpc=120V Ipc=15A)
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Figure 3.9 (b) shows that the response time, from receiving the off signal to internal
electrode separation, is approximately 48-55ms (having repeated this operation at
least 100 times). Figure 3.9 (c) illustrates that the arc voltage is 12V, provided the
electrodes part. Having varied the DC source with other factors unchanged this is
shown to be independent of the DC source (Vpc). Since Vpc is 120V, the arc current
is reduced when the arc voltage (12V) occurs. The arc duration suffers random
rupture at 15A but is stable at 18A. As shown in Figure 3.9 (d), the 18A arc current
continues to flow until its source of energy is removed. This proves the existence of
current chopping, i.e. the arc is unstable if the conducting current is below a certain
value (18A) for a given vacuum interrupter (Cu). This current chopping level (<18A)

establishes that the VCB electrode material is made of pure copper [3.5].

Since the VCB used in this thesis is designed for AC systems, which include
inductive elements, fast separating and closing are not essential. The 48ms response
time of the VCB is therefore adequate. However, in DC systems that lack passive
components (and an AC supply) to constrain the magnitude of the fault current, a
VCB with fast response and rapid separation is necessary. Thus, methods to
accelerate the opening speed should be explored, without changing the mechanism,
since exploitation of existing VCBs in DC environments is the subject of this thesis.

That is, only the energising circuit should be changed, and not the mechanical parts.

The coil current is always reduced from the same value I,,,, after removing its source
of energy. For analysis the parameters of the coil and the load (R;, Rs and Lg) are
assumed constant, where the coil inductance Lg is assumed independent of air-gap
changes. Reviewing Figure 3.6 (b) and considering the combined on-state voltage of
the diodes to be Vs, the equation to describe the discharge loop is:

di, ]
Lg It + Rgypio = —Vs

With the initial condition i, (t) = I,,, , this yields:
t

_V —t _
i0(® = ¢ SS (1-€7)+Inev (3.26)
+

L
where 7 = —

,and Vs = voltage across the solenoid coil.
S+L

When iy (t) = 0:
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) (3.27)

N
w
©

Discharge time t (ms)

Voltage across the solenoid coil (V)

Figure 3.10 Relationship between discharge time and voltage across the solenoid coil

The plots in Figure 3.10 represent equation (3.27) for a range of voltages across the
solenoid coil, based on coil currents (I,,,) of 1.3A and 0.3A. It is apparent that the
higher coil current needs more time to discharge. However the discharge time
reduces as the voltage increases. Thus, in order to accelerate the discharge rate, to
speed up the VCB separating period, an increase in voltage applied across the
solenoid coil is proposed. However, there is a limit to how high the voltage can be

before the occurrence of insulation breakdown.

3.4 The DC energising coil circuit

3.4.1 The mathematical model

In order to reduce the VCB response time, without changing the physical mechanism,

a DC energising coil circuit is proposed with applies a high voltage across the
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solenoid coil. Pulse width modulation (PWM) signals for solid state switches are
produced by utilising closed-loop current control with a proportional plus integral (PI)
regulator (as shown in Appendix A.2.3). The objective is to achieve a controllable
coil current that retains a similar function as an AC energising circuit during the
VCB closed state, but accelerates the discharge rate of the coil current once the off
signal is received. Current control removes current variation due to resistance

variation resulting from coil heating.

Figure 3.11 The DC energising circuit for the VCB.

The circuit in Figure 3.11 is termed an asymmetrical half H-bridge circuit, which
includes insulated gate bipolar transistors (IGBT) represented by T, and T3, a DC
source Vp and two complementary diodes D,, and D4. As for the load, the load
resistor Ry is removed thus only the coil resistor and inductor remain, represented by
Rs and Ls respectively. Bi-directional voltage output v, but unidirectional coil
current i, are realised by controlling switches T; and T3 to operate in the first and
fourth quadrants. Therefore three different voltage states can be applied across the
solenoid coil: 2/pc and 0V, where there are two topologies for producing the zero

output state, as shown in Figure 3.12 (b).

During the positive output voltage state, V. is impressed across the solenoid coil
when both switches T, and Tz are both on, as shown in Figure 3.12 (a). The equation

describing this condition is:

di .
LSE + Rsip, = Vpe
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. . ] . Vbe zt v Tt
which yields: io(t) =— (1 —er ) + /e (3.28)

Rs

L
wherer = =2
Rs

For VCB closing, the coil current starts to increase from zero, so that [ = 0.

Otherwise I is the value at the end of the previous cycle.

=
L
o
IS
[N
1

|

UM
<
3

(b)

Figure 3.12 DC energising operational current paths: (a) T, and Tsintroducing a +Vpc path; (b) T; and D,
(or T3 and D,) introducing a 0V loop; and (c) D, and D, introducing a -Vpc path.

In a zero voltage loop, the output voltage is zero, and T, and D, (or T3 and D;) are
conducting, as shown in Figure 3.12 (b). Hence the circuit equation is:
di

Lg d—t" +Rgi, =0
. -t
which yields: io(t) = fe™ (3.29)

L
where 7 ==
Rs

In a negative voltage loop, the circuit loop only involves the D, and D4, A negative
voltage is impressed across the solenoid coil to achieve a rapid current drop, as
defined by:

dig .
Lg at + Rsip, = =Vpc
. . . . -Vpe =t ~ Zt
which yields: io(t) = - (1 —e r) + e~ (3.30)
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L
where 7 = =2
Rs

By alternating the zero volt loops, the load frequency is twice each IGBT switching
frequency. Consequently the output ripple current is reduced for a given switching
frequency. Decreasing the ripple current results in a more stable solenoid mechanism,
as spring distortion and vibration will be less. Additionally, the semiconductor losses

are evenly distributed [3.6].

3.4.2 Simulation and experimental results

In order to realise fast VCB response to on and off signals, auxiliary control circuitry
is introduced to attain maximum efficiency from the DC energising circuit. As
mentioned, there are two spring connected rectifier switches in the original AC
energising circuit. The relationship between the rectifier switches and the state of the
VCB is that they are off when the VCB on and on when the VCB off (but with some
hysteresis delay). Thus these now redundant rectifier switches can be used in
conjunction with high speed Optocouplers (6N137 shown in Appendix A.2.6) to
observe the state of the VCB. Along with the logical control circuit shown in Figure
3.13, the control ON/OFF and PWM signals are fed to IGBT switches T, and Ts.

ON/OFF
signal
™ AND |—pol NOT
Optocoupler ———p |
signal Gate
—_— OR —® AND %> driver
PWM |
signal _: AND

Figure 3.13 Logical control circuit

To attain maximum power quickly for VCB closing, a ‘high’ signal is produced by
the ON/OFF control board (shown in Appendix A.2.1) and is transmitted to the gate
driver by the logical control circuit. Then the PWM signal produced by the PI
regulator replaces the previous ‘high’ signal, thereby reducing the power delivered to

the holding level.
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Figure 3.14 DC energising circuit during closing: (a) simulation results; (b) experimental results

(Voe=108V, ip=0.3A).



The plots in Figure 3.14 illustrate the DC energising circuit. The simulation and
experimental results are similar, except for the coil current. The simulations use a
fixed inductor, while practically the air-gap dominates solenoid coil inductance
which linearly increases with decreasing air-gap before saturating, according to
equation (3.10). Consequently, the linear increase in the practical coil current results
from the continuously changing time constant. However, both coil currents decrease
to 0.3A, after Opto signal feedback, indicating the VVCB is operating as designed.
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Figure 3.15 The DC energising circuit during steady-state: (a) simulation results; and (b) experimental
results (Vpc=108yv, i;=0.3A).
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From the simulation and experimental results in Figure 3.15, the 10kHz coil ripple
current component can be ignored. This means the coil current is virtually DC. The
stray (inter-winding and inter-turn) capacitance not only results in a coil current
‘spike’ each time Ty, and Tj turn-on, exciting the solenoid coil, but also causes
‘distortion’ once a zero voltage loop occurs. Although the spikes and distortion do
not affect the behaviour of the VCB mechanism, they do introduce control board
noise. The isolation circuit shown in Appendix A.2.5 is utilised to alleviate noise

problems.
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Figure 3.16 energising circuit during separating moment: (a) simulation results; (b) experimental results;
and (c) expanded result for coil current (Vpc=108V, i,=0.3A).
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The results for the DC energising circuit during VCB contact separation are shown in
Figure 3.16 including (a) simulation results, (b) experimental results, and (c)
expanded view of the coil current. The logic control circuit providing the PWM
signals to control the switches cease once the ‘OFF’ signal occurs. The simulation
and experimental results are similar, except the coil current which, due to the coil

inductance, is shown experimentally to vary linearly with VCB movement.

When the ‘off’ signal appears, the experimental coil current contains two distinct
discharge regions. The first region is the same as the simulation results, i.e. a linear
decrease at a fast rate. The second region is an exponential decrease when the
armature starts to separate from the solenoid coil (this observation will be proved in
Section 3.4.3). Finally, after reaching zero, a peak is then observed in the

experimental waveform (but not the simulations), as seen in Figure 3.6 (c).

A fast VCB response, associated with using the DC energising circuit in Figure 3.9,
is confirmed in Figure 3.17. By considering Figure 3.17 (a) and (c), the reponse time
between the ‘off’ signal and arc voltage is 13 to 15ms, after repeating this operation
at least 100 times. The PWM DC approach is faster than the AC energising method.
The coil current peak occurs at around 8ms and lasts for approximately 6ms after coil
power removal, as shown in Figure 3.17 (b). Comparing this result to the AC
energising circuit results in Figure 3.8 and Figure 3.9, there are two observations.
Regardless of whether or not an AC or DC energising circuit is used, the occurrence
of an arc voltage is always accompanied by the coil current peak, and the rectifier
switches are always switched on near the end of the peak. This gives information that
the coil current peak occurrence is consistent with the formation of the arc voltage,
consistently occuring within tens of microseconds of each other. In Figure 3.17 (d)
the opto signal bounces at around 14ms, because the rectifier switches change is
dominated by the action of the mechnical spring.

The solenoid coil voltage is shown in Figure 3.17 (e). The negative volatge is
impressed across the solenoid coil to speed up the coil current discharge rate once the
off signal occurs. Then after 5ms, the voltage rises and since the coil current is zero,
(the discharge loop shown in Figure 3.12 (c) is no longer conducting) the voltage rise
displays the coil counter-EMF (counter-electromotive force) due to the movement of
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the armature causing a change of flux @ in the solenoid magnetic circuit. (This will
be discussed in Section 3.5.1). With the amature parting from the coil, the voltage
potentially continues to increase until the counter-EMF is greater than the DC source.
The coil voltage is eventually clamped by the bridge diodes to the DC source, and

coil current rises.
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Figure 3.17 Experimental waveforms of the DC energising circuit and opto circuit (Vpc=108v, i;=0.3A).

Since the separating moment is significant, experiments were performed to find the
time difference between the coil current peak and the arc voltage, by varying the
voltage applied across the solenoid coil (DC source), as shown in Figure 3.18.
Although equation (3.27) is based on assumptions, such as fixed parameters, its
practicability is supported by the experimental results in Figure 3.18 (a). A higher

DC source voltage discharges the coil current faster, with an associated acceleration
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in VCB movement. Figure 3.18 (b) shows that the peak current amplitude decreases
as the DC source voltage is increased, and disappears at voltage higher than 128V.
The timing of its formation is however consistent with respect to the arc voltage
formation. Figure 3.18 (c) illustrates a contrary phenomenon, specifically that the
counter-EMF disappears at low DC source voltages of 78V and 87V. The figure also
shows that the time to the initiation of the counter-EMF reduces as the DC source

voltage is increased.
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Figure 3.18 Waveforms demonstrate the relationship between the peak and the arc voltage based on a
range of DC source (i,=0.3A).

To explain the observations drawn from Figure 3.18, the armature movement

principle is now discussed in detail. Equation (3.15) shows that the magnetic force is
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directly proportional to magnetic flux ® squared, which derives from the coil current.
The VCB contacts stay closed because the magnetic force produced by the coil
current is far greater than the minimum spring force required to force the armature
away from the coil. Therefore the minimum spring force can be expressed as a
threshold value in current terms. Since close-loop current control is employed in the
DC energising circuit, the coil current always reaches to same value during the VCB
closed state, no matter what voltage is applied across the solenoid coil. This means
that once the off signal is received, the coil current starts to reduce from same value,
independent of the source voltage. The time to the threshold current reduces if the
DC source voltage is increased, because of the higher reducing di/dt. That is, the
armature will start to separate earlier if a higher DC source is used. This means that
the counter-EMF appears sooner if a higher DC source is used.

As coil current falls below the threshold level, the armature circuit starts to separate.
The opening speed of the VCB is dominated by the difference between the net force
produced by the spring force and the decreasing magnetic force. As for magnetic
force, it presents an ever-decreasing trend because @ reduces not only due to the
decreasing coil current but also due to an increase of the magnetic reluctance
(increasing air gaps), according to equation (3.4). Again the coil current (hence
magnetic force) falls faster by increasing the DC source. The spring force decreases
almost linearly due to the increasing air-gap. Thus, the initial opening speed of the
VCB increases as the DC source is increased. The counter-EMF is influenced by the
residual magnetisation and the opening speed of the VCB, which will be discussed in
Section 3.5.1. As a consequence the counter-EMF increases as the DC source is

increased.

When the coil current reduces to near zero, the net forces (spring and magnetic forces)
produce a relatively stable movement, with the spring force dominating. The
magnetic force reduces further, and is mainly produced by the residual magnetism
that is relatively small compared to the ever-reducing flux density B. Thus, the

counter-EMF finally disappears.

Whether the counter-EMF is observed or not, depends on the DC source magnitude.
With a high voltage, it appears earlier if the coil current discharges to zero faster.
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Although the counter-EMF finally disappears, the peak current amplitude produced
by the voltage difference between the counter-EMF and the DC source increases as
the DC source is reduced.

3.4.3 Auxiliary circuit for observing the instant of separation of the VCB

Coil current discharge in practice can be divided into two parts based on the
movement of the armature and on the threshold value. Coil current starts to decrease
at the same rate as shown in the simulation of Figure 3.16 (a), until reaching the
threshold value. Then, as the coil current reduces below the threshold, it
exponentially decreases to zero. The VCB separation movement can be observed in
detail by utilising a slot sensor (Transmissive Opto Schmitt sensor HOA2001) that
produces a ‘high’ output signal when its optical path is uninterrupted. The slot sensor
is placed into a track that allows the sensor to be adjusted within a range of distances,

and a blade is fixed to the armature, as shown in Figure 3..
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Figure 3.19 Schematic diagram of a solenoid operated VCB with a slot sensor

In order to attain accurate results, the slot sensor was placed mechanically close to
the armature. With the slot sensor, the critical point to indicate the armature

movement is illustrated in Figure 3.19. Any errors result from spring deflection,
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deformation of the contact area, coil current spikes, etc. These factors cause
uncertainty in net force production, resulting in a variable and relative displacement
between the blade and the slot sensor during each operation. The instant of
separation is also unpredictable because the net force is unpredictable, as previously
mentioned. However, even with displacement errors, the signal from the slot sensor

always occurs before the coil current reduces to zero.
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Figure 3.19 Experimental result for the slot sensor and coil current

Separation of the internal electrodes is of more interest and significance than
armature separation, since it immediately precedes generation of the vacuum arc.
Due to the small test current used, the occurrence of the arc voltage implies
separation of the electrodes. Thus the slot sensor is adjusted along its mounting track
until the slot sensor signal and the arc voltage occur at the same time as shown in
Figure 3.20 (a) and (b). Based on this reference point, the displacement difference
(4d) and an associated time difference (4t) are produced as the slot sensor moves
away from the armature, as shown in Figure 3.20 (c) and (d). Thus, the movement of
the VCB after the occurrence of the arc voltage can be studied by analysing the

relationship between the time difference (4t) and the displacement difference (4d).

Figure 3.20 (e) illustrates that the armature linearly separates from the solenoid coil
with a velocity of approximately 1m/s after the occurrence of the arc voltage. This
means that the armature maintains stable movement, meaning the net force becomes

stable. Also the plots in Figure 3.18 (c) show that the counter-EMF displays the same
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trajectory, even if it operates over a range of DC sources voltages, because the spring

force dominates the armature movement.
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Figure 3.20 Experiment waveforms based on the arc voltage and slot sensor: (a) arc voltage; (b) opto signal;
(c) arc voltage; (d) opto signal.

The DC energising circuit adopted a close-loop current controller to reduce the
opening time of the VCB. Experimental results demonstrate that its separation time is
improved from 48-55ms to 13-15ms by replacing the original AC energysing circuit.
Both coil driving approaches illustrate that the occrrence of the EMF peak is

consistent with the formation of the arc voltage. Generally, the VCB opening time is

66



required to decrease as the application power rating increases. This is because, in a
DC network, the energy to be disspated is a function of fault current squared. The
amount of stored energy required to produce a current-zero in the VCB is related to
the separation time, that is, short separation time means a reduction in energy

requriment. Therefore the incurred stresses reduce as the separation time decreases.

Since the employed VCB is only upgraed in its energising circuit, the opening time
could be further improved if its mechanical topology were to be modified.
Greenwood [3.7] stated that VCB separation time can be achieved within 5ms by
intoducing a hydraulic breaker actuator. Holaus [3.8] proposed that the opening
speed can achieve a velocity of 12m/s to 50m/s in terms of the moving mass, by
utilising an opening coil for VCB separation (rather than only a spring). The same
coil drive circuit as in Figure 3.11 could be applied to this second coil, giving the

same performance improvement as achieved for the single coil VCB.

3.5 The back electromotive force after coil discharge

3.5.1 Why a counter-EMF occurs

The peak in the coil current is due to the counter-EMF induced by the magnetic flux
change because of the relative movement between the armature and the solenoid coil.

In order to understand how the counter-EMF arises, the hysteresis loop in Figure
3.21 is interpreted. Initially, the steel core is an un-magnetised ferromagnet. As the
coil is energised, the magnetisation M and the induced magnetic flux density
Bincrease with an increase in the magnetic field strength H which is proportional to
the coil current. As the coil is energised further, the increases obey the initial

magnetisation curve until saturated, during which period:

By = po(H + Ms) = poM; (3.31)
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where p, is permeability of a vacuum, M, is saturation magnetisation, and By is
saturation flux density.

However, B does not follow the initial curve to decrease if H (excitation current) is
reduced. Instead, it decreases along another trajectory. When H is reduced to zero, it
leaves a net magnetisation, denoted by B,., in the core. B can only be reduced to zero
when the H field is applied in the negative direction to a specific value H, called the
coercive force. Since the steel is a ‘soft’ material, there is hysteresis loss during its
magnetisation under ac operation. This is illustrated by a narrow but high hysteresis
loop of small area, as shown in Figure 3.21. Ferromagnetic elements (iron, nickel,
cobalt) always exhibit hysteresis where there is a lag or delay between B and H in an
alternating field [3.4].

Residual field, _ ~
remanence or A‘B/BS_uO(H+MS) HMs
Retentivity Saturation

BrZMOMr\
Initial

Coerctive
force HC\

curve

Saturation

-B

Figure 3.21 Hysteresis loop of soft magnetic materials which are readily magnetized and demagnetized.

With reference to the VCB magnetic circuit in the Figure 3.3, (assuming DC
excitation) the residual magnetisation B,., is permanent magnetisation which is the
state that exists in permanent magnets. The magnetic circuit B, is not the saturation
residual magnetisation B,. since there is always an air-gap even if the VCB has been
closed. In other words, a permanent magnet is produced by increasing the coil
current and then reducing it to zero in this experiment. The remaining magnetisation
B, can be considered as the source for the B field in the solenoid magnetic circuit.

As a consequence, the new magnetic circuit is shown in figure 3.23.
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Figure 3.22 The magnetic circuit and its electrical equivalent of an electromagnet

During separation of the VCB, the air-gap is increased as the armature parts from the
solenoid coil. This means that the reluctance of the solenoid magnetic circuit is
increased causing a corresponding decrease in flux @ and flux density B which were
originally B,.,A and B, respectively. To find the point on the hysteresis loop of
Figure 3.21, equivalent to the new flux density through the steel (and therefore also
in the air-gap, assuming Ai=Aa, then B; = B,), an equation in terms of H; and B; can
be derived in terms of the coordinates in Figure 3.21. According to the Ampere’s
law ¢ Hdl = NI, with NI = 0, the equation to describe the circuit of Figure 3.22 (a)

is:

Hy,+Hl; =0 (3.32)
where H; and H, represent the magnetic field strength through the steel and air-gap
respectively, 1; is the total length of steel including the armature, and 1, is gap
distance. Due to the continuity of flux in the series circuit: ®; = @4, so that the flux

density ignoring fringing is:

B; = B, (3.33)
which can be rewritten as Hy = B;/u,. Substituting into equation (3.32), gives the

straight line equation:
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B; = _lT}i/JOHi (3.34)
The relationship between B and H in the steel is obtained in term of the geometry of
the circuit. This line is defined as the shearing line which intersects the BH curve in
Figure 3.23. The solution to equation (3.34) is the point of intersection with the
hysteresis loop. The reluctance of the air-gap R, increases as the gap distance
increases, thus flux @ and flux density B decrease and the intersecting point shifts

farther down the BH curve.
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Figure 3.23 Intersection between the shearing line and the demagnetisation curve gives the magnetic field
in the permanent magnet of Figure 3.22.

The shearing line equation implies that there is a H field in the opposite direction to
B; in the steel, as shown in Figure 3.22 (a). As described in reference [3.4], there is a
magnetic surface charge density pg,,, = M - i on the gap faces, which is the source
for the H field. Figure 3.22 (a) illustrates the surface charge density that can be
calculated by first obtaining M as follows. Since B; and H; are determined by the
intersection point in Figure 3.23, the equation to describe M is given by utilising the

relation B; = uo(H; + M):

B;
M=——H, (3.35)
Ho

From Figure 3.23, the presence of the magnetic charges on the gap faces results in

the negative H field through the steel which imposes a demagnetising effect on the
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material. In other words, a permanent magnet produces a magnetic flux in free space,

but the magnet itself induces a demagnetising field. Since steel is ferromagnetic,

=1+ % ~ % and substitution into (3.35), gives:

B;

prH; = 0 H;
g, =2 (3.36)
Ty .

The relation B; = uH; is valid in a permanent magnet application: it provides a
negative permeability u, since the point of intersection on the BH curve is in the
second quadrant, where H; is negative. Assuming the steel and air-gap cross-sections
are equal, due to flux continuity ® = B;A; = B4A,, and the equation to describe the

flux through the gap and steel is:

-1
® = ByA, = KL#OHiAA (3.37)

After substituting equation (3.36) into (3.37) and supposing the residual
magnetisation B, is constant regardless of an increase in the air-gap, then B; = B,
whence:

l; Bro

CD:BAAA:_l_AM
T

A (3.38)

As indicated previously, there is still an air-gap distance |, during the VCB closed

state. Reviewing Figure 3.20 (e), the armature has a linear movement when it reaches

a¢

a stable state. This means that 1, = 1, + v,t. According to Faraday’s law € = —N —

then:

£ = M—"Z*; (3.39)
where N represents the number of coil turns, 1; is the total length of steel including
the attached armature, B, is the residual magnetisation, A4 is the cross section area,
v, represents the armature speed, u, is the relative permeability, and 1, is the initial

gap distance before armature separation.

In summary, the back EMF is determined by the residual magnetisation and the VCB

opening speed for a given circuit geometry. Equation (3.39) is incomplete because of
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two factors. Firstly, the residual magnetisation was assumed to decrease as the air-
gap increased, whereas here it was considered as a constant. Secondly, the VCB
opening speed is initially non-uniform, whilst here it is considered as immediately
having stable motion following separation. The graphs in Figure 3.24 represent
equation (3.39) in terms of different initial conditions, and show how the counter-
EMF is affected by different factors.
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Figure 3.24 Waveforms based on equation (3.40) with initial conditions: N = 1693, |; = 0.386m, 4, =
8 x 10~*m?, u, = —1000, L, = 0.002m.

3.5.2 Exploitation of the counter-EMF

Due to the absence of a natural current-zero (with DC), many auxiliary commutation
circuits have been proposed to produce a zero current instant in the VCB. However,
when to trigger the auxiliary circuit is a problem, since time is needed for the VCB
gap to widen sufficiently to support voltage. The longer it takes for the electrodes to
part, the greater the energy needed from the auxiliary circuit. The commutation
energy can be minimised if delayed and applied at the instant when the gap is
sufficiently wide enough to support the voltage after current-zero. As mentioned in
Chapter 2, the di/dt of the VCB varies with the gap distance. Based on practical
results, the counter-EMF is observed to occur after the armature has moved away
from the solenoid coil. The occurrence of the counter-EMF is always earlier than the

formation of the arc voltage, with the time between them constant. The transient

72



increase in the coil current, or the peak, is monitored and amplified by a current
transducer (LA55-P as shown in Appendix A.2.3) and the instrumentation amplifier
(LT1168 as shown in Appendix A.2.4), and then fed to a comparator circuit (LM311
as shown in Appendix A.2.3) to produce a ‘high’ signal as input to the
microcontroller (dsPIC30F2020 as shown in Appendix A.2.5). The experimental
results are shown as following:
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Figure 3.25 Waveforms based on the control circuit for producing the trip signal.

The experimental plots in Figure 3.25 (a) and (b) illustrate that the occurrence of the
transient increase in coil current is consistent with the arc voltage formation. Figure
3.25 (c) demonstrates that the transient increase (or peak) in coil current is converted
to a ‘high’ signal for input to the microcontroller. The duration of the high signal
(trip signal) is adjustable and the microcontroller is triggered once the trip signal is
received. There is approximately 5ms between the peak of coil current and the arc
voltage occurring. This implies that the trip signal is ahead of the arc voltage, giving

5ms for the auxiliary circuit to prime to produce a current zero in the VCB. Since the
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electrode separation speed after the arc voltage occurs is constant at 1m/s, triggering

of the auxiliary commutation circuit is controlled by the microcontroller. Thus

commutation for different gap widths (different HVDC withstand voltages) can be

achieved.
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Figure 3.26 Schematic diagram of control for the VCB

Closed-loop current control of the coil was present in Section 3.4. The detailed

circuits in the Figure 3.26 are shown in Appendix A.2.

» ON/OFF and Fault signal circuit: circuit with small mechanical switches to

produce the ON/OFF and Fault signal.

Flip-flop: dual D-type positive-edge-triggered flip-flop devices (SN5474) to
recognise the oncoming signal is ON/OFF or Fault and then dispatch it to the
correct channel. For example, the trip signal circuit is only activated in the
fault situation. Otherwise, it is in the ‘off’ state.

Trip signal circuit: consists of a current transducer, an instrumentation
amplifier and an analogue switch (ADG201HS). The analogue switch is
utilised so only the transient increase of coil current is amplified. Other parts
of the coil current are under closed-loop current control.

Microcontroller: input uses negative-edge-triggered or positive-edge
triggered signals. This means that, as the trip signal changes from positive to

zero or zero to positive, it delivers signals to activate the auxiliary circuit, to
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produce a VCB zero current point. All the signals are controllable to
investigate the VCB characteristics under various conditions, such as

interruption of a fixed dc current at different gap distances.

3.6 Summary

This chapter presented a coil DC activation method that reduced VCB opening time
from approximately 50ms to 13ms. The same circuit can be used on a dedicated
opening coil, which would signifiantly dcrease the opening time. The coil counter-
EMF was observed and utilised to optimally trigger the auxiliary commutation circuit;

however, this method is only valid in such VCB with indirect mechanism.

A circuit will be proposed and illustrated in Chapter 4 to investigate VCB
characteristic in terms of conditions such as range of interrupting current levels,

different gap distances, variable di/dt and dvycg/dt, etc.
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4 Analysis of commutation circuits for hybrid breakers

4.1 Introduction

The main difficulty in DC interruption is the absence of natural current-zeros. The
interruption methods considered in Chapter 1 were active and passive commutation.
Therefore, with the aid of the control method proposed in Chapter 3, a circuit
employing active commutation is proposed to investigate VCB characteristics during
the internal electrodes opening period. The VCB is considered as a ‘black box’, and

the detail of the mechanism discussed in Chapter 2 and Appendix is ignored.

Previously, a vacuum switch-triggered spark gap was used as a commutation switch
for providing counter-current through the VCB [4.1, 2]. Here it is replaced by solid-
state switches, which incur energy loss during the reset process of the commutation
circuit. In order to mathematically analyse the commutation circuit, equations are
derived which include the dimensions of commutation components, di/dt ,

dvycg/dt, etc.

The post-arc current plays a significant role in the VCB interruption process.
Equations describing the post-arc are proposed by references [4.3, 4]. However here
within, one initial condition, that the ion density is only determined by the arc’s
natural decay and the post-arc current, is questioned. Thus, the properties of the post-
arc current are investigated by varying di/dt, dvycg/dt and interruption current

level, as well as gap distance.

The VCB interruption properties in interrupting high power have been considered
extensively [4.5-9], but low power interruption has been ignored. In addition, the
VCB in this thesis is for a low power three phase AC network, hence has three
vacuum interrupters. Experimental results presented show that each of the three
interrupters has the same interruption properties but that their interruption
performances differ. In order to explore these differences, the relationship between
the VCB conduction resistance and interruption times is investigated in terms of

fixed interruption current, di/dt, and arcing time.
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4.2 Analysis of commutation circuits

4.2.1 Active and passive commutation modes

As mentioned in Chapter 1, a virtual current-zero is developed by utilising auxiliary
means which include current oscillation and voltage commutation. Voltage
commutation is where current commutation is achieved by introducing a voltage

which exceeds the on-state voltage of the parallel commutation path.

A current oscillation requires auxiliary circuits connected in parallel to the main
breaker [4.1]. The additional circuits inject a controlled counter-current into the
circuit breaker. A forced current-zero arises if the counter-current is greater than the
instantaneous fault current passing through the VCB. Hence, it is important to know
the fault current level. With this method, contact erosion is decreased as the arcing
time is reduced [4.10].

S;
Cc Lc§ Lioap
\V/ 1+ Sz A
DC ——l ic
Dew N l
:E RiLoap

Figure 4.1 Basic uni-directional DC system with a commutation circuit: S;: main breaker, S,: auxiliary
switch, Ss: load breaker, Cc and Lc: commutation capacitor and coil, and MOV: metal oxide varistor.

In Figure 4.1, the main breaker is located between a DC source V. and a load
isolator S5 followed by a load that includes resistance R, 4p and inductance L; g ap-
The load resistance and inductance include wiring and connection components. The
commutation circuit, consisting of capacitor C. and coil inductance L., as well as

auxiliary switch S,, all placed across the main breaker S;. The metal oxide varistor
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(MOV) is connected in across S; to prevent device over-voltage during system
current interruption. The commutation mode depends on whether C. is pre-charged
or not; it is active commutation if C. is pre-charged, otherwise it is passive
commutation. Since the load is normally inductive, the freewheel diode Dgyy is
parallel connected to the load side to maintain current continuity. The voltage across
the commutation capacitor C. is suppressed as the freewheel diode Dy bypasses any
energy being transferred from the downstream lines during the interruption.
Effectively the conducting freewheel diode emulates the load condition during a DC
load side short circuit fault. A freewheel diode cannot be used on the source side.

In the active mode, when an ‘off’ signal from the fault sensor is received, the main
breaker S; opens and when the inter-electrodes reach certain gap distance, the
auxiliary switch S, is closed and a current oscillation i, starts, increasing to oppose
the current ig; through in the main breaker S;. With the commutation capacitor C,
pre-charged, there will be at least one current-zero in the main breaker provided the
L and C. resonant circuit is designed properly. The polarity of capacitor C. reverses,
since the main current i is commutated to the parallel path when the current ig, is
reduced to zero. Then another current-zero occurs in switch S,, dominated by the
upstream line and commutation parameters. Three factors determine the
commutation capacitor C. final charge, including its initial voltage, the system
voltage, and a voltage related to the stored inductive energy in the upstream line. If
the switch S, is bi-directional, the current i will continuously oscillate, dissipating
energy in resistive components until it reduces zero. This means the voltage across
the commutation capacitor C. finally remains charged to the supply voltage. The
switch S, and the rectifier station are uni-directional switches. So, the commutation
capacitor C.charges until the first current-zero in switch S,. At this instant, current
interruption is complete and isolation switch S; can be opened with zero current. For
successful commutation, the main switch S; not only withstands the high di/dt but
also maintain isolation between its electrodes at the current-zero. There are

disadvantages with this method:

» A external voltage is required to maintain the initial charge of capacitor C;

79



» Large capacitance for commutation capacitor C is required to generate a
large counter-current. Consequently, this results in a large size and a high
price.

» The commutation circuit can only function once (if no reset is incorporated).

A passive mode of operation may be required in some applications. In the passive
commutation mode, there is also a current oscillation in the main switch S;, which
results from the interaction between the arc voltage and the commutation parameters
(a negative resistance characteristic means that the arc voltage decreases as arc
current increases). It takes a longer time to introduce a current zero in the main
switch S; owing to the lack of a pre-charge voltage across the commutation capacitor
Cc. That is, as the uncharged capacitor C is repeatedly charged and discharged by
the arc voltage, an oscillatory current will occur. With an increase in arc length and
as the heat loss gives rise to an increasing arc voltage, the commutation current i,
oscillation will grow [4.11]. The current-zero in the main breaker S; is generated
when the magnitude of commutation current equals the main current. Now the main
current ig is commutated into the parallel path, and the capacitor voltage increases to
its highest value when the current i is reduced to zero. However, in this situation the
auxiliary switch S, is bi-directional, and the capacitor voltage may charge to the

supply voltage level due to the continuous oscillation.

4.3 The test circuit

As mentioned in Chapter 2 and Appendix B, the VCB model is complicated, since it
involves many parameters including contact material, gap distance, electrodes
dimensions, etc. A small change in any parameter can result in a significant
performance change. There is no complete mathematic model describing all VCB
properties in terms of its internal parameters. Here the VCB will be considered as a
‘black box’, ignoring all of the internal parameters, but the ‘black box’ will attempt
to retain the features and regular pattern of successful VCB interruptions based on
external conditions. There are two external parameters that possess this function [4.6,

8, 12]; they are di/dt and dvy.g/dt, where the former represents the rate of
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decrease of current through the VCB immediately before a current zero and the latter
represents the rate of increase of voltage across the VCB immediately after a current
zero. Thus, in order to investigate VCB characteristic, a test circuit, as shown in
Figure 4.2, is proposed and established based on a hybrid circuit breaker with active
mode commutation. The difference compared with the original circuit [4.13] is that
the extra switch T, is employed to achieve a controllable reversal of commutation
capacitor voltage in the test circuit. For the purpose of a more detailed description of
circuit operation, the interrupting sequences are based on the control strategy
described in Chapter 3, as shown in Figure 4.3. Photographs of the test rigs are
shown in Appendix A.1.1. Snubber circuits have been omitted; for convenience
inductors are assumed linear; the voltage drops across semiconductors and the VCB
during the on state are zero; and the current through the VCB and the voltage drop
across the capacitor bank C, ., are considered constant during separation of the
VCB electrodes since the commutation time is shorter than the time constant of the
inductive load. The auxiliary switches T; T, T3 and T4 each comprise a diode in

series with an IGBT.

The detailed solution is achieved by solving the differential equations that
correspond to each interval, where the end state of the previous interval is the initial
state of the following interval. With reference to the circuit voltage and current

waveforms in Figure 4.4, the operational sequence for the test circuit follows.

There are three stages to the operational cycle. These are resetting the commutation
circuit, introduction of the fault current, and interruption of the commutation circuit.

The sequential timing operations for the test circuit are given in Table 4.1.

Table 4.1 Switched timing regulations

stage time |[VCB| Ty | T, | T3 | T4

reset of test circuit tnor | On | On | Off | Off | OFff

(2) (b) t.. | On | Off| On | Off | OFff
mtroductlon(ocf)faultcurrent " on | off | off | off | on
interruption of commutation the circuit | t1 Off | Off | Off | Off | On
(d) (e) () t, —ts | Off | Off | Off | On | On
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Note: where t,,, represents a normal working period, t,_ represents the moment immediately following the occurrence of the
peak in the coil current, t, represents the fault current arise in the circuit, t; represents the separation of VCB electrodes, and

t, — t, represents the commutation and interruption of the fault current.

MoV
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T, 2 Rioap
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Figure 4.2 The test circuit; VCB: vacuum circuit breaker, T;,3,: a diode and a series IGBT.

Figure 4.3 Test interruption sequences; VCB: vacuum circuit breaker, T;,34: a diode plus series IGBT.
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Figure 4.4 Operational sequence of the test circuit; CZ current-zero crossing in the VCB

Figure 4.3 (a) illustrates how the test circuit operates normally t,,,,.. The DC source
(Vp¢) used during testing can provide voltage up to 600V but current is limited to
10A. To investigate VCB properties in high current situations, the capacitor bank
(Cpank) 1s charged to the DC source voltage in order to supply a fault current
determined by fault resistor Rg4y.7, Which is connected in parallel with the load
resistor R;pap by T4. When the VCB is in the ‘on’ state, a low current (Vpc/RLoap) iS

supplied by the DC source Vj through the VCB to the load that consists of
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inductance L;,4p and resistance R, 4p. The switches T, Tzand T, are off but Ty is
on, charging the commutation capacitor to the DC source voltage with an exponential
profile via resistor R,. In this interval, the equation relating currents iy, iycg, and iy

is:

ipc = lycpr T 11 (4.1)
where the circuit loop comprising Vp¢, Dy, Cc, T;, and R, obeys the following

differential equation:

1
_f lldt + i1R1 == VDC (42)
Ce
with the initial conditions:
VCC =0 (V)
which yields:
i, (t) = B¢ et (A) (4.3)
1 - Ry .
-t
and Ve (8) = Vpe(1 — ) (V) (4.4)

where 7, = R,C,

Since the maximum current supplied by the DC source is 10A, R, is 200Q to limit
capacitor C, charging current. Thus diode D; has a low current rating. When the
current i; reduces to zero, the voltage across the commutation capacitor C. reaches

Vpe, remaining at this voltage provided T is ‘on’.

The circuit loop comprising V¢, Dy, VCB, Lypap, and Ry pap Qives:

diVCBI .
Lioap di + iycpiRioap = Vpe (4.5)

with the initial conditions:

lycgr =0 (A)
which yields:
__t
iVCB'(t) = ip0ap(t) = —RIL/;):D (1 - 6”2) (A) (4.6)
where 7, = 042
Rroabp
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When equation (4.6) stabilises, the current i, -5, flowing through the VCB equals the
source current ip.. However, due to the large load resistance (R;p4p = 600Q), the

current is small (1A) in this interval so can be ignored in the following analysis.

In Figure 4.3 (b), although the voltage V. across the commutation capacitor C¢ is
equal to the DC source voltage, it is not ready to commutate the VCB due to its
voltage polarity, V.. However, there is approximately 5ms between the peak
produced by the counter-EMF and the separation of inside electrodes. This means
once the trip signal that corresponds to the occurrence of the current peak is received
at t,_, the voltage polarity of the commutation capacitor has to be reversed within a
short time, 5ms, with the microcontroller signalling the T, off but T, on for a short

period. The circuit loop equation for C., VCB, L, and T, is:

dir,
t

1
-~ iTzdt + LC d

c =0 (4.7)

with the initial conditions
iTz = 0 (A) and VCC = _VDC (V)

which yield:
ir, (£) = 2 sin wot (A) (4.8)
and VCc(t) == _VDC COS wot (V) (49)

0<wet<m (rad)

where wy =1/4/L:Cc (rad/s) and Z = /L:/Cc (Q)

At w,ot = 7 the current i, cannot reverse because the diode in the T, blocks and the

voltage V. across the commutation capacitor retains a charge of —Vj.

The Figure 4.3 (c) illustrates how the fault current arises. It is that when only T, is
switched on at t, (with the others switches off), the energy stored in the capacitor
bank Cp 4.k Will be released through the load inductor L. and fault resistor Rp 4y to
produce a high current through the VCB before the electrodes separate. The
commutation circuit is a second order L-C-R circuit with a capacitor initial charged

to Vpc. The load resistor Ry 4p IS ignored due to its large resistance compared with
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the fault resistor - Rpayrr- The circuit loop comprising

Cpank» VCB, Lioap, Ty and Rpayr IS expressed by:

1
Cbank
with the initial conditions

, dipayrr .
f IpauLrdt + Lioap T + ipaurRravrr = 0 (4.10)

ipavrr = lvepr = 0 (A); Veyame = —Vbe V)

Equation (4.10) can be divided into three different models in term of the relationship

L
between Rpay.r and 2 /ﬂ
Chank

When Reyir > 2 /LCLOAD, it is an over-damped circuit. There are two unequally
bank

negative real numbers in its root. Thus, it yields:

. 14
ipauir(f) = ——2— 5 (e —eP2) - (A) (4.11)
and Vcbank (t) = (P‘z/?il) (Pzeplt - Plep2t) (V) (412)
where P, = _ RrauLr + \/(RFAULT)Z _ 1
2LLoAD 2LroaD LroapChank
P, = — RFAULT _ RFAULT 2 _ 1
2 2L10ap 2L10ap L1040 Cpank

The capacitor bank C, ., always discharges its stored energy into the fault, as shown
in Figure 4.5 (a). When t = 0., ipayr(04) =0, and as t = oo, ipgyr(0) = 0.
Thus, the fault current must firstly ascend from zero and then descend to zero. The

IFAULT

. . . . d . .
time t,,, to reach maximum current is determined from ke 0, and is given by:

_In(P,/P)

4.1
m PI_PZ ( 3)

When Rpapir < 2 /Zwﬂ the circuit is under-damped, so there is a pair of complex
bank

conjugate roots. Equation (4.10) therefore yields:

Ve g-Sitgin(w,t) (A) (4.14)

IpauLr (t) = ©1lLoaD
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and Verae ) = Ypc®z o-5:t sin(w,t — B;) V) (4.15)

w1

2
R 1 R 2
where §; = 2L o2 = - ( FAU”) , Wy = [6,° +wi and By =
2LroaDp LroapCpank 2LroaDp

—1 01
51

tan

The voltage and current resonate with an ever-decreasing amplitude if bi-directional
switches are employed, as shown in Figure 4.5 (b). During the process, they change
direction within each period while the capacitor and inductor storage elements
exchange energy in each period. However, the uni-directional switches can prevent
continuous resonance. When w,t = 3, the fault current increases to its maximum

value.

When Reyr = 2 Lo4p s Jatent root contains a multiple root. Thus equation 4.10

Chank
yields:
. %4 -
ipavrr () = ﬁte it (A) (4.16)
and Ve () = Vpce 015 (1 = 6,8) (V) (4.17)

In Figure 4.5 (c), the voltage and current are not resonating but keep a similar

trajectory to (a), where the voltage and current both continue to reduce until zero.

Since VCB opening speed after electrode separation is 1m/s, the time difference
between t; and t, determines how far the internal electrodes have separated.
Independent of the discharge mode, the commutation circuit current (having
triggered T3) has to rise to (or exceed) the fault current ir 4.1 (t) level at t,, in order
to be able to investigate VCB interruption properties. When the electrodes start to
open at t;, the VCB experiences an arc voltage, the polarity of which depends on the

direction of the VCB current, until a successful commutation is achieved.
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Figure 4.5 Fault circuit voltage and current waveforms: (a) Rpayrr > 2 Lc“ﬂ; (0) Rpquir <2 /LC“’J and
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In Figure 4.3 (d), for analysis, since the commutation period t, — t5 is far shorter
than the fault path time constant, it is assumed that the fault current ig4y.r(t) IS
constant within this period. During experimentation, most commutation times are
within the range of tens to hundreds of microseconds and the maximum is 1ms, while
the fault current last for at least 20ms. Switch T is fired to introduce the counter-
current flow through the VCB, forcing the fault current through the VCB to zero,
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once the electrodes have separated a specific distance. As a consequence, in this

interval, the relationships between iz 4y, iycp and irps are given by:

ipavir = lvep + ir3 (A) (4.18)
where the differential equation for i is the same but with opposite direction to i,
during commutation and is given by:

1 (. dir.
C_CflTsdtJch dt3

=0 (4.19)

with the initial conditions
ir, =0(A)and Vg, =Vpe (V)
which yields:
i, (£) = "2 sin wot (A) (4.20)
and Ve (t) = Vpc cos wot (V) (4.21)

0<woyt<m (rad)

where wg =1//LcC; (rad/s)andZ =./L;/Cc ()

With the appropriate choice of L;and C,, that is, with an appropriate selection of
di/dt, a successful interruption should occur as a result of the first current-zero. If
commutation failures, then the second current-zero can be utilised. Because the
auxiliary switches (T; T, T3 and T,) are uni-directional, the counter-current
introduced by the resonant L-C circuit can produce at least two current-zeros, thus
providing two opportunities for an interruption. The interruption process is
considered to have failed if the VCB current continues after the second current-zero.
(This is similar to AC breakers which can be specified based on two mains cycles for
commutation.) It is assumed that interruption is achieved at first current-zero, which

means ir, (t3) = ipayrr(t2, t3). The time tcz, to the first VCB current-zero is:

—1travLt(t2)Z

Vbc (4.22)
Wo

—sin

tcz1 =

The time t.,, to the second VCB current zero is:
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—1 lrauLt(t2)Z

T + sin
Vpc

tcz =
Wy

The VCB voltage falls to the residual voltage of the commutation capacitor and
follows its change. Thus the fault current passing through the VCB is commutated

into the L¢ — C¢ path. Current i, in the circuit 100p Cypank, Cc, T3, L¢y Lioap

T, and Rp4y,r is defined by:

1 [ dir,, dir,
C_Cf i, dt + L¢ . + Lioap dr + it Rpavrr = Ve (4.23)

where the voltage across Cpq,, Can be considered a DC source due to a large Cpgnk-

Initial conditions are
i, = iy (t3) (A) and Ve, = Ve (t3) (V)

Rravrr < 2 /LLgﬂ Thus equation 4.23 yields:
c

ir, () = 2K e~ %" cos(wst — 0) (A) (4.24)
2K _
Ve (t) = Ccaj4 [cos(B; — 0) —e %2t cos(wst — 6 + B)] + Ve (tz) (V) (4.25)
_ __Rrauvrr 2 _ 1 _ Rravir_\* — / 2 2
where & 2(LLoap+Lc)’ @3 (LLoap+Lc)Cc (Z(LLOAD+LC)) » @ 02" + w3,

w3

and B, =tan™?!
&2

] Vpc—Ve(ta) o .
_ lT3(t3) 2 LioaptLc 621T3(t3)
K= (B 4 (et —

)2

Vpc—Ve(t3)
< _52 iT3 (t3)
-1 _LroaptLc

w3lirg(t3)

0 = tan

During the interval t; — ts, current ir,, initially increases since residual voltage

remains on capacitor C.. Then it starts to reduce, allowing diode Dgyy to conduct,

whence the voltage across the VCB reaches its maximum voltage, Vp.

In the Figure 4.3 (e), with diode Dy conducting, the load (the fault) is bypassed,

effectively decoupling the fault from the commutation circuit. Current ir,, = ir,, +
ipw, Where ir,, discharges through the circuit loop Chank, Cc, T3, Lc and Dy,

transferring magnetic energy to an electric field, causing V.. to increase according to:
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1 ) diT3II
C_CJ. ng”dt + LC dt = VDC (426)

with initial conditions
iT3H = iT3r(t5) (A) and VCCH = VCCr(tS) V)
which yields

. Vpc—Vcpr(ts)
lryn (t) =——C—

Ve (t) = [Vpc cos(wot) — Ve, (ts)(cos(wot) — 1)

+ Zir,,(ts) sin(wyt)]

where wy =1/4/L:Cc (rad/s)and Z = /L;/C; (Q)

sin(wot) + ir,, (ts) cos(wet) (A) (4.27)

(4.28)

The voltage V. across the commutation capacitor terminates with the opposite
polarity, when current ir,,, reduces to zero. The transfer of the stored magnetic

energy in L. causes this voltage rise. The time t; , ts to tg, is:

1 ir,(ts)Z
ty = —tan™?! 1y (t5)
Wo Voe = Ve (ts)

In the Figure 4.3 (f), as the current ir,,, reduces to zero at ts, the current iry, passes

(4.29)

through the circuit loop Lypap, Ta, Rrayrr and Dpy, to dissipate the magnetic
energy stored in load (fault) inductor L;,4p, Which obeys the following differential

equation:

di )
Lioap % + Rpavrrirw =0 (A) (4.30)
with initial conditions

ipw (te) = ity (L6)

which yields

-t
Ipw (t) = ir,,(te)ers

Lroap

where 753 = Reavir

The analytical equations corresponding to each interval of the test circuit have now
been derived. They can be used to calculate the required peak voltage, peak currents,

the current-zero time, etc., when the component values and special conditions, such
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as the time when the commutation circuit is triggered to achieve a current-zero, are

known.

In summary, under the influence of the DC energising circuit, the mechanical
response time of the VCB from receiving an ‘off’ signal to the electrodes separating
is approximately 13ms. The time interval from the occurrence of the coil current
peak to electrode separation is approximately 5ms. During this 5ms interval, the
requirements for this test circuit are not only to establish a specifiable fault current
passing through the VCB, but also to ready the commutation circuit to generate a
VCB current-zero. The commutation circuit is activated when the electrodes have
separated a specific distance. Current interruption is complete provided there is a

current-zero in the commutation circuit.

4.3.1 Commutation circuit calculations

Since there is a limitation on the energy storage capability of the commutation
capacitor, which needs significant energy to produce a successful current-zero, the
maximum fault current should be identified by applying equations (4.10-17). Then
the commutation capacitance is calculated in terms of the commutation frequency,

system voltage, and current ratings. From equation (4.20), the maximum counter-

current is:
Ipea = iy (7,2) = 2= sin(wo 7,-) (A) (431)
Since wy = 2nf = 1/4/LcC. (rad/s) and Z = \/L:/C. (), then
Lc = (%erf/Cc)?  (H) (4.32)
] ]

(A)

L (H)

4 2x107
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£ s )
200 . Lo
// \\

e \“-‘—._._

- |
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Figure 4.6 (a) The maximum peak current with commutation frequency 10kHz and (b) the required
commutation coil.
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Figure 4.6 (a) shows the relationship of capacitance and the maximum counter-
current produced with initial voltage -600V for a 10kHz commutation frequency
(5016 half period) and part (b) illustrates the commutation inductance required for
the counter-current with a 10kHz commutation frequency. In addition, Greenwood
[4.1] found that a current magnitude design margin is needed for commutation
circuits, which means the maximum counter-current is always larger than the

interrupting current.

As mentioned, di/dt is defined as the net rate of change of the VCB current between
the moment commutation commences and the moment that the current decreases to
zero, once the electrodes have parted a specific distance. Based on equation (4.20)
and (4.22):

di _ itravur (&) _ ipauLr (t2)
dt tcz1 [LcCe Sin_l(LFAUVLT(tZ)Z) (4.33)

DC

L
where tg;; =t, —tzand Z = C—C
Cc

The di/dt is determined by four parameters namely the interrupting current
irayLr(ty), the initial capacitor voltage V., the commutation capacitance C., and
the commutation inductance L.. The effect of each parameter on di/dt, is illustrated
in the Figure 4.7; where the plots represent equation (4.33) for different parameters

with parameter values listed in each legend.
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Figure 4.7 The maximum di/dt as function of: (a) commutation inductance; (b) commutation capacitance;
(c) interrupting current; and (d) initial capacitor voltage.

In Figure 4.7 (a), with a fixed interrupting current of 160A and initial capacitor
voltage of 600V, the value of di/dt experiences a continuously decreasing trend as
L. increases. This trend is independent of C , based on commutation capacitances of
10uF and 100uF. Figure 4.7 (b), with the same conditions except two different
inductances, 10puH and 30uH, confirm that di/dt remains unchanged once C.
reached a certain value. di/dt starts to increase after C. increases above a minimum
value in order to produce a counter-current the same level as ip4y.7. This increase is
very steep. It is difficult for this situation to occur because normally the maximum
counter-current is designed to be large compared to ip .7, therefore small C,
causing an increase in di/dt is eliminated. Figure 4.7 (c) shows the relationship
between di/dt and ip,yr In terms of a 600V initial capacitor voltage and 10uF
commutation capacitance. When the commutation inductance L. is fixed, di/dt
almost remains unchanged until ip,y.+ exceeds the maximum counter-current
produced by the commutation circuit. However, for different commutation
inductances, 10puH and 30uH, the di/dt produced by the smaller inductance is large

compared to that associated with the higher inductance. The relationship between
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di/dt and initial capacitor voltage is shown in figure (d) with a fixed 160A
interrupting current but varied commutation parameters. Regardless of the varied
commutation parameters, the di/dt exhibits an ever-increasing trend with an
increase in the initial capacitor voltage. Based on a fixed commutation inductance,
10uH, but varied capacitance, 10uF and 100uF, once the initial capacitor voltage was
increased to produce a counter-current with the same level as the interrupting current,
the trend of di/dt is the same, a continual increase. With the same commutation
capacitance, 10uF, but different inductances, 10uH and 30uH, the di/dt difference
introduced by the larger inductance not only has a larger value than that associated
with the smaller inductance, but also possesses faster rise rate. In summary, the
di/dt trend is dominated by the commutation inductance and the initial voltage
across Cq (Vcc=Lcdi/dt), but independent of commutation capacitance and

interrupting current.

Odaka [4.6] established that the dvy 5 /dt variation across the VCB after current
interruption can be found from the interrupting current iycg = ipayr (t2) (current at
the beginning of commutation) and a simplified equivalent circuit comprising the
commutation capacitor C. and inductor L., and the snubber capacitor C,; connected

in parallel to the VCB, as shown in Figure 4.8.

Cs i
1l <
1
i
B D)
H: \_/ ==
Cc Vvce L
— C
ic

Figure 4.8 Equivalent circuit

From the equivalent circuit in figure 4.8, after taking Laplace transforms, dvy g /dt

can be determined from:

e _ kL (4.34)
S S S
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i 1
Vyep = 5 (sL¢ + E) (4.35)

Voey = 2 (4.36)
VCB - S SCS *
thus, Vycp Is:
Voo = lyc 4 lvcCe 1
YT S2(CoHC)  Co(CHCe) | [eee (4.37)
s CsCcLc

which, after taking the inverse Laplace transform, yields:

lycpt iycaC C;CcL Cs+C
Vyen(t) = vest | este \]sccsin\]s C 4 (4.38)

Cs+Cc  Cs(Cs+Ce) | Cs+Ce CsCclc

dvycg/dt at current zero is given by differentiating (4.38):

dvycgp _ lyce n iycgCe
dt Cs+Ce  Cs(Cs+Cp)

Three parameters determine the dvycg/dt trend, namely interrupting current iy cp,

(4.39)

commutation capacitance C. , and the snubber capacitance C; dvycg/dt
characteristics in terms of these parameters are shown in Figure 4.9, for a fixed
commutation inductance, 10uH. In Figure 4.9 (a), based on an interrupting current
iycg =160A, dvycg/dt reduces as C, increases. However, it is unchanged if C is
increased from 10uF to 100pF. To confirm this, the same conditions, including
Cc = 10uF, are utilised in Figure 4.9 (b) which shows that dvy.g/dt is increased
when Cs is between 5uF and 10uF. dvycp/dt remains unchanged with increasing
Cc, which indicates their independence. With C. = 10puF, the increasing trend of
dvycg/dt with increasing iycg is seen in Figure 4.9 (c). However, the increase of
dvycg/dt is reduced when Cg is increased from 5uF to 10uF. In conclusion,
dvycg/dt is determined by i, -5 and C; , (ivcg=Csdvycg/dt), rather than C, which has
little effect.
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Figure 4.9 Maximum dv/dt as function of: (a) snubber capacitance; (b) commutation capacitance; and (c)
interrupting current.

From [4.13], the cross-sectional views of single-layer and multi-layer cylindrical
inductors are shown in Figure 4.10 (a) and (b). The inductance of a single-layer
cylindrical inductor, is given by (dimensions are in mm):

[ = HerrmN” (nH) (4.40)

228.67+2541

by considering insulation spacing between the single layer turns:

2 . N13(d dw 1.7
— eV @ (4.41)

L (dw+S8)07

where d,, is the bare wire diameter and S is the spacing between turns.

The equation for a multi-layer cylindrical inductor is given by:

I = HeffT*N? (uH) (4.42)

152.4r+228.61+254b

The plots in Figure 4.10 (c) represent the effective permeability based on the former

[/d ratio and the core material permeability. These values of effective permeability
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are utilised in the design of the single-layer inductor. The winding is considered

closely wound over 95 percent of the core length.

—
N A

(@ (b)

200

o 20+

| | | | |
0 10 20 30 40 50

Were  (Effective permeability)
(©

\

Figure 4.10 Cylindrical inductors: (a) single-layer coil; (b) multi-layer coil; (c) effective permeability for
different aspect ratios, 1/d.

4.3.2 Precautions for the commutation circuit components

To prime the commutation circuit, ready to produce a high counter-current through
the VCB, the commutation capacitor voltage should be reversed by triggering switch
T,. Resonant circuit losses and leakage mean the capacitor does not retain the full dc

voltage (reversed).

Energy losses can be expressed as:

Eppp = f tv(t) Ci(t)dt (4.43)
0
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k

= > w0 - imat (4.44)

m=1
where v and i represent the voltage drop across a device and the current passing
through it, respectively. Equation (4.43) can be used for continuous functions, while

for discontinuous or discrete cases, equation (4.44) may be applicable.

The energy losses in the resonant loop are due to resistance in the inductor, solid-

state switches, and capacitor.
Solid-State Switches Losses

Solid-state switch energy losses comprise conduction losses (E;ynq), and switching
on Eson and off Esyrp losses, with the conduction losses dominating in the test
circuit. Switching losses Esoy and Egorp Can be ignored since turn-on and off are
soft switching action due to the initial and final inductor current being zero in this LC

resonant circuit.
The conduction voltage of a solid-state switch, can be determine from [4.14-16]:

Veg = Vcgo T Telee (4.45)
where vggo is the IGBT on-state collector-emitter voltage with zero-current; 7, is

collector-emitter on-state resistance, and i, is the current passing through IGBT.
The same approximation can be utilised for the diode conduction voltage, namely:

UD = UDO + TDiD (446)
where vp,, represents diode on-state anode-cathode voltage with zero-current, rp, is
anode-cathode on-state resistance, and iy, is the current passing through the diode,

where i., = ip here due to series connection of the IGBT and diode.

The necessary parameters can be obtained directly from the solid-state device
datasheets shown in Figure 4.11. In order to produce accurate calculations, parameter
variation has to be considered. This means the v g, and v, values from the plots
have to be scaled by (Vcemax/Veetyp) OF (Vpmax/Vpeyp)- Although the datasheet
tables provide values, for an engineering calculation a safety margin should be
adopted [4.15].
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Figure 4.11 Reading the v¢gg, vpo and r, rp from the data-sheet diagram: (a) IGBT (GP600DHB16S) and

(b) Diode (DSEI 2x101).

The resonance output current can be assumed to be half-wave sinusoidal:

i.(t) =Isin(wt) 0 < wt <7m (rad)

where I, represents the peak resonant output currentand w = 1/,/L-C .

Thus, the IGBT conduction loss energy is:

m,/LcCc m\/LcCc
Ecp = f Ve~ ic(t)dt = f (Vepo + 1cic) * i (D)dt
0 0

7./ LcCc

vCEO - lc(t)dt + f Tcic " lc(t)dt
0

J‘T[‘/LCCC
0

_ 5 T
= (UCEO o+ 1 Irms) ' Z

where I, and I2,,; are the average and RMS currents i, respectively.

A similar expression results for the diode conduction loss:

- 2 T
Ep = (VD'IO+rD'Irms)'Z

100

(4.47)

(4.48)

(4.49)



Line Resistance Losses

Since the inductance and capacitance are varied during experimentation, the

resistance R of the commutation circuit varies.

The expression for the energy losses in the line resistance can be approximated as:

7./ LcCc
E, = f Rcio(t)2dt (4.50)
0

2 s
=R¢ - Iips Z
Table 4.2 shows the requirements for these semiconductor switches. The voltage

rating of T1 may be problematic since it is twice that of the other switches.

Table 4.2 Solid-state switches voltage ratings

T, T, T; T,

IGBT Diode IGBT Diode IGBT Diode IGBT Diode

at least | atleast | atleast | at least

Voltage | atleast | at least at least | at least
the max | the max | the max | the max
rating | 2xX Vpe | 1 X Vpe 1XVpe | 1 XVpe
VCC Vcc VCC VCC
rated rated rated rated rated rated

Current | depends | depends
) fault fault fault fault fault fault
rating on Ry on Ry
current | current | current | current | current | current

4.4 Test circuit simulation using PSPICE

In general, MATLAB software is used in one specific case but, generally, PSPICE
[4.17, 18] is used since the simulation will closer approach the laboratory setup
conditions since device characteristics are important. PSPICE simulation results are
redrawn with MATLAB.

Test circuit behaviour can be accurately explored if the basic device specifications
and characteristics are detailed, such as, the current through and voltage across each
component. An accurate detailed model may give rise to long simulation times. It is

difficult to simulate the test circuit since no PSPICE VCB model exist. Fortunately,
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the thyristor, or specifically the silicon-controlled rectifier (SCR) shown in Figure
4.12, can be utilised as an alternative for the VCB during simulation due to their
similar electrical behaviour. The SCR has three features which mirror the VCB.
Firstly, switching to the on state requires a gate signal (positive Vg or I;) and a
positive voltage V,, from the anode to cathode; secondly, to remain in the on state
requires a continual anode-cathode (holding) current I, ; and finally, switching to
the off state requires reversal of the polarity of V,, and the current 1, must reduce

to zero. Turn-off cannot, however, be achieved with low power gate conditions.

A
Anode, A i
p2 P
n2 D D1
Gate, G G o=t pl : D2
Cathode, K nl D3
K

(@) (b)

Figure 4.12 Cross-section of the SCR showing its model derivation: (a) schematic of the SCR cross-section
and (b) the npn-pnp two transistor model of the basic SCR.

Several SCR models exist [4.19-21], but the choice is dominated by the behaviour of
devices and the computation time. Here, the PSPICE SCR model is employed, after
modifying a few parameters to better approach VCB electrical behaviour. These
parameters are listed in Table 4.3. Vpry, Vgrm and Irrys) are set with the same
rating as the VCB. V;,, in a real SCR is not acceptable, since VCB contact resistance
is of the order pQ rather than mQ as in the SCR. By adjusting I; and T, ¢, a failed
interruption could be simulated effectively and utilised to forecast how the VCB
transient behaved with too high a dvycg/dt and di/dt. However, due to the
limitations in setting Iy and conditions for switching the SCR to the off state, some
VCB conditions cannot be achieved in simulation, such as a successful interruption

at the second current-zero and current chopping.
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Table 4.3 SCR parameters

Characteristic Symbol | Unit
. VDRMa
Peak Repetitive Off-State Voltage \Y
VRRM
On-State RMS Current Itrusy | A
Peak Forward On-State VVoltage Veum \Y
Holding Current Iy mA
Turn-Off Time Torr | Ms

4.4.1 Simulation of deliberately unsuccessful interruption

A typical interruption failure occurs when the counter-current produced by the

commutation circuit is less than the fault current due to slow detection and triggering

of the solid-state switches. That is, there is no current-zero in the VCB. The

commutation parameters are deliberately designed to result in an unsuccessful

interruption. Figure 4.13 gives an overall view, and Figure 4.14 and Figure 4.15

depict the detailed simulation of the preparation and interruption of the test circuit,

respectively. The figures on the left describe the voltage across capacitor bank V¢, .,

the commutation capacitor V., and the main switch (SCR) Vy¢g. The figures on the

right plot the current passing through the main switch i, g, the fault path ip,y.r, the

resistor R, path i,, the commutation T, path i, and T3 path ip3.
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Figure 4.13 The overall view of test circuit voltage and current waveforms during an unsuccessful
interruption;(Vpc = 600V, Cpank = 7mF, Cc = 10pF, Ry = 200Q, L, = 150pF,
LLUAD =1. 7mH, RLOAD = 6000, RFAULT = 49)
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Figure 4.14 Test circuit simulation waveforms during preparation; Vpc = 600V, Cpanix = 7mF, C¢ =
10|J.F, R1 = ZOOQ, LC = 150[1F, LLOAD =1. 7mH, RLOAD = 6009, RFAULT = 40Q.

Although the graphs are consistent with what is expected, the expanded plots of

Figure 4.14 (d) and Figure 4.15 (e) highlight some discrepancies in the commutation

process. For example, the capacitor is reverse charged to approximately 500V where,

by lossless LC resonance, 600V is expected as shown in Figure 4.14 (c). In this case,
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the discrepancy is due to the IGBT and diode PSPICE model resistances being too

large. None of the discrepancies, however, impact on the analysis.
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Figure 4.15 Windows enlargement of the occurrence of fault current and the test circuit interruption;
VDC = 600V, Cbank = 7mF, CC = IOHF, R1 = 2009, LC = ISOHF, LLOAD = 17mH, RLOAD = 6009,
Rpauir = 4Q.
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4.4.2 Simulation of a successful interruption at the first current-zero with and

without a snubber capacitor

Test circuit performance during a successful interruption at the first current-zero is
shown in Figure 4.16 to Figure 4.18. The waveforms on the left are voltage and
current is on the right.
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Figure 4.16 The test circuit voltage and current during a hybrid interruption; Vpc = 600V, Cpqp = 7mF,
CC = 10|1F, R1 = ZOOQ, LC = 100|1F, LLOAD = 17mH, RLOAD = 19, RFAULT =4Q
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Figure 4.17 Enlargement of fault current and the interruption of the test circuit without a snubber
CapacitOI’; VDC = 600V, Cbank = 7mF, CC = 10[1F, R1 = ZOOQ, LC = 100[1F, LLOAD =1. 7mH, RLOAD =
19, RFAULT = 4Q.
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Figure 4.18 Enlargement of the test circuit interruption with a snubber capacitor; V¢ = 600V, Cpank =
7mF, C; = 10pF, Ry = 2009, L; = 100pF, Ligsp = 1.7mH, Ry gap = 6002, Rpayir = 49, C; = 1pF.

There is no difference between Figure 4.16 and Figure 4.13 except V. and iz, both
rise to a higher level. The decreased L. decreases commutation circuit impedance
Z = M) , causing iy, to increase, according to equation (4.8). Due to
successful interruption, the energy stored in the inductance is transferred so as to
contribute to the V. increase. The preparation stage of the test circuit for introducing
counter-current maintains the same basic current and voltage trajectories, except for
peak values and duration of the half sinewave, for all simulations. In Figure 4.17,
Vycg immediately equals V. when the first current-zero occurs and then tracks its
change until the freewheel diode Dy conducts. This sudden change in V.5 causes
the large dvy-g/dt that can be slowed by introducing snubber capacitor C, that

diverts the current from the VCB after the current-zero appears, as shown in Figure
4.18.
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4.4.3 Simulation of an unsuccessful interruption due to high di/dt
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Figure 4.19 The test circuit voltage and current in a hybrid interruption;Vpc = 600V, Cpanx = 7mF, Cc =
10|1F, R1 = 2009, LC = 100|1F, LLOAD = 17mH, RLOAD = 6009, RFAULT =40

The circuit parameters and conditions are similar to the previous case except
T,z 5 of the SCR model is changed to a large value. Now a failed interruption induced
by large di/dt and dvyg/dt can be simulated, as shown in Figure 4.19. As the
literature highlights, with high di/dt and dvy .5 /dt, the VCB still conducts even if
current-zero points occur. The VCB is seen as a short circuit in this situation [4.6, 8,
9].

Figure 4.20 illustrates a more detailed view during interruption in terms of
enlargement step by step. The current i, -5 Is complementary to i3 which exhibits
continual conduction after two current-zero points. Although an SCR is a
unidirectional conducting device, PSPICE lumped element model can conduct

bidirectionally (like the triac), with the correct parameter settings.
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Figure 4.20 Enlargement during interruption of the test circuit; Vpc = 600V, Cpanr = 7mF, Cc = 10pF,
Rl = 2009, LC = 100“F, LLOAD = 17mH, RLOAD = 6009, RFAULT =4,

4.5 Experimental validation

Test circuit experimentation is necessary to validate the analysis and simulation

results, and also to explore VCB interruption in terms of external conditions,
including di/dt and dvy-g/dt. As mentioned in Chapter 3, the control signals for

the test circuit are produced by a microcontroller (dsPIC30F2020, as in Appendix

A.2.5). This means VCB properties when interrupting the same current level for
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different gap distances can be investigated. Interruption probability is based on the
successful interruption at least one of first two current-zero points. To avoid system
damage due to the effects of excessive currents, an MOV was connected across the
VCB and a series diode was located before the capacitor bank (Cpgnx = 7mF) to
block currents flowing back into low power 600V DC source. 6004 load resistance
was utilised in all the experiments. The SH5Y AC VCB was used. Parameters for

this device are given in Table 3.1.

4.5.1 The preparation stage of the commutation circuit

Figure 4.21 shows the parameter dependant performance of the commutation circuit
during capacitor voltage reversal, which includes the voltage across the commutation

capacitor V¢, the IGBT Vg, and diode V;04.. The series current through these

components is given by iz,.

The overall- performance of the commutation circuit is shown in Figure 4.21 (a).
Before switch T, is triggered, V; ;. Withstands voltage V.. Then Vg;o4. blocks V..
after the reversal, having experienced controlled di/dt reverse recovery. V., initially

100V does not reverse to -100V, but to -80V as a result of LC circuit losses. Figure

4.21 (b) presents the accurate voltage drops of solid-state switches during conduction.
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Figure 4.21 Waveforms illustrate the performance of commutation circuit with initial 100V across
commutation capacitor (C¢ = 29pF, L = 50uH): (a) overall-view; (b) conduction; (c) switch-on; and (d)
switch-off.

Detailed performance during switch turn-on is seen in Figure 4.21 (c). The

commutation circuit is a soft switch-on circuit, since the current starts from zero.

Figure 4.21 (d) displays the diode characteristics during switch-off, where oscillation

due to reverse recovery is observed [4.22].

Oscilloscope recorded data can be used for accurate power loss calculation during

the commutation circuit reversal of V. from its original 100V (V). Putting the data

into equation (4.44), the practical energy loss caused by the solid-state switches is

calculated and tabulated in Table 4.4.
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Table 4.4 Energy losses based on practical data

Switch-on | Conduction | Switch-off
(mJ) (mJ) (mJ)
IGBT energy losses 0.03 10.4 0.00046
Diode energy losses 0.004 8.9 0.045
Total energy losses 0.034 19.3 0.04546

The total loss is 19.38mJ, while the conduction energy loss (19.3mJ) dominates.

Energy dissipation during switch-on and off (0.08mJ) can be assumed as zero.

The 29uF capacitor and 50uH inductor have measured resistances of 50mQ and

62mQ respectively. The energy stored in the capacitor electric field at 100V is
145mJ from %CCVZ. After reversal, there is approximately -80V (V) across the

commutation capacitor, as shown in Figure 4.21 (a). Thus, the energy loss Ej s

during reversal is:

Eposs = %Co(VE — Vazft) =1-29-107%- (1002 — 80%) = 50 m]  (4.51)

In terms of equation (4.47), the resonant output current is:

i.(t) = Iysin(

£) = iz, (t) = 68sin(26,261t) (4.52)

1
JLcC
From in Section 4.3.2, the semiconductor on-state parameters can be obtained from
the datasheets, specifically: vog, = 2V and . = 2Q, and v, = 1.55 and r, = 1.9Q
for IGBT and diode respectively. Hence, employing equations (4.48) and (4.49), the
calculated semiconductor conduction power losses are 19.5m], where the energy loss
in the IGBT is 11mJ and is 8.5mJ in the diode. The energy loss due to inductor and
capacitor resistances is 28mJ, from equation (4.50). Thus calculated losses are

47.7mJ while measured losses are 50mJ.
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It is observed that with fixed capacitance, the capacitor voltage V¢, after reversal
increases as the commutation inductance L increases. For fixed inductance, Vecqr:

decreases as the commutation capacitance C. increases. It is mathematically

convenient to explain this if the solid-stated switches are considered purely resistive.

By assuming total resistance R in the commutation path, equation (4.7) for the
circuit loop C., VCB, L. and T, becomes
dir,

1 (. .
C_Cf szdt + Rcsz + LC dt = 0 (453)

with the initial conditions
iTz = 0 (A) and VCC = _VDC (V)

L . .
for resonance, R, < 2 C—CWhICh yields
Cc

io(t) = ﬁ e85t sin(wst) (A) (4.54)

and Voo (t) = 2252 =%t sin(wst — fs) (V) (4.55)
5

2
where § =ﬁ'w2=L—(ﬁ) wg = [65° + wZand B3 = tan"1 =5,
37 21" S T Leee \a2rg) e 3 5 3 53
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Figure 4.22 Current and voltage waveforms across the capacitor with specific parameters

The plots in Figure 4.22 (a) represent equations (4.54) and (4.55) for two different
R, values. A small difference of approximately 0.5Q causes a significant difference

in the peak voltage and current, as well as in the time delay between them. Therefore,
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the commutation circuit needs careful design. Wiring resistance (AC and DC) should
be minimised and V) the commutation inductor winding optimised. In this study,
IGBTs were used in preference to MOSFETSs, since MOSFET voltage rating is
limited to approximately 1kV.

Figure 4.22 (b) shows the capacitor voltage is increased by using larger inductor.
Increasing inductance will also affect the commutation current into the VCB in the
next stage of operation. Also the L. and C. half period must be less 5ms. A new
commutation circuit configuration is therefore proposed as shown in Figure 4.23. In
this new configuration, one inductor can be optimised for reversing the capacitor

voltage, whilst the other is optimised for producing the counter-current.

Figure 4.23 The commutation circuit with auxiliary inductor Lc.

4.5.2 Successful interruption at first or second current-zero without a snubber

The performance of the test circuit interrupting a 330A fault current at the first
current-zero is shown in Figure 4.24. Figure 4.24 (a) depicts an overall view and
Figure 4.24 (b) shows the commutation duration in detail. After the voltage
Vc.across the commutation capacitor was reversed and retained, the fault current
ipayrr Produced by the capacitor bank voltage V¢, . is actuated and flows through
the VCB before electrode separation, so that ip,y.r = iycg. Then the fault current
through the VCB is sinusoidally displaced by the commutation circuit current ir5 ,
until the VCB current is zero, when ig,y.r = irs and iy = 0. During this period,
the voltage across the VCB (Vi ¢p) is initially zero because the electrodes were closed,
and then when the electrodes separate a constant 12V arc forms as ip 4y rises. Next

the gap voltage clamps to the capacitor residual voltage V., until ir; starts to
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decrease (Dpy, conduction). Then V¢ has been charged to Vp but V. continues to

increase due to energy stored in commutation inductor L., due to it conducting the

fault current.
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Figure 4.24 Experimental waveforms for the interruption of the test circuit at the first current-zero.
(IFAULT = 330A, VDC = 600V, LC =49, 4|1H, CC =176. 67|1F, LLOAD =1. 7mH, RFAULT =1. 79)
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Figure 4.25 Test circuit experimental waveforms for the interruption at the second current-zero.
(IFAULT = 330A, VDC = 600V, LC = 36. 87|1H, CC = 3205“}‘, LLOAD =1. 7mF, RFAULT = 179)

The corresponding parts of Figure 4.25 show interruption at the second current-zero
with same interrupting current level, which are similar to those for interruption at
first current-zero. In this case iy -5 continues to flow through the VCB in the opposite
direction. The arc voltage V=12V is reverse. Finally, the interruption is successful

at the second current-zero.

With successive interruption attempts the resonance voltage V-5 progressively
decays, since resistance is introduced as the plasma starts to recover. Oscillation with
the commutation inductor occurs after successful interruption because of the VCB

gap capacitive effect [4.4].
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4.5.3 With and without snubber circuit
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Figure 4.26 Experimental waveforms for interruptions of the test circuit at first and second current-zero
with and without snubber circuit.( Vpe = 600V, L;g4p = 1. 7mF)

Figure 4.26 (a) provide more detail of the interruption process. The di/dt in this case

is 32.3A/us, which means the commutation time of iy, .5 is 2.78us, from 90A to zero.

Vycg sharply drops to the residual voltage V¢ causing a higher dvycz/dt provided

iycg reached zero and no longer flows. The performance can be improved by

introducing a snubber circuit as shown by Figure 4.26 (b), where dvycg/dt is

900V/us. The interruption performance at the second current-zero without and with a

snubber circuit is shown in Figure 4.26 (c) and (d) respectively, where the value of
dvycg/dt in figure (d) is 82.5V/us. The relationship between di/dt and dvy g /dt

will be described in Section 4.6.4.
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4.5.4 Unsuccessful interruption

Interruption failure means that iz, continues to flow through the VCB (as given
in equations (4.10) to (4.17)) as shown in Figure 4.27. Although i;5 produces two
VCB current-zeros, iycg returns to the pre-commutation fault condition of ip,y.r

and an arc voltage V¢ is re-established. Since V. has been charged positive, the

test circuit is unable to interrupt a fault.
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Figure 4.27 Experimental waveforms for unsuccessful interruption at both current-zeros. ( Irayir =
330A,Vpc = 600V, L; = 49.4puH, C; = 76.67uF, Ligap = 1.7mF, Rpyir = 1.79Q)
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Figure 4.28 Experimental waveforms for unsuccessful interruption at first and second current-zero, with
too large a fault current.(Vpc = 600V, L g4p = 1. 7mF)
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Voltage performance during unsuccessful interruption is shown in Figure 4.28 (a),
with the corresponding current waveforms in Figure 4.28 (b). Interruption failure
occurrence is random; sometimes, even with successful interruption at the first or
second current-zero, failure occurs without any electrical visual indication, as shown
in Figure 4.28 (b) and (c). Failed interruption due to a peak ir5 that does not realise a

current-zero in iy is shown in Figure 4.28 (d).

As described in Appendix B, the reason for arc re-ignition is that there is no vacuum
state in the vacuum interrupter after a current zero or that parts of the contacts may
still be able to emit vapour because of a hot spot on electrode surface after
experiencing the arc. Although interruption failure is random, the probability of
successful interruption obeys a principle which will be presented in Section 4.6.4.

4.5.5 Interruption with different gap distance but same interrupting current
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Figure 4.29 Experimental waveforms for interruptions with same interrupting current but different gap
distance: (a) gap distance 1mm and (b) gap distance 2mm. ( Ir4yir = 330A,Vpc = 600V, L =
36. 87[1H, CC = 32. OSHF, LLUAD =1. 7mF, RFAULT =1. 79)

As mentioned in Chapter 3, after electrode separation the VCB maintains stable
movement with an opening speed of approximately 1m/s. As indicated in Appendix
B, the occurrence of arc voltage could be considered as the separation point of the
VCB internal electrodes if the interruption current is low for a given VCB. This
means the period of the arc voltage is related to the how far the electrodes have
parted. Also, the time difference between the occurrence of counter-EMF induced

current peak and separation of VCB electrodes is fixed, reaching a maximum 5ms.
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Thus, the VCB can interrupt the same current level for different gap distances by
calculated adjustment of the control signals, as shown in Figure 4.29. In this figure
the time between V.. being reversed and the occurrence of arc voltage is a fixed 2ms,
but the time to trigger ip,y.7 IS Variable. Hence, interruption at gap distances of 1mm

and 2mm are shown in Figure 4.29 (a) and (b) respectively.

The interruption properties of the VCB at a range of gap distances were investigated
and will be illustrated in Section 4.6.4.

4.6 VCB properties based on practical results

4.6.1 Arc voltage
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Figure 4.30 Experimental waveforms for the performance of the arc voltage based on its current.
(IFAULT = 50A, VDC = 150V, LC =49, 4'|I.H, CC = 400|J.F, LLOAD =0. 5mF, RFAULT = 39)

Figure 4.30 shows arc voltage performance in term of current i, through the VCB.
During all the experiments, once the electrodes separated, the arc voltage attained a
constant 12V within tens of ps, for all current levels. The 12V arc voltage reverses
polarity if i,-p flows in the opposite direction. A 12V arc voltage indicates pure
copper electrodes according to Davies and Miller [4.22]. Due to the stability of the
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arc voltage, based on information in Appendix B, there can be no plasma overlap
region above the cathode electrode, the occurrence of which would introduce an arc
voltage increase. The arc is always in diffuse mode, since the constricted mode
causes an arc voltage decrease. Thus all experimental results were obtained with a

diffuse arc.

4.6.2 Current chopping

The characteristics of current chopping are shown in Figure 4.31. When iy g is
reduced, especially to a few amperes, the voltage V- produced by the arc becomes
unstable resulting in iy .5 dropping to zero abruptly and prematurely. The reasons for
current chopping have been presented in Appendix B. Briefly, due to lack of
conducting components such as electrons and ions, iy.g cannot self-sustaining, hence
rapidly extinguishes, and the rapid di/dt in conjunction with circuit inductance
produces an over-voltage across the VCB. Mathematically, the residual plasma

(current) does not comply with equation (B.3).

100 800

50,

Current (A)
-
Voltage (V)

Time (s)

Figure 4.31 Experimental waveforms for current chopping. ( Irayir = 40A,Vpc = 100V, V. = 150V,
LC =1.67mH, CC = 400"'F'LL0AD =0. 5mF, RFAULT = 2. SQ)

However, after extensive experimentation, the phenomenon of current chopping
vanishes when one of two conditions occurs in relation to the VCB used in this thesis.
The first condition is to make di/dt larger than 1A/us if iy is less than 50A. The

second condition is to ensure iy IS more than 50A if the di/dt is less than 1A/us.
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The arc starts to recover as the current passing through it is reduced, but there is a
recovery rate to determine how it recovers. Although the quantity of conduction
components, including ions and electrons as well as metal particles, is dominated by
the interrupting current level (iycg), the electrode material, and the VCB electrode
dimensions [4.23, 24], the recovery rate determines how much conduction
components remains after experiencing an ever-reducing current with fixed di/dt.
Thus, for small i, 5, the quantity of residual conductive components is not enough to
keep the current smoothly reducing to zero, except if the di/dt is faster than the
plasma recovery rate. However, for large iy5, the phenomenon of current chopping
never occurs even if di/dt is less than 1A/us. A di/dt less than 1A/us ensured 100%

interruption probability in all experiments.

4.6.3 Post-arc current

The post-arc duration is critical in a vacuum interrupter, since it involves the
remaining inter-contact ions and electrons, after the circuit current zero. In order to
maintain the internal vacuum, interrupters are permanently sealed in ceramic, so the
arc cannot be observed. The characteristics of post-arc current were investigated
indirectly, based on external electrical behaviour including di/dt, dvycg/dt, and

interruption current level, and gap distance (arcing time).

In order to observe post-interruption performance, iy and V5 are redrawn on a
different time-base by utilising MATLAB, as shown in Figure 4.32, where i, g IS
presented on a small scale. Current passing through the VCB after i, -5 has reduced
to zero is interpreted as post-arc current. The delay described in Section 2.4 is
observed where the post-arc current appears even if V.5 is zero or equal to the arc
voltage (12V), as shown in Figure 4.32 (a). This has been explained by accounting
for the thermal velocity of the particles [4.4]. In order to answer the question
proposed by the author, that the ion density immediately after current-zero is only
determined by its natural decay and the post-arc current, the post-arc current i,,. peak
after zero crossing is defined. Its performance is investigated by varying di/dt,
dvycg/dt, interruption current level, and gap distance; and will be discussed in end

of this section.

121



There is resonance in Figure 4.32 (b) caused by diode recovery as i3 reaches zero,
as shown in Figure 4.26 (a). Based on the sheath theory described in Section 2.4, the
post-arc current increases provided an ever-increasing Vy -5 is maintained. The post-
arc current suddenly falls to zero once the sheath reaches the new anode electrode.
However, Figure 4.32 (b) and (c) illustrate that the post-arc current rises with an
increase in Vi, at first, but slowly reduces as V. reaches the DC supply voltage
level, 600V. The 600V test voltage is insufficient to ensure the sheath spreads to the
new anode electrode, as shown in Figure 4.33 (a). The VCB internal model is shown
as a sheath capacitance Cy,-p across the opening contacts. According to equation
(2.5), Cy¢p is fixed at the instant of sheath contact, so becomes a first-order discharge
circuit. The duration tg,,-, from the post-arc current start to extinction, as presented
in Figure 4.32 (d), was investigated by varying interruption current, di/dt,
dvycg/dt and arcing time. However, the results show that it is only sensitive to the
test voltage (V¢ in here) as shown in Figure 4.33 (b). The experiment conditions
were di/dt=20.73A/us for interrupting fixed fault current 50A, at voltages 300V,
400V and 600V.
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Figure 4.32 Experimental waveforms for the post-arc current.( Irayr = 90A,Vpe = 600V, L =
21. 45“H, CC =0. 966“}“, LLOAD =0. SmF, RFAULT =6. 79)
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Figure 4.33 (a) Model of sheath with V¢ = 600V and (b) experimental waveforms of post-arc current at
different test voltages (Vy¢g)-

In order to accurately examine i, after the current-zero, the interruption current
ipayr Was set to 90A and 45A, both being within the current probe measurement
range, and the arcing time (gap distance) was selected at 1.5mm and 2.5mm to
reduce the error produced by VCB movement. The experimental conditions were:
di/dt =126A/us, 69.64A/us, 33.71A/us, and 20.73A/us with dvy g /dt=3kV/us and
1kV/us. Each experiment was repeated at least 20 times, always yielding similar
results, typically as shown in Figure 4.34. Figure 4.34 (a) is an example of the
relationship between i,. and di/dt in terms of a fixed ip4y.r, arcing time, and
dvycg/dt. Figure 4.34 (b) illustrates that i,,. is insensitive to arcing time (gap
distance) based on a fixed di/dt, dvycg/dt, and ip4y.r. Figure 4.34 (c) displays the
performance of i, in terms of varied ip,y,r but fixed arcing time, di/dt, and
dvycg/dt. Figure 4.34 (d) presents the change in i, if dvycg/dt is varied, with the

other three parameters fixed.

The properties of i, are shown in Figure 4.34 (e). With an increase in di/dt, i, is
increased. i, is proportional to the interruption current (i,y.r here) that increases
as ipayyr IS increased. However, i,. decreases when dvycg/dt decreases. In

conclusion, there is a linear relationship between ion density and the interruption
current. The ion density at the moment immediately following interruption is

impacted by di/dt and dvycg/dt. However, an interesting phenomenon is observed:
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no matter how di/dt and dvy5/dt change, the post-arc current reaches the same
final value (2A for Vg = 600V) after approximately 10us. The post-arc current is
dominated by di/dt and dvy.g/dt only at the moment of interruption, thence it is
determined by the transient recovery voltage. Hence, the post-arc current can be
divided into two phases, as shown in Figure 4.32 (b).
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Figure 4.34 Experimental waveforms for the post-arc current in terms of interrupting current level
(ipaurr), @rcing time (gap distance), dvycg/dt, and di/dt.
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4.6.4 VCB Interruption characteristics

di/dt-dvycg/dt characteristic

The VCB characteristics in terms of the relationship between di/dt and dvy .5 /dt
were investigated with interruption currents of 90A and 330A at an arcing time of
1ms and 2ms. Figure 4.35 (a) illustrates the results with interruption currents of 90A
and 330A at gap distance of Imm. The results for interruption at gap distances of
Imm and 2mm with interruption current 90A are shown in Figure 4.35 (b).
Interruption success and failure are represented by circle and cross symbols,
respectively. The lines indicate the boundary between successful and failed
interruption. The experimental conditions are shown in Table 4.5. The experiments

were repeated at least 30 times for every value.

Table 4.5 Experimental conditions for di/dt -dvycg/dt characteristic

ipaver | 9 | di/dt | dvycp/dt

(A) | (mm) | (Aus) | (Vips)

73.18 187.5

%0 : 40.68 692.3
398.6 300
g 201.4 500

70 47.14

330 1 41.92 194.1
36.39 300

Note: ip4y.7 IS interruption current; g is gap length; di/dt is rate of change of the VCB current before current-zero; and
dvycg/dt is the VCB voltage immediately after current-zero.
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Figure 4.35 Relationship between di/dt and dvycg/dt.

With the same di/dt, dvycg/dt when interrupting 330A is smaller than when
interrupting 90A. At an arcing time of 1ms, although some dvy.g/dt are large
compared to those at 2ms, the di/dt generally presents a small value. Regardless of
interrupting 90A and 330A or with a gap distance of Imm and 2mm, in obtaining
100% interruption probability, an increase in di/dt requires a decrease in dvycg/dt.
The reason is that there is a relationship between successful interruption rate and the
post-arc current at the first phase, namely interruption probability rises as iy
decreases. However, di/dt cannot increase even if it is aided by a decrease in
dvycg/dt. The snubber capacitance will lose its function if large di/dt is selected.
A decrease in dvyg/dt means more snubber capacitance is required. The snubber
circuit topology needed in a real power system may not be simple like in Figure 4.8.
It must comply with the needs of the power system, such as inclusion of an auxiliary

switch to discharge the energy stored in a capacitor after interruption.

An experiment, interrupting 330A at an arcing time of 1ms without snubber
capacitance, was carried out. The result indicated that the interruption probability can
reach 100% when di/dt is reduced to 2.53A/us. By comparing to the maximum
di/dt (73.18A/us) with snubber capacitance, the difference is the commutation time,
which is approximately 5us with snubber capacitance and approximately 131us

without snubber capacitance, based on successful interruption at the first current-zero.
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Since this test circuit is microcontroller controlled, the time difference can be

compensated by triggering the commutation circuit (T3) early. With the snubber

capacitance removed, retesting gave the experimental results that follow.

VCB characteristics without snubber capacitance

The VCB interruption characteristics without snubber capacitance were investigated

with varying interruption current, di/dt, and arcing time, with results as shown in

Figure 4.36. The interruption success and failure are indicated by circle and cross

symbols respectively. The boundary between successful and failed interruption is

denoted by solid lines. The experimental conditions are tabulated in Table 4.6 and

the experiments were repeated at least 32 times for each test.

Table 4.6 Experimental conditions for interruption characteristics without snubber capacitance

di/dt
. (A/ps)
lFauLT g
(A) (mm)
05 1 15 2 2.5
90 - 20.5 | 73.27 | 150.5 | 302.5
110 |1.69|5.86 | 2197 |47.62 | 61.34
170 | 129|385 | 125 | 24.93 | 42.03
220 119329 | 505 | 12.3 | 22.78
330 |0.89|253| 4.08 | 1555 | 21.41

Note: ir4y.r IS the interruption current; g is gap length; and di/dt is rate of change of VCB current before current-zero.
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Figure 4.36 VCB interruption characteristic without snubber capacitance in terms of varied interruption
current, di/dt and arcing time.

As shown in Figure 4.36 (a), with small arcing time, di/dt is almost same regardless

of the interruption current level. For a large arcing time, the interruption limit current
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increases with decreasing di/dt. The reason is that the post-arc current at first phase
I decreases as di/dt is reduced. It is not valid to say that the VCB has better
interruption properties at large gaps than at small gaps, i.e., di/dt increases with an
increased arcing time, since i,,. performs the same at different gap distances. The
dielectric strength increases as the gap volume is increased. Figure 4.36 (b) shows
that a failed interruption could occur with a low probability (about 1 in 32 times)

even if the di/dt is low.
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Figure 4.37 Interruption properties: (a) SH7K, SH5Y and SH5Z; (b) relationship between conduction
resistance and interruption times for the SH5Z at arcing time 1ms, for SH7K at arcing time 2ms.

Table 4.7 Experimental conditions for testing SH7K, SH5Y and SH5Z

di/dt
(A/ps)
Vacuum interrupter g
(mm)
1 15 2 25
SH7k 18.75 | 21.75 | 36.24 | 73.27
SH5Y 20.5 | 73.27 | 150.5 | 302.5
SH5Z 225 | 73.27 | 160.5 | 350

Note: g is gap length and di/dt is rate of change of VCB current before current-zero.

As mentioned previously, there are three vacuum interrupters in this VCB series;
SH7K, SH5Y and SH5Z. Their interruption properties, without snubber capacitance,
were investigated with 90A interruption current, by varying di/dt and arcing time,
with performance as shown in Figure 4.37 (a). Above each line represents the failed
interruption zone. The experimental conditions are shown in Table 4.7, and the

experiments were repeated at least 32 times for each value.
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All three vacuum interrupters display the same interruption property trends. However,
SH5Y and SH5Z have a similar interruption performance, with large values of di/dt
compared to those of SH7K. The reason is because of the conduction resistance,
which are 167uQ for SH5Y, 147uQ for SH5Z, and 577uQ for SH7K. These are the
mean of ten values, when measured with a precision ohm-meter (model number
BS407). Consequently, the lower conduction resistance contributes to better

interruption performance.

As mentioned previously, after repeated operation, the electrode surface will have
many overlapping craters, due to electrode surface erosion, uniformly distributed due
to the retrograde motion of multiple cathode spots. Thus, in time, the conduction
resistance will increases with an increase in interruption times for a given
interruption current. This increase in conduction resistance will be aggravated by
having to interrupt longer arcing times. Figure 4.37 (b) shows the relationship
between conduction resistance and interruption times, based on a fixed 90A
interruption current and a di/dt of 20.5A/us, for arcing times of 1ms for SH5Z, and
2ms for SH5Y. Each resistance is the mean of ten measured values. The increased
conduction resistance in the SH5Y after 2000 interruptions reaches the same value as
SH5Y at 6000 interruptions, due to the difference in arcing time. Consequently, the
test circuit in Figure 4.3 under microcontroller control not only speeds up the

interruption time, but also reduces cathode surface erosion.

4.7 Summary

This chapter describes active and passive commutation circuits in detail. An active
commutation test circuit was proposed, and in simulation and experimentally, the
VCB interruption properties were investigated in terms of varied interruption current,
di/dt, dvycg/dt, and arcing time. The low power VCB interruption experimental
results exhibit the same trend as for high power interruption. For example, in order to
obtain a 100% successful interruption rate with fast commutation, an increase in

di/dt introduces a decrease in dvy.g/dt. For fixed di/dt, dvy-g/dt, and arcing
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time, the interruption probability reduces as the interruption current is increases. The
di/dt and dvycg/dt for successful interruption reduce with decreasing electrode
spacing [4.1, 2, 6-9, 12]. However, the key parameter determining interruption
probability is di/dt, where even if dvy5/dt is low, successful interruption become
impossible if di/dt is above certain level [4.5]. The arc starts to recover as its
current is reduced, but recovery speed is determined by a recovery rate. For a given
gap, if di/dt is slightly more than the recovery rate, interruption is possible with a
snubber capacitor connected. However, if di/dt significantly exceeds the recovery

rate, interruption becomes impossible, snubber or no snubber.

The post-arc current was analysed by measuring its electrical behaviour. The post-arc
current can be divided into two phases in terms of duration: the first phase was
defined as being between the current-zero the instant when Vy, .5 rises to the supply
voltage, and the remainder is considered as the second phase. Experimental results
showed that i,. in the first phase is influenced by di/dt and dvycg/dt, which
increases i, with an increase in di/dt or decreases it as dvycp/dt is decreased, for
a given interruption current. This explains why the di/dt and dvy.g/dt dominate
successful interruption probability. The second phase is dominated by the test
voltage. The interruption properties of all three vacuum interrupters in this VCB
series were investigated with a 90A interrupting current, and varied di/dt and gap
distances. The experimental results show they have same interruption trend but
different interruption performance, where lower conduction resistance contributes to

better interruption performance.

By utilising the relationship between the peak current produced by the counter-EMF
and the separation of the VCB electrodes, the performance of the active commutation

mode based test circuit was improved, and offered the following features:

» There is no need for a continuous external voltage to charge the commutation
capacitor C.: it is charged from the system voltage;
» There is no need for large capacitance C., since the interruption time is

reduced.

130



» With an optimally designed commutation circuit, the interruption probability
is improved and the extra time for commutation can be compensated by early
triggering. Electrode surface erosion is reduced, thus the useful life of the
VCB is extended.

The total VCB opening time is approximately 13ms based on the DC energising
circuit. This means this test circuit may be applicable to low power rating
application, but a 13ms delay will be unacceptable in high power rating application.
Operation speed will be the downfall of any DCCB involving a mechanical breaker,

since sub-millisecond performance may be necessary.
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5 Cascaded commutation circuit for a hybrid breaker

5.1 Introduction

With the control method proposed in Chapter 3, a test circuit using active
commutation without a snubber circuit was used in Chapter 4 to investigate VCB
properties. For interruption with fixed current and gap distance, the interruption
probability in the circuit with or without a snubber was the same, except for the
commutation time. The circuit with a snubber has a short commutation time since
di/dt could be set to a larger value than in the circuit without a snubber. When
interrupting lower currents, the extra commutation time without a snubber could be
compensated by advancing the triggering of the commutation circuit. However, the
advantage of early triggering becomes uncertain at high interrupted current. For
example, from Table 4.5, for an interruption current of 90A and gap of 1mm, the
interruption probability without a snubber circuit reached 100% when di/dt was
20.5A/ps. This means that the commutation time from 90A down to zero is
approximately 5us. However, when the interruption current is increased to 330A, the
di/dt decreased to 2.53A/us. And the commutation time is approximately 130ps.
Hence based on previous results, when the interruption current increases 1000A the
di/dt will reduce more, perhaps to 1A/us or less, in which case the commutation
time increases to 1ms. Consequently, it is difficult to interrupt high current
commutation with a relatively short gap, without a snubber circuit. Thus, the problem

reverts back to the trade-off between di/dt and dvycg/dt.

However di/dt and dvyg/dt will be fixed once the commutation circuit (L and C)
components are selected. This means the interruption probability is undefined
according to the experimental results presented. Thus, in order to increase the
interruption probability, steps must be taken to adjust the di/dt and dvy.g/dt
values. To this end, Greenwood [5.1] introduced components into the breaker circuit
as shown in Figure 5.1 (a). By comparing this topology with that in Figure 4.1, a
saturable reactor Lg in added in series with the circuit breaker and a series RC,

snubber circuit is added in parallel with the circuit breaker.
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Figure 5.1 (a) Components added to the breaker circuit to profile the di/dt and dvycg/dt and (b)
corresponding current and voltage during interruption.

Figure 5.1 (b) shows the performance of current and voltage, with and without the
added components, during interruption. In steady-state operation, Lg is saturated and
has a low inductance due to it carrying the load current. When commutation is
triggered and the current through this reactor is reduced, Lg presents a larger
inductance when it comes out of saturation. Then the current smoothly decreases to
zero with a much lower di/dt. After the current-zero, the dvy g /dt is reduced for
two reasons. Firstly, the capacitance of the VCB is increased due to parallel
connection of C,. Secondly, the voltage to charge the VCB appears across Lg, which
always starts in its unsaturated state. Also, if properly designed, a low amplitude,
short voltage pulse with duration of 20 to 30us is introduced across the VCB

following interruption.

Although the saturable reactor improves commutation performance, it is not
prevalent in hybrid breaker applications. According to Premerlani [5.2], the
significant limitation is that the saturable reactor must be connected in-line and must
be sized for full load current. Also the time to saturate is voltage dependant, i.e. a
short time to saturate is required in high voltage applications. However, ways to
achieve a similar effect are possible. Thus a cascaded commutation circuit shown in
Figure 5.2 is proposed. It utilises more solid-state switches to reduce the current prior
to current-zero and to reduce the voltage after current-zero. A snubber circuit is not

necessary.
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5.2 Basic principles of the cascaded commutation circuit

As mentioned in Section 4.3, the test circuit provides three processes, namely the
preparation (or reset) of the commutation circuit, the introduction of fault current,
and the triggering of the commutation circuit. The proposed cascaded commutation
circuit is a modification of the interruption of commutation circuit, meaning it is a
quantifiable extension of the original circuit, and inherits most of test circuit features

and properties.
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Figure 5.2 shows the cascaded commutation circuit. Simulation and experimental

results follow the analysis of this topology. Photographs of the test rigs are shown in
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Appendix A.1.1. The circuit is the same as the test circuit proposed in Chapter 4,
except for the addition of two further commutation paths, involving capacitors
Cc1 = Cey = C, that are connected using solid-state switches T4-Ts-Tg, as shown.
The three solid-state switches are controlled by gating signals applied as a series of
sequential time intervals, overlapping for 1us to ensure commutation continuity, as
shown in Figure 5.4 (b). Under normal load conditions, only the VCB and T, are
closed, to transmit power to load and to charge the commutation capacitors C;,
Cc, and C, with an initial voltage totalling V., while the other switches, T, to T,
are open. The DC fault is introduced by turning on Ts, so that the energy stored in the
capacitor bank Cy ., is released through the load inductor L. into the fault resistor
RrauLr, t0 produce a high current through the VCB before the electrodes open. For
commutation preparation, the commutation capacitors C¢; , 3 are reversed charged by
turning on T after receiving the trip signal. Since C¢; = C¢, = C¢, the voltage cross
each capacitor is same, i.e. V¢, =V, = V¢, . The fault clearance interruption
procedure is shown in Figure 5.3. For analysis convenience, the VCB arc voltage is

ignored due to its low value.

At time t;, the electrodes start to open introducing an arc voltage across the VCB.
When a specific gap distance had been reached, at t, = t., the solid-state switch T,
is closed. Then, the counter-current i, = i3 produced by L;Cc4 ;5 rises and forces
the current iycp = ipgyr through the VCB to decrease: see loop C¢q,3, VCB,
L and T, as shown in Figure 5.5 (a). At t.,, as shown in Figure 5.5 (b), the counter-
current i, = ic, is switched into the loop C¢q,, VCB, Lc and Ts by turning on
switch Ts, then T4 off. After obtaining energy from L.C¢, , the current continues to
rise until t.,. Then the counter-current transfers into the next loop C.,, VCB,
L and T, as shown in Figure 5.5 (c), after the solid-state switch Tgis fired and Tsis
turned off, such that i, = ic; is produced by L:Cc,. When the counter-current
reaches the fault current ip 4.7 level (after a specifiable commutation time from ¢t
to t.3), the first VCB current-zero occurs at t.; and ip,y.r IS commutated into the
loop Cpank» Ccir» Ter Ley Lioap, Tz and Reyypr, @S shown in Figure 5.5 (d). Since
only capacitor C, is in the circuit, the voltage V-5 across the VCB is forced to

equal and track the residual capacitor voltage of V. until voltage V¢ ., approaches
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zero at t.y. Then ipyyr is switched into the loop Cypanks Cc12, Ts, Le, Lioap,
T3 and Rp 4y DY turning on solid-state switch Ts, then Tg off, as shown in Figure
5.5 (e). Vycp follows the residual voltage of V.. plus V¢, until t.s when the residual
voltage V., + V¢, approaches zero. Then the solid-state switch Ty is fired and Ts is
turned off, and ir,y;,r enters the 100p Cpank, Cc123» Tar Ler Lioap, Tz and Rpayyr,
as shown in Figure 5.5 (f). The VCB voltage starts to increase following the residual
voltage V., + V., + V¢, Now the cascaded circuit has the same topology as the
test circuit and follows the same interruption process, as described in Chapter 4. For
a failed interruption at the first current-zero, i, Would repeat the timing sequence
to produce a second current-zero. A second commutation failure would constitute
interruption failure. The equations describing the sequential time intervals are
presented later in this chapter.

interruption;
at1"CZ |
|
— VVCB
interruption
at2"cz

Irw=1L0AD

\

iFAULT :iVCB t_co tc_l t_cztx_:3 t_c4tc5_ te
IczIcz2 Icilcilez Ics

Figure 5.3 Operational sequence for the cascaded circuit; CZ current-zero crossing in the VCB
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The initial conditions including the commutation capacitance and initial capacitor
voltage vary from one test condition to the next. According to equation (4.34),
although the di/dt is independent of commutation capacitance, it is sensitive to the
initial capacitor voltage, i.e. it decreases as the initial capacitor voltage reduces.
Additionally, a short small-amplitude voltage pause is introduced after the
interruption, because the residual capacitor voltages are charged step by step. Thus
an increase in the VCB interruption probability is expected due to a decrease in
di/dt and dvycg/dt.

In order to explain the operation of the cascaded circuit, the mathematical description
of the interruption sequences during commutation is based on the timing diagram in
Figure 5.4 (b). Section 4.3 provides an introduction to resonant commutation and

background to fault current aspects.
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Figure 5.4 (a) the cascaded commutation circuit and (b) the timing diagram
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Analytical solutions

For analysis the inductors are assumed linear, and the voltage drops across all solid-
state switches and the VCB are zero during the on-state. Due to large bank
capacitance Cp,nk , its voltage is considered constant, and equal to Vp.. The
commutation capacitors have no circuit leakage paths when inactive, and the VCB
fault current ip,yr 1S unchanged during the commutation process, since the
commutation time is shorter than the fault path time constant. The detailed solution is
obtained by solving the differential equations correspond to each interval, with the
end state of a given interval being the initial state of the following interval, thereby

maintaining continuity between successive intervals.
Cascaded commutation circuit: pre-activation and post-activation timing

Figure 5.4 (a) depicts the cascaded circuit when the VCB fault current has reached its
expected value according to equations (4.10) to (4.17). The VCB electrodes have
separated a specific distance. The commutation capacitor C¢q ;3 has been reversed
charging, so that the commutation circuit is ready to produce a counter-current
through the VCB. In the Figure 5.4 (b), in order to maintain cascaded commutation
circuit continuity, solid-state switches T4-Ts-Tg are controlled through a sequence of
six time intervals with 1us overlap (intervals Tci-Tco-Tes-Tea-Tes-Teg) Intervals Tes
and Tc4 use the same signal. The overlap ensures continuity, that is t.; = t.q ,

bea = teas tea = tea s and tes = tes
(a) firstinterval t,o <t <t

At time t, = t,, switch T4 is turned on to introduce counter-current i . through the
VCB, forcing the current i, through the VCB to decrease. The relationship

between ipyLr, Iveg and ic is:

lpavLt = lves + i, (A) (5.1)
where i, = ic3 and C¢q = C, = Ccz, thus the current ig5 through circuit loop

Cc123 VCB, Lc and T, is defined by:
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Cc123 dt

with the initial conditions
ic3(teo) = 0 (A) and Ve (teo) = —Vpe V)
which yields:
ic3(t) = Esinwet  (A) (5.3)
and Veeras (£) = =Vpccos wot (V) (5.4)
0<wet<m (rad)

where w, = 1/m (rad/s)

Z=\Lc/Cc123 ()

Ce1,2,3 = Y3Cc1 = Y3Ccz = Y3Cc3 (F)
At the end of this interval, the voltage across the commutation capacitors C¢; 3 iS
Veeras = Veeras(ter) o 180 Vo, = Ve, = Ve, =¥V, ,,(tc1)  and  the
commutation current is i = ic3(ts1). Thus the equation describing this interval T,
is:

. _1ic3(tc1)Z
—sin 1ic3(tc1)

2 T vpe (5.5)

Ter1=ter —teo = o0

(b) second interval t,; <t < t.,

Ts is turned on and T, off at ¢4, then the commutation current i, . switches into the
loop C¢12, VCB, L¢and Ts, and is equal to the current i, which can be expressed

by the differential equation:

, dic; _
lczdt + LC - — 0 (56)
CCl,Z

with initial conditions
ic2(ter) = iea(ter) (A) and Ve, , (ter) = %Vee,,, () (V)
which yields:

ZVCC1'2'3 (tcl)
3Zr

ico(t) = ic3(ter) cOSwyrt — sinwg,t  (A) (5.7)

143



and Veer, () = Z''c3(tyy) sinwyrt + %3V er 55 (Ecr)cos wot - (V) (5.8)
0 < wet<m (rad)

where w,, = 1/m (rad/s)

Z'=Le/Ca ()

Ce12 = Y2l = %2Ccp = %2Cc3 (F)
At the end of this interval, the voltage across the commutation capacitor C, ; is
Veer, = Veer, (Ec2), where Ve, = Ve, = %V, ,(t2), and Ve, = Ve, (Ec1).,
and the commutation current is i, . = i¢c,(t;;). Thus the equation describing this

interval T, is:

1 VCC1,2 (te1)Xico (tC2)+LCXiC2 (tcl)XwOI XA

—sin™ >
2
(CC1.2X<VCC1_2(tC]-)> +LCX(iC2(tC1)) )X(IJOI (5.9)

Wor

Tep=tey; —te =

Ce1,2X(Vegy 5 (Ec1))?+LeX (ic2(te1))? —Lex(ic2 (tc2))?

Lc

where A = \/

(c) third interval t., <t <t

Solid-state switch Teis fired and Ts is turned off at time ¢.,. Commutation current i, .

enters the loop C4y, VCB, L. and Te. The resulting current i, is defined by:

dici

1
C—fi01dt+LCW— 0 (5.10)

Cc1

with the initial conditions

VCCI,Z (tCZ)

ic1(te2) = ica(tez) (A) and Ve, (Ec2) = — V)
which yields:
. . VCCIZ(tcz) .
ic1(8) = iga(tep) cOswyrrt — — oy Sinwo,t (A) (5.11)
" . Ve o (Ec2)
and VCCl (t) = Z lCZ (tCZ) Sin (,L)Ollt + ——— cos a)o,,t (V) (512)

0<woyt<m (rad)
where wq,, = 1/y/LcCcy (rad/s)
Z"= VLc/Cer ()
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Ce1=Ccz=Ccs (F)
When the commutation current i-, rises to equal the fault current, in the
commutation period t., to t.3, this is sufficient time for vacuum recovery, having
introduced a VCB current-zero. Since the period of each interval has been calculated,
it is possible to achieve the first current-zero at time t.; . This means
ic1(te3)=irauLr (te3) and the commutation capacitor Ccq voltage is Ve, = Ve, (tc3)-

Other capacitor voltages are V., = %V¢,, ,(t2) and Ve, =%V, , . (tc1) . The

period of this interval T3 is:

. VC (tCl)XiFAULT(tC3)+LCXiC1(tC2)Xw 11 XAl
—sin~1 C1 > 0

(C61X(VCCl (tcz)) +Lc><(ic1(tc2))2)><w0n (5.13)

Tes=tes —tey =

wWorr

Ccax(Vepy (te1))?+LeX(ic1(te2))? —Lex (iFauLT (Ec3))?
Lc

where A’ =J

In summary, the commutation current i, ., before current-zero, can be described by

the piecewise linear function:

(icz(O)ics(®) = %sin wol (teo St =<ter) )
. . 2V¢ (tc) |

ic = ! ica(t) = ic3(tey) cOSwyrt — C:%ﬂsm wort (teg St <tgy) (5.14)

| |

14 (tc2)
k ic1(t) = ica(tep) cOSWyrit — Sz 7

2 Z”

sinwgrt (te St < tes) )

(d) fourth interval t.; <t < t.,

ipayrr 1S commutated into the loop Cyunk, Ccir Ter Ler Lioap, Tz and Reyypr, but
is still equal to i, and can be expressed by the differential equation:
1. dic dic; | .
Cor icidt + L¢ L + Lroap ar + ic1Rraver = Ve (5.15)
where the voltage across Cpq, can be considered as a DC source due to large Cpank -
The initial conditions are

ic1(te3)=lpavrr (tes) (A) and Ve, (tes) = Ve, (tes) V)

In practically Rr4yr < 2 L;"ﬁ which yields:
C1
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ic1(t) = 2Ky,e %t cos(wyit — 6)  (A) (5.16)

2Ky, — ’
Ve, @) = 14 [cos( By — 0") —e %2t cos(wyrt — 0 + Br)] + Vee,te3) (V) (5.17)
RrauLT . 2 1 RFAULT 2
wher = " = _
ere oz 2(LLoap+Lc) 3" (Lroap+Lo)Cer (Z(LLOAD+LC))

_ 2 2. _ —1 W3r
Wy = ’62 + w3,; P2, = tan e
2

Vpc—Vee, (Ee3) oy (tes)
. _— l
K. = iFauLT (Ec3)N 7 4 (—LLoaptic 2'FAULT "c3) -,
1= | )+ ( )
2 2(1)3[

Vpc—Vee, (Ee3)
12 — L +L
9" = tan~1 —‘Loaptlc
w3riFauLT (tc3)

Only capacitor C., is introduced into this circuit, and the VCB voltage Vi g is

—=62irpauLT(tc3)

clamped to the residual voltage V., until the end of this interval, t.,.

(e) fifth interval t., <t <t

After turning switch Ts on and Tg off, the fault current iy, diverts into the loop
Cpankr Cc12) Ts, Lc, Lroap, Tz and Rpaypr. This means ic, offers energy for fault

current continuity, and is defined by:

dic; dic,
CCl,Z j lczdt + LC dt + LLOAD dt + lCZRFAULT - VDC (518)

where the voltage across Cp 4, Can be considered as a constant DC source due to the
value of large Cp4n- Initial conditions are
ic2(tea)=tlpavir(tea) (A
Veers (tea) = Vo, (tca) + Ve, (Eca) (V)

where Ve, (tea) = Y2Ve,, ,(Ec2), Which yields

Veers (bea) = Ve, (tea) + YoVip ,(E2) (V)

As before, Rpayir < 2 / LoD thus:
Cciz2

ic12(t) = 2K,,,e7 %t cos(a)3nt -0 (A (5.19)

2Ky

VCC1,2 () = [cos(Bo — 6") — cos(w3ut — 0" + B2)]

Cc1,2Wan
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ey, (tea) (V) (5.20)

2
RrauLr . 2 _ 1 _ ( RrauLT )
2(LLoap+Lc)’ (Lroap+Lc)Cei2 2(Lroap+Lc)

3 =
— 2 2 . — —1 @3rr
Wy = ’62 + w3,,; P2, = tan 3,

Vpc=Vegy o (Eca) i .
. _— 1
K. = irauLT(tca)y o 4 Lioantlc 2iFaULT (tca) 5
1= | (rarledys | - )
3717

where §, =

Vpc=Vegy 5 (Eca) Soi (tes)
- —02lFAULT (tca

— L +L
9!! = tan 1 LOAD C.
w3nipauLT (tea)

Now, Vy,¢g tracks the residual voltage V., plus V¢, until time ts.

(F) sixthiinterval t . <t < t.

In this interval, ipsy,r enters into the 1oop Cuanks Cc123 Ta Ler Lioap
T3 and Rp,y e by switching the T4 on and Ts off. By considering C¢q,3 as one
capacitor the circuit of Figure 5.5 (f) becomes the same topology as the test circuit
shown in Figure 4.3 (e). This means that it will present same interruption process
discussed in Section 4.3. The current i-5 describing the fault current can be
expressed by the differential equation:

1 . diC3 diC3 .

Ef icadt + L¢ T + Lioap T + ic3Rravir = Ve (5.21)
where the voltage across Cp .,k IS considered as a DC source due to the large value of
Cpank- Initial conditions are

ic3(tes)=ipavrr (tes) (A)
Veerns (Ees) = Ve, , (Ees) + Ve, (Ees) (V)

where Ve, (tcs) = %Ve, , 4 (tc1), which yields

VCC1'2'3 (tCS) = VCCl,Z (tCS) + 1/3VC(:1'2'3 (tcl) (V)

L
for Rpayir < 2 /M:
Cc1,2,3

ic3(t) = 2Ky,,e %2t cos(wamt —0")  (A) (5.22)
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2K1/II

VCC1’2'3 (t) = —COS(BZHI - 9”,)

Cc1,2,3Warrr

2Kq11/ - "
— 02t cos(wzrmt — 0" + Bay)] + VCC1,2,3 (tes) (V) (5.23)

Cc1,2,3Warrr

2
RrauLr . 2 _ 1 _ ( RrauLT )
2(LLoap+Lc)’ (Lroap+Lc)Cci,2,3 2(Lroap+Lc)

3rrr —
— 2 2 . — —1 W3
Wy = /62 + w3,,,; B2y = tan s,

Vpc—Veey 55(Ecs)

where §, =

82irauLt(tes) 5

_ iFAULT (tcs)N o Lroap*Lc
Kllll - ( ) + (
2 2w3yry

VpcVeey 5 5(tes)

S2irauLt (tes)
— L +L
9’ no_ tan 1 LOADTLC

wzrripAuLT (tes)

The VCB voltage tracks the residual voltage of V¢, + V¢, + V., until the

interruption finishes. Then the commutation capacitors are reset, ready for the next
interruption. The VCB voltage is dominated by the commutation capacitor voltage,

thus it can be expressed by the following piecewise linear function:

VVCB
( 2K, , —bot , \
Ve, (6) = Corion, [cos(Bz — 0") — e cos(wzrt — 0"+ Br)] + Ve, (Ee3) (tez St <te)
2I(ll/ " —8,t " (5'24)
=V, (O = Coratn [cos(Bay — 0") —e™ 2" cos(wsrt — 6" + Bp)] + Ve, , (Eca) (tea St <t)
’ K nr nr rnr
Veerns () = CC1231(U4 [coS(Bau, — 8"") — €702t cos(wymt — 8" + Por)] + Vg, (tes)  (tes < £ < teg)
The fault current can also be represented by a piecewise linear function:
ic1(t) = 2K;,e7%t cos(w4rt — 6") (tez St <te)
ipavir = §ic12(t) = 2K;,,e7%2¢ cos(wynt — 6") (tea St <tcs) (5.25)
iC3 (t) = 2K1’”e—52t COS(a)3”’t - 9’”) (tCS =t< tCG)

In order to define the time intervals after the VCB current zero, the commutation
capacitor voltage and current are investigated further. Comparison of equations (5.24)
to (5.25) shows that they are similar except for the initial conditions which include
irauLT, COMMutation capacitance C., and initial capacitor voltage V. Since the fault
path has a large time constant compared to the commutation circuit, the fault current

iraur Can be considered constant during the whole commutation period.

Figure 5.6 (a) shows the commutation capacitor voltage and current. The current i,

through the commutation capacitor equals the fault current iz 4;.7. Due to the stored

magnetic energy transfer and the residual voltage on the commutation capacitor,
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there is an initial increase in i, after the current-zero. Since the solid-state switches
offer uni-directional conduction, the commutation capacitor is fully charged when i,
is reduced to zero. Note that Figure 5.6 (a) is intentionally un-scaled since it is
presented mainly to demonstrated the general characteristic defined by equations
(5.24) and (5.25). The scale of the figure will vary depending upon the parameter
values used.

T T 4=10 T T T ~ T
. -
p ® .
— \ e 321074 - s
- ‘\\ \ 4 = e
= N \ = — s e
- N . 'y — #2410 R B
= A . u = -
5 R \\ Full charged o 2 o
E SN = = _
=0 , = = 1610 Rd b
< S —_— | = .
o Initial increase K
B i} s . -
- — iLu 80 K — Ve=-150 |4
VL"L" .f — - Ve=-300
1 l 1 1 1 l
0 s 4 4 s 4
t(s) 0 G077 1810 27=10 3.6x10 45x10
Cc

(a) (b)

Figure 5.6 (a) The performance of commutation capacitor current and voltage after current-zero and (b)
maximum discharge time with two initial commutation capacitor voltages as a function of commutation
capacitance (Irayrr = 100A,Vpe = 600V, Lc = 49.4pH, Ligap = 1. 7mF, Rpgyr = 69).

The most significant design aspect is the period immediately following the current-
zero in the VCB. Thus it is convenience to specify the duration from the initial
residual capacitor voltage to when it retains zero charge. Due to the complexity of
the commutation capacitor voltage equation, it is difficult to directly define a time
interval equation. Capacitor voltage V. approaches zero when i, increases to its
maximum. The approximate equation for the time interval after current-zero is

obtained by equating the current differential equation with zero, which gives:

]n(— €2j9(82+0)3j)) .

T. = — 82—w3j (526)
¢ 2ws3
where j = /-1
Hence
€219 (5,1 w31)). .
T. = _ _ _ln(— 52—2w311'3 )J (5.27)
C4_tc4 tc3 - 2wz
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e2J9" (5, +w3/lj))j
Sp—w3rrj

2w3yr

InC- (5.28)

Tes=tes —teg = —

The plots in Figure 5.6 (b) are for equation (5.26) with two initial residual capacitor
voltages. The time interval increases with an increase in commutation capacitance

and its initial residual voltage.

Since these time intervals are based on maximum discharge ability for each
commutation capacitor voltage, this ensures iy g produces a second current-zero if

interruption failure occurs at the first current-zero.

5.3 Calculating the time interval

The values of C¢ 3 and L can be calculated by utilising the procedures described
in Section 4.3.1. The maximum counter-current iz must larger than the fault current
ipauLr, and include a safety margin. But a high i; results in larger capacitance
however, meaning higher cost. Because C;; = C¢, = Cc3 = 3C¢q 23, €ach capacitor

voltage is V., = V¢, = Ve, = %Voe-

There are six time intervals, Tcy to Tcg, in the operation cycle of the cascaded
commutation circuit. Tcz and Tc4 are from the same signal impulse, which trigger
switches T3, T4 and Tsin the correct sequence. The first three time intervals Tcy, Tco
and Tcs, involve di/dt reduction while the remainder are for improving dvycg/dt.
The equations for describing these time intervals have been presented in Section 5.2.
Calculating these values are a problematic, especially the first three time intervals.
Once the first three time intervals are specified the remainder are obtained from the

proposed equations.

Since Tcs and Tegare derived from the same signal, they can be considered ‘joined’,
linking the reducing current before current-zero and the increasing voltage after
current-zero. They maintain continuity during commutation. This means

commutation current i, . has to rise to ipsy,r in the first two time intervals.

Assuming the fault current is commutated into the VCB at the end of the first interval,
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the interruption process is as for the test circuit discussed in Chapter 4, so equation

(5.5) is the same as (4.22) and can be expressed as follows:

—1iFAULT (tc1)Z
Vic (5.29)

wWo

—sin

Tci0=ter — teo =

Where (1)0 = 1/1/ LCcCl’Z’g (rad/S)
If ipaurr 1S COMmutated at t.,, equation (5.9) for describing time interval T, can be

rewritten as:

- _1VCc1pEeXIFAULT (te2)+LeXIFAULT (Ec2)X @1 XA
—Sin .
2
2
(CCLZX(VCC:LZ(tCl)) +LCX(iFAULT(tC2)) )xw0, (530)

wWor

Tea0=tez — ter =

Ce12XVeey 5 (Ec))? +LeX (ipauLt (Ec2))? —Lex (iFauLt (Ec2))?
Lc

where A = \/

Veer, (Ec1) = —%3Vpe cos wotcy
ipauLr(ter) = ipaurr(te2) due to the large time constant of the fault path. Now
considering t., as a starting point, T, = t.; — t.o = t. The total duration can be

defined as:

Te12=tey —teo =Tea +Tey = Tezo + 1t (5.31)

To specify time interval values becomes a trade-off between T, and T,.

The graphs in Figure 5.7 represent equations (5.29) to (5.31) for the different
conditions but a fixed 600V DC source. Based on the fixed fault current of 100A and
commutation parameters including L, = 49.4uH and C.; = 40uF, Figure 5.7 ()
compares the total duration T¢, , and the second time interval T¢,,, as well as the
first current-zero time T, Of the test circuit. The figure shows how di/dt is reduced
by the cascaded circuit, compared to the test circuit. The horizontal axis represents
the first time interval, T, = t,; — t.o = t. The second time interval reduces as the
first time interval increases, meaning a longer first time interval will result in less
time for the second interval, thereby reducingT¢; ,. To maximise the cascaded circuit
commutation time (compared to that of the test circuit), the second time interval
should dominate commutation until current-zero. This means the switch Ts turns on

before T4. However, since there is energy loss during capacitor voltage reversal, it is
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prudent to initialise the commutation current with maximum energy, then switch into

the second path.

Time (s)
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Figure 5.7 Time interval maximum values as a function of circuit parameters, with a 600V DC source: (a)
first time interval; (b) commutation inductance; (c) commutation capacitance; and (d) interruption current.

With fixed 300A fault current, C;; = 40uF and first time interval T, = 5us, Figure
5.7 (b) shows the relationship between the time intervals and the commutation
inductance L. With an increase in L. the time intervals are increased. At low
inductance, the time intervals have similar values, meaning there is no commutation
time difference between the cascade circuit and test circuit. At higher inductance, the
commutation time differences become tens of us, which is significant with respect to
the VCB, since the vacuum arc has a fast recovery rate [5.3]. However, as the
commutation inductance increases further, the test circuit can offer a VCB current-
zero but the cascaded circuit cannot. The reason is that the energy stored in the
capacitors is utilised differently. It is not possible for interruption with low

inductance, which corresponds to large di/dt. The objective of the cascaded circuit
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is to increase the interruption probability with relatively small commutation

inductance at a short gap distance.

After utilising a fixed fault current of 100A, L, = 49.4uH, and a first time interval
Tc1 = 5us, Figure 5.7 (c) allows the conclusion to be drawn for the test circuit that
the commutation capacitance has little effect on the commutation time and thereby

does not influence di/dt.

With a first time interval of 5us and commutation parameters L, = 49.4uH and
Cc1 = 40puF, the relationship between the time intervals and the fault current is
shown in Figure 5.7 (d). The time intervals display an ever-increasing trend with an
increase in the fault current, but are similar at low ip,y;7. The time interval increase
in the cascaded circuit is however, large compared to the test circuit once the fault
current has increased to certain value. Additionally, the ability to interrupt higher
fault currents in the test circuit is better than in the cascaded circuit.

In summary, although there are six time intervals, Tc1to Tcg, in the cascaded circuit,
only T¢; to Tes need to be specified because Tcg is a long signal impulse lasting until
the end of the interruption. T3 and T¢4 are derived from the same signal, thus only
four signals need to be processed. In order to specify these time intervals, the first
two intervals should be defined first by utilising equations (5.29) and (5.30). The
remaining two can be obtained from equation (5.26) in terms of different initial
conditions. However, due to energy losses during commutation, a design safety

margin is required, i.e. if the time interval is calculated 10yus, then 8us is acceptable.

5.4 Simulation and experimental results

The cascaded hybrid circuit was simulated using PSPICE based on the model
discussed in Section 4.4, with the results post processed in MATLAB. Since the
cascaded circuit uses the same commutation preparation circuit and fault current

introduction method as the test circuit, the associated features are not reconsidered
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here. For convenience of comparison, the simulation and experimental results are

presented side by side.

Figure 5.8 and Figure 5.9 show successful interruption at the first current-zero with
110A and 330A fault currents respectively. The general form and shape of the
waveforms are the same in both cases. VCB current iy, .5 is reduced as the counter-
current i, rises, then the decline rate of iy,.5 is modified when the commutation path
is switched. After the current-zero the VCB experiences a stepped-shaped pulse,
since the residual voltages across each commutation capacitor, V¢, V¢, and V¢,
are charged step by step. The equations for describing this charging assume they are
initially charged to zero. In addition, a little over-charging is acceptable because arc

recovery is sensitive to the TRV amplitude rather than polarity.

A successful interruption at the second current-zero with a 110A fault current is
shown in Figure 5.10. iy, reaches the second current-zero with a lower amplitude
than in the test circuit case due to the commutation capacitors progressively
discharging. Figure 5.11 illustrates an unsuccessful 100A fault current interruption.
The differences between the simulation and experimental results are due to
limitations of the model, a thyristor is employed in this simulation rather than the
model of the VCB.
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Figure 5.8 Cascaded commutation circuit voltage and current at first current-zero interruption: (a)
simulation results and (b) experimental results. (Ve = 600V, Cpgny = 7mF, Ccq23 = 120pF, Ry =
ZOOQ, LC = 4941IF, LLOAD =1. 7mH, RLOAD = 6009, RFAULT =1. 79)
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Figure 5.9 Cascaded commutation circuit voltage and current at first current-zero interruption: (a)
simulation results and (b) experimental results. (Ve = 600V, Cpgny = 7mF, Ccq23 = 12.81pF, Ry =

2009, LC = 494|1F, LLOAD = 17mH, RLOAD = 6009, RFAULT = 5. 59)
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Figure 5.10 Cascaded commutation circuit voltage and current at second current-zero interruption: (a)
simulation results; (b) experimental results. (Vp¢c = 600V, Cpanr = 7mF, C¢q23 = 12.81pF, Ry = 2009,

LC = 49411[“, LLOAD =1. 7mH, RLOAD = 6009, RFAULT = 5. 59)
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Figure 5.11 Cascaded commutation circuit voltage and current in an unsuccessful interruption: (a)
simulation results and (b) experimental results. (Vpc = 600V, Cpapg = 7mF, Ccq53 = 12.81pF, Ry =
2009, LC = 494IJ.F, LLOAD =1. 7mH, RLOAD = 6009, RFAULT = 5. 59)
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5.5 Cascaded commutation circuit performance

The experimental cascaded commutation circuit tests are based on the vacuum
interrupter SH5Y. As with the test circuit, to avoid system damage due to excessive
overcurrent, an MOV is connected in parallel with the VCB, a series blocking diode
is located before capacitor bank (Cp4n = 7mF) to protect the 600V DC source, and

a load resistance of 6000 were utilised.
Comparison between cascaded and test circuits

The comparison between the cascaded and test circuit investigates VCB interruption
probability with a 1mm electrode spacing. The first and second current-zero
interruption performances were analysed, based on successful interruption
probability. Figure 5.12 and Figure 5.13 show the interruption performance results
with 110A and 330A interruption currents respectively. The relationships between
the successful interruption times and interruption at the first and second current-zero
in terms of varied commutation parameters are shown in parts (a), (b) and (c) of each
figure. The conclusion is that interruption probability increases with increased
commutation inductance, as shown in part (d). The experimental conditions are
tabulated in Table 5.1. The experiments were repeated 32 times for every value. The
interruption probability in both commutation circuits increases as the commutation
inductance is increased, creating a long commutation time. Since the cascaded circuit
performance is better than that of the test circuit in terms of interruption success at
the second current-zero, the interruption probability in the former circuit is larger
than in the test circuit. For a given the DC voltage source, 600V, the commutation

capacitance has to be increased with an increase in commutation inductance to

produce adequate counter-current (I =V /,/L/C). Both topologies exhibit similar
performance for interruption at the first current-zero, due to having almost the same
commutation time. The test circuit interruption probability tends to that of the

cascaded circuit when the commutation inductance is increased.
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Table 5.1 Experimental conditions for comparing the cascaded and test circuit

Test circuit Cascaded circuit

difdt | Tcio | Ter | Tez | TeaTea | Tes
(Afus) | (ps) | (us) | (us) | (us) | (ms)
146 | 3311 | 35 2 1 30 30
110 40 | 2431 19.76 | 5.6 3 3 30 30
494 | 955 115 6 8 30 30
40 | 146 | 30.09 | 11 7 6 5 5
330 | 120 | 494 | 8.73 38 | 26 | 18 25 25
150 | 70.12 | 6.01 55 | 40 | 24 25 25

Note: i,y IS interruption current; C., is commutation capacitance; L. is the commutation inductance; di/dt is the rate of

lpavrr | Cei Lc
(A) | (uF) | (uH)

change of the VCB before current-zero; T¢,, is the time to the first current-zero in the test circuit; and Tci-Tces is the time

intervals in the cascaded circuit.

Lc =14.6uH, C., =40uF Lc =24.31pH, C., =40uF
30 30
] ves E Tes
. 20 - Cas . 20 - Cas
i k7
s e
10 10
0 0
1 2 1 2
1: interruption at 1st current-zero 1: interruption at 1st current-zero
2:interruption at 2nd current-zero 2: interruption at 2nd current-zero
(a) (b)
Lc =49.4uH, C., =40uF
30 z 1
N res || = -
.|| § %
as o -
» 20 s e
+ r
] c 06 ,
~ 2 ’ ———- Tes
10 a ’
2 04 - Cas
g
0 £ 02 . . . .
1 2 10 20 30 40 50
1: interruption at 1st current-zero Commutation inductance

2:interruption at 2nd current-zero

(c) (d)

Figure 5.12 Experimental results for comparison between the cascaded and test circuit with fault current
of 110A; where Tes and Cas are the abbreviation for ‘test’ and ‘cascaded’; Tests repeated 32 times for
each value.
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Lo =14.6uH, C, =40pF Lo =49.4uH, Co; =1204F
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[ [t
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0 0
1 2 1 2
1: interruption at 1st current-zero 1: interruption at 1st current-zero
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1: interruption at 1st current-zero Commutation inductance

2: interruption at 2nd current-zero

(c) (d)

Figure 5.13 Experimental results for comparison between the cascaded and test circuit with fault current
of 330A; where ‘Tes’ and ‘Cas’ are the abbreviation for test and cascaded; Tests repeated 32 times for
each value.

A summary of the relationship between interruption probability and commutation
inductance is shown in Figure 5.14. For each circuit, the figure is based on two
commutation attempts, 110A and 330A faults, at a 1mm electrode spacing.
Interruption probability increases as inductance increases (as di/dt decreases), while
the interruption probability increases as the interruption current is decreased. This
confirms that the interruption probability is sensitive to commutation time and

interruption current level.
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Figure 5.14 The relationship between the interruption probability and commutation inductance

The performance of the cascaded commutation circuit in reducing the dvycg/dt has
been verified, where the interruption probability is increased by introducing a small
amplitude pulse across the VCB. According to the equation (5.26) these pulse
durations (Tc3 to Tcg) are dominated by the residual commutation composite
capacitor voltage and its capacitance (note that the value of composite capacitance
varies as its three constituent capacitors, each having the same value, are connected
in sequence, as shown in Figure 5.2. However, Table 5.1 exposes an interesting fact;
where for interrupting currents 110A and 330A, and the same commutation
parameters C,; = 40uF and L, = 14.6uH, the pulse duration for 110A can be larger
than for 330A. A higher fault current results in a lower capacitor residual voltage,
and a significantly shorter pulse duration. Consequently, in order to produce a large
pulse (long duration) after interrupting a high current, with fixed DC source, the

commutation capacitance has to be increased.
Cascaded circuit performance at the first current-zero

Another objective for the cascaded circuit is to improve the di/dt by increasing the
commutation time, thereby increasing the interruption probability at the first current-

zero. As mentioned in Section 5.3, with fixed commutation parameters, the
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commutation time to the first current-zero can be adjusted by the cascaded circuit

(but not with the test circuit).

In order to analyse cascaded circuit performance at the first current-zero, the
interruption probability calculation was based on a successful interruption at the first
current-zero, with a 1mm fixed gap and a 330A interruption current, while varying
commutation parameters and commutation time. The experimental conditions are

shown in Table 5.2 and the experiment was repeated 32 times for each condition.

Figure 5.15 (a), (b) and (c) illustrate the relationship between successful interruption
and the commutation time at the first current-zero, in terms of specific commutation
parameters. Figure 5.15 (d) summarises the relationship between interruption
probability and commutation time at the first current-zero. Although with a
commutation time increase the interruption probability is increased, for each
commutation parameter set, an increase in successful interruption is not obvious. For
example, in Figure 5.15 (c) the commutation time has increased from 84ps to 106us
but interruption success still does not reach 100%. As discussed in Section 4.6.3, the
post-arc current will stabilise 10us after the current-zero. This indicates that the

recovery rate before the current-zero is different to that after the current-zero.

Table 5.2 Experimental conditions for cascaded circuit performance at the first current-zero

, Cascaded circuit
iravrr | Cea L¢
(A) | (WF) | (uH) | Ter | Tez | TeaTea | Tes

(1) | (us) | (us) | (us)
26 | 18 25 25
11 | 45 15 15

40 | 24 25 25
330 | 10 | 7012 557y 15 15
55 | 29 30 30
200 | 934 | 40 | 56 20 20
30 | 76 15 15

Note: ir4y.r 1S the interruption current; C., is the commutation capacitance; L is the commutation inductance; and Tc; to Tcs

120 | 494

are the time intervals in the cascaded circuit.

160



Lo =49.4uH, G, =120pF Lc =70.12uH, G-, =150uF

30 30
«w 20 «
g 5
— [
10
0
44 56 64 72
commutation time commutation time
at the 1st current-zero (us) at the 1st current-zero (us)
(a) (b)
LC =93.4uH, CC] =200pF
> 1
E
3
°o 0.8
g =y
g S
s 0.6
2
g
£ 04 . .
84 96 106 0 50 100 150
commutation time commutation time
at the 1st current-zero (us) at the 1st current-zero (us)
(c) (d)

Figure 5.15 Experimental performance results of the cascaded circuit at first current-zero; Tests repeated
32 times for each value.

5.6 Summary

This chapter proposes a cascaded commutation circuit, without a snubber circuit,
inspired by a breaker circuit topology containing a saturable reactor which slowed
the di/dt prior to current-zero and then produced a low amplitude voltage pulse after
current-zero. The validity of the cascaded commutation principle was confirmed by
simulation and experimentally. The experiments showed that the interruption
probability was better when using the cascaded commutation circuit rather than the
test circuit introduced in Chapter 4, even with small inductance. The application of
the cascaded commutation circuit was expected to increase interruption success at the
first and second current-zero due to decreased di/dt and dvycg/dt. Interruption
improvement was more apparent at the second current-zero, than the first. The reason

is that the recovery rate of the residual arc after current-zero is faster than that before
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the current-zero. In other words, the successful interruption probability is sensitive to

the interruption current and the time taken to zero rather the di/dt value.

The analysis of the cascaded commutation circuit is not complete. For example the

maximum counter-current produced by this cascaded circuit could be approximated
by:

C
i = Vpc CLLC“ (5.32)

where due to C¢q 53 = ¥%Ccq = ¥3Cc, = Y5Cc3, Each capacitor voltage is Ve, =

Vee, = Ve, = ¥5Vpe, and each commutation current can be express as:

- /Cm ’Ccz Ces
lc1=1lcp =1Ic3 = VCCl E = VCCZ Z = VCC3 Z (533)

The maximum counter-current can be rewritten as

Vbe |Cex Cci12,3
o= -2¢ |Z¢1 _ 3y bl 5.34
GO N RGN &%

The values of C¢, , 3 and L. can be calculated by the procedures described in Section
4.3.1. i is larger than the fault current iz 4.7, SO if i IS twice ipayLr:

i — 1,7 = Vpc [Caa

lpavLr = Yelc = 23~ Lo (5.39)
This means that any of commutation currents iy; — i, — icz produced by

corresponding capacitor voltage V., = V., = V¢, is larger than ip,y,r due to

1/3VDC\/CL:CC1 > % CL—C; As a consequence, the commutation time to the first current-
zero could be significantly increased once the third time interval is initiated. The
equation describing the third time interval is however, complicated. The third-order
cascaded circuit can be extended to an N-order cascaded circuit with N solid-state
switches and capacitors. Then, although the capacitor number increases, each
capacitor voltage rating is decreased. Interruption becomes more flexible and feasible

under the closed-loop current control based on monitoring the VCB current.
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6 Conclusions

There are two DC hybrid switching techniques for the VCB. The first is arc
interruption based on conventional current oscillation, and the second is interruption
without an arc as in the voltage commutation approach proposed by ABB. The main
difference is whether the interruption manages the arc or not. In order to highlight the
advantage of the ABB approach of interruption without an arc (or the difficulties of
the current oscillation approach), this thesis reports the use of a VCB as the main
breaker and investigation the arc effects on the interruption performance when using
the forced current commutation method. The experimental results showed the VCB
offered large values of di/dt and dv/dt, but that there were limits to their values
which varied from VCB to VCB. If these limits are approached, the interruption
capability is reduced. Cost aside, the hybrid switching technology proposed by ABB
would fulfil HVDC grid needs, provided its operating speed can be improve. The
development direction of the hybrid switching technology should be based on

interruption without an arc.

Based on the DC approach, which uses an asymmetrical half H-bridge circuit, the
VCB opening time was reduced from approximately 50ms to approximately 13ms.
The same circuit can be used on a coil where the opening action results from
application of current, and would signifiantly increase the opening speed. The
observation of coil counter-EMF offers great convenience to optimally trigger the
auxiliary commutation circuit therefore reducing the stress on commutation capacitor.

This, however, can only be applied to this kind of VCB with an indirect mechanism.

6.1 General conclusion

Chapter 1 gave an overview of present electric current limitation and interruption

techniques for DC breaker designs, and proposed some features for high-speed
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current limiting vacuum circuit breaker development based on the hybrid current

commutation concept.

In Chapter 2, the basic characteristics of the vacuum arc were illustrated by utilising
experimental evidence. The vacuum arc can be classified into two modes: namely the
diffuse mode and the constricted mode. Since the diffuse mode not only causes less
erosion on the electrode surface but also introduces easy interruption compared to the
constricted mode, some proposed methods for maintaining a diffuse arc were
presented. Examples of these methods are the use of magnetic fields and advanced
electrode designs. In order to understand the residual arc, the post-arc mode was

discussed, where the main elements are ions and electrons.

In Chapter 3, the VCB drive mechanism was described in detail. Solenoid operation
was upgraded from a rectified AC energising circuit to a DC approach which uses an
asymmetrical half H-bridge circuit. The VCB opening time was reduced from
approximately 50ms to approximately 13ms. Using analogue devices, the VCB
contact opening speed was measured to be approximately 1m/s. A detailed
explanation for the occurrence of the counter-EMF was discussed. The counter-EMF
appears to cause a peak in the coil current, where the occurrence of the peak is
consistent in relation to arc voltage formation, regardless of external conditions.
Consequently, a control circuit was assesses based on this relationship, to enable

optimal synchronised triggering of the commutation circuit.

In Chapter 4, active and passive commutation circuits were discussed. Mathematical
analysis was presented to aid understanding of the active commutation circuit, and
simulation models were developed in order to calculate and select the values of
commutation parameters, including the capacitor and inductor. Based on active
current commutation circuit, a test circuit was used to investigate arc effects on the
interruption performance by testing with varied interruption current, di/dt and
dvycg/dt, and arcing time. The vacuum switch-triggered spark gap used as a
commutation switch for providing the counter-current through the VCB was replaced
by solid-state switches. An increase in the power losses during the preparation of the
commutation circuit caused a decrease in the initial commutation capacitor voltage,

thereby lowering the counter-current range.

165



Experimental results confirmed VCB interruption performance at low power rating is
similar to that at high power rating. A decrease in di/dt or dvycg/dt introduces an
increase in the interruption probability. Based on fixed di/dt, dvycg/dt and arcing
time, the interruption probability was inversely proportional to the interruption
current. With a fixed interruption current, the di/dt and dvy g /dt for maintaining
successful interruption, increased once the arcing time was increased. However, with
a large di/dt successful interruption became impossible even if the dvy 5 /dt was
low. That is, with large di/dt, the VCB acted as a short circuit and the shape of the
prospective recovery voltage was insignificant. di/dt is the key factor in
determining the interruption probability. Also there is a voltage recovery rate which
dominates how the vacuum arc recovers from a conduction state with a decrease in
the interruption current. Consequently, successful interruption is based on the
combined effects of di/dt and recovery rate. Recovery becomes impossible when
the di/dt is large compared to the recovery rate even with a shunt snubber circuit

connected.

After the post-arc was investigated by measuring its electrical behaviour, the ion
density immediately after current-zero was not only determined by its natural decay
and the post-arc current, but also dominated by the values of di/dt and dvy g /dct.
The post-arc current increased as di/dt increased, and decreased with a decrease in
dvycg/dt . This is why di/dt and dvycg/dt impact successful interruption
probability. The relationship between VCB conduction resistance and interruption

performance is: less conduction resistance better interruption performance.

In Chapter 5, a cascaded commutation circuit for the hybrid breaker was designed,
analysed, simulated and experimentally compared with a test commutation circuit. A
decreased di/dt prior to the current-zero followed by a relatively low amplitude
voltage pulse after the current-zero increased the interruption probability, even with
low values of commutation parameters, such as a low value inductor and a large
value capacitor but with a low voltage rating. However, this interruption probability
increase was mainly attributable to any successful interruptions at the second current-
zero after the short pulse voltage with low amplitude was applied. As for interruption

at the first current-zero, interruption probability increase was not apparent even if the

166



commutation time was increased from 84us to 106pus. In summary, the interruption
probability is based on the interruption current and the commutation time. The di/dt

at the first current-zero is not significant.

6.2 Author’s contribution

The thesis contributions can be summarised as follows:

e The general design requirements of a hybrid breaker were outlined, which
target development of a current limiting vacuum circuit breaker based on a
hybrid current commutation concept, allowing high-speed operation and
high-current interruption capability.

e Without a change in the physical mechanism, VCB opening time was reduced
by using a DC energising circuit.

e A mathematical equation was proposed to explain the occurrence of the
counter-EMF associated with armature movement. The stress on the
commutation capacitor is reduced by using the proposed adaptive control
circuit.

e VCB interruption performance at low power rating was investigated by
assessing a test circuit based on the active current commutation concept.
Specification of the commutation circuit components using solid-state
semiconductor devices as the commutation switch was presented. Equations
to calculate the power losses associated with the test circuit were presented.

e The relationships between the gap distance, di/dt , dvycg/dt and
interruption current were obtained. Consequently, the interruption time was
reduced by triggering the commutation circuit to produce counter-current
through the VCB at an optimal gap distance rather over the full gap distance.
The erosion on the contact surface was reduced due to short arcing time, thus
the useful VVCB life is extended.
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e The relationship between the post-arc and di/dt and dvycg/dt were
established. This explains how di/dt and dvycg/dt impact on successful
interruption probability.

e The relationship between VCB conduction resistance and interruption
performance established that lower conduction resistance gives better
interruption performance.

e The realisation of a cascaded commutation circuit adopting the hybrid active
current commutation concept improves the interruption probability compared
to test circuit based commutation, for the same conditions. Also it optimises
commutation parameter sizes including the capacitor and inductor. It was
established that successful interruption probability is sensitive to interruption
current and the time taken to drive it to zero, rather than di/dt near current-

ZEro.

6.3 Suggestions for future research

The research undertaken in this thesis emphasised the arc effects on VCB
interruption performance by utilising forced current commutation technology.

Suggestions for future research are:

e In order to create a cascaded commutation circuit that is more flexible and
viable, a better closed-loop current control method should be developed.

e In order to prevent the fault current from increasing significantly, further
research should concentrate on fault current limiters, fast mechanical
switches or disconnectors with excellent insulating properties after the
current-zero, and pure solid-state switches with minimal on-state losses, with
fast and intelligent monitoring systems.

e In order to optimise the existing hybrid current commutation scheme, a better
mathematical model to predict the arc characteristics should be sought.

e The development direction of hybrid switching technology for HVDC

applications should focus on interruption without an arc.
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Appendices

The appendices give a detailed description of the practical implementation, which
includes the test rigs and control circuits, as well as program codes. Additionally, this
appendix presents detailed background information on various arc aspects referred to
in Chapter 2. Meanwhile, the lists of tables and figures are presented.

Appendix A

Experimental setup

A.1 Test Rig structure

In order to investigate interruption performance of the vacuum circuit breaker (VCB),

two test rigs were constructed for practical implementation.

A.1.1 The test and cascaded commutation circuit

Since the proposed cascaded commutation circuit inherits most of test circuit features
and properties, one experimental rig represents the needs of both circuits, which are

based on different control signals. The circuits use the following components:

e 600V 10A DC voltage source

e 7mF capacitor bank

¢ Commutation capacitors and inductors both with a range of values

e A vacuum circuit breaker with three vacuum interrupters in one frame

o A few of solid-state switches each includes a diode (DSEI 2x101) in series
with an IGBT (5SND 0800M170100)

e Control circuit including analogous circuits and digital circuits

e Gate drives

e Current transducer
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e Load resistor 600Q and inductor 1.7mH as well as fault resistor with a range
of value
e Freewheel diode

e metal oxide varistor (MOV)

Figure A.1 illustrates the practical system photo. The commutation rig is shown in
Figure A.2.

XCO I utatlon

o 9

Figure A.1 System photo of the test rigs
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Figure A.2 Commutation rig: (a) top view; (b) side view; and (c) schematic diagram.

A.2 Control circuits

The control circuits can be divided into two groups in terms of device types. The first

group are the analogous circuits, the second group are the digital circuits. The signals
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for vacuum circuit breaker (VCB) mechanisms are based on the analogue circuits, for

investigating the VVCB interruption performance are produced by the digital circuits.

A.2.1 ON/OFF and Fault signal circuit

The ON/OFF and fault signal circuit described in Chapter 3 contains the following
components:

e 5V voltage source
e mechanical switches
e Schmitt-Trigger inverters (CD74ACT14)

e Resistors and capacitors as well as diodes

The electrical circuit diagram and practical photo are shown in Figure A.3.

Schmitt-Trigger
inverter

L

. V, .
Schmitt-Trigger
iverter

A
Ll L)

Mechanical
~ switches

(b)

Figure A.3 ON/OFF and fault signal circuit: (a) one of three schematic diagram and (b) photograph.
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A.2.2 Flip-flop circuit

The flip-flop circuit recognizes the incoming signal as ON/OFF or Fault and then
dispatches it to the correct channel. The photo of the flip-flop circuit is shown in
Figure A.4, with the circuit schematics shown in Figure A.5. It includes the

following components:

e 5V voltage source
o flip-flop devices (SN5474)
e Timer devices (NE555)

e Resistor and capacitor as well as diode

e logic devices including NAND gate (MC74ACTO00), NOT gate (74ACT04),
XNOR gate (CD74HC7266)

Figure A.4 Photo of the flip-flop circuit
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A.2.3 PI regulator

The DC energising coil circuit described in Chapter 3, used to speeding up the VCB
opening time, is based on close-loop current control with a proportional plus integral

(P1) regulator which consists of the following components:

e 5V and 5V voltage sources

e Current transducer (LEM LA 55-P)

e Monolithic wave generator (XR2206)

e Analogous devices, including operational amplifier (NE5534) and
comparator (LM311)

e Potentiometer, resistor and capacitor as well as diode

Figure A.6illustrates the practical circuit photo. The circuit schematic is shown
Figure A.7.

: :) .- - .
g 31 efgfellc.e
iregulator

SR | -

—oan
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< nalog to digital
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ﬂrlangu]ar ~dnverting- " conversion /
3 ! ' [ ] " — ¥
~ trighoylz : ) Ve
waxe g i -tnan:ul'ir._‘ : . -
-G : "“wave ' : »

Figure A.6 Photo of the PI regulator circuit

175



— e e e o o — n_ - e e =
5V N 1 |
1 -
p = - w%,_uu = I
o o APACITOR | CAPACITOR CAPACITOR
DEF — com R14

{
L

z m m m Hw h.u_.mw,.mm%%ﬂ._.ow

: DPWAL
CON2

2

|
o1 F _ :
O Q R - uv,ou I.__H»| 4 M|Mor.: _ HM%&.GH%
utrent Hrw M%gw_ regulator |

2

=__ conversion

ﬂ.m&&ﬁoallllllllllllllll osul # :
Reference 2 e e j

— OUTL Ic C'_.n:.Cﬂ T Wr\%.wﬁ._dw _Py%.ﬁ—Ow I_HI| 5 2 |8 H .... ﬂw» \_W”M_
IWI M_In.u = |, o i i = com

] Hzgmmmwﬁm . _ | S——: «— Analog to

| u | T digitl

: 3 |
_

. Inverting-
Lo g7 P i triangular wave
Triangular W =1 Mpﬁa.. _ﬁsm

wave = . - _

Figure A.7 Circuit schematics of the PI regulator
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A.2.4 Trip signal circuit

The trip signal circuit selectively amplifies the transient increase of coil current;
where the photo of the trip signal circuit is shown in Figure A.8, with the circuit

schematics shown in Figure A.9. It contains the following components:

e 5V and #15 voltage sources

e Current transducer

e Instrumentation amplifier (LT1168) and analogue switch (ADG201HS)

e Analogous devices, including operational amplifier (NE5534) and
comparator (LM311) as well as timer device (NE555)

e Logic NOT Gate (74ACT04)

e Potentiometer, resistor and capacitor as well as diodes

Current
» transducer

Analogue

switch

Figure A.8 Photo of the trip signal circuit
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Figure A.9 Circuit schematics of the trip signal

A.2.5 Microchip controller

The main function of the PIC controller is to observe trip signal circuit changes and
to produce signals to delay activate the commutation circuit. The dsPIC30F2020

controller provides the controllable signals to investigate VCB characteristics.

In order to connect analogue input signals to output a series of sequential time

intervals, which are isolated using Optocoupler (ADuM1200-EP), an interface circuit
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is introduced. The photo of the interface circuit is illustrated in Figure A.11, with the
circuit schematics shown in Figure A.10.
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Figure A.10 Circuit schematics of the interface.
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A.2.6 Logic control circuit
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Figure A.12 (a) Photo of logic control circuit and (b) and its schematics.

As described in Chapter 3, these rectifier switches are used in conjunction with high
speed Optocouplers (6N137) to observe the VCB state. With the logic control circuit
shown in Figure A.12, the control ON/OFF and PWM signals are delivered to the

correct channels.
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A.3 Program codes

A.3.1 The test circuit code

#include "delay.h”
voidDelayMs(unsigned intcnt)

{

unsigned char i;

while (cnt--) {
i=4;
while(i--) {
DelayUs(250);
b
b
¥
int main()
{
init();
for(;;)
{
if(Input==0) pulse_gen();
¥
¥
voidinit()
{

INTCON1=0x0000;

INTCON2=0x0000;

ADPCFG=0x0FFF;
TRIS_Input=IN;

TRIS outl=0UT,
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TRIS_out2=0UT,;
TRIS_out3=0OUT,

TRIS out4=0UT,

voidpulse_gen()
{
outl=1;
DelayUs(1000);
out2=1;
out3=1;
out1=0;
DelayMs(1);
out3=0;
out2=0;
DelayMs(1000);

}

#include "p30f2020.h"

#include "pulse.h”

#include "typedefs.h"

voidtoppic_init(void)

{ INTCON1=0x0000;
INTCON2=0x0000;
ADPCFG=0x0FFF;
TRIS_IN=IN;

TRIS outl=0UT,;

TRIS_out2=0UT;

TRIS out3=0UT;}
voidpulse_gene(void)

{

while(1){
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if(Input==1){
outl=1;
for(i=0;i<100;i++){}
out2=1;
for(i=0;i<2;i++){}
out1=0;
for(i=0;i<98;i++){}
out3=1;
for(i=0;i<2;i++){}
out2=0;
for(i=0;i<98;i++){}
out2=1;
for(i=0;i<2;i++){}
out3=0;
for(i=0;i<50;i++){}
outl=1;
for(i=0;i<2;i++){}
out2=0;
for(i=0;i<150;i++){}
outl=0; }
else while (1)}}

A.3.2 The cascaded circuit code

#include "delay.h"
voidDelayMs(unsigned intcnt)
{
unsigned char i;
while (cnt--) {
=4,
while(i--) {
DelayUs(250);
3



b
by
#include "p30f2020.h"
#include "delay.h”
#include "main.h"
int main()
{
init();
out4=1;
for(;;) { if(Input==0) {
DelayUs(100);
if (Input==0) pulse_gen();
}

voidinit()

{
INTCON1=0x0000;
INTCON2=0x0000;
ADPCFG=0x0FFF;

TRIS_Input=IN;
TRIS_out1=0UT;
TRIS_out2=0UT;
TRIS out3=0UT,
TRIS out4=0UT,;
TRIS_out5=0UT;
TRIS_out6=0UT;

¥

voidpulse_gen()

{
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out4=0;
DelayUs(100);
outl=1;
DelayUs(200);
out1=0;
DelayMs(0);
DelayUs(2500);
out3=1;
DelayMs(0);//define delay time//
DelayUs(2420);
out2=1;
//DelayUs(2);
/lout6=1;
DelayUs(1);
/lout2=0;
DelayUs(19);
/lout5=1;
DelayUs(1);
/lout6=0;
DelayUs(19);
/lout6=1;
DelayUs(1);
/lout5=0;
//DelayUs(20);
/llout2=1;
//DelayUs(1);
//out6=0;
DelayMs(300);
/lout1=0;
out2=0;
out3=0;
DelayMs(1000);

186



out4=1;
by
#include "p30f2020.h"
#include "pulse.h™

#include "typedefs.h™

voidtoppic_init(void)
{ INTCON1=0x0000;
INTCON2=0x0000;
ADPCFG=0x0FFF;
TRIS_IN=IN;
TRIS outl=0UT;
TRIS_out2=0UT;
TRIS_out3=0UT;}
voidpulse_gene(void)
{
while(1){
if(Input==1){
outl=1;
for(i=0;i<100;i++){}
out2=1;
for(i=0;i<2;i++){}
out1=0;
for(i=0;i<98;i++){}
out3=1;
for(i=0;i<2;i++){}
out2=0;
for(i=0;i<98;i++){}
out2=1;
for(i=0;i<2;i++){}
out3=0;
for(i=0;i<50;i++){}

187



outl=1;
for(i=0;i<2;i++){}
out2=0;
for(i=0;i<150;i++){}
out1=0; }
else while (1)}}
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Appendix B

Arc characteristics

B.1 Formation of the vacuum arc during electrode separation

| | Electrode

Fixed Electrode
Movable Electrode

(@) (b)

Figure B.1 The formation of the vacuum arc during electrodes opening:

(a) internal model and (b) protrusions.

Although since its introduction in the 1950s, improvements have been made to
achieve reliable current interruption with minimum maintenance, the internal model
of the vacuum circuit breaker (VCB) remains unchanged and can be considered as
the simple model shown as Figure B.1 (a). There are two VCB electrodes: one fixed
and the other moveable, and both are surrounded by a vacuum. They start to separate
with current flowing, based on external conditions (the detailed external conditions
and trigger signal is discussed in Chapter 3). Figure B.1 (b) shows that despite each
electrode being carefully manufactured and highly polished before mounting into
vacuum interrupter, microscopically the faces are rough, with protrusions on the

electrode surface.

Paul G. Slade [1] stated that an arc will always form provided basic conditions are
satisfied, namely the current and voltage are both greater than minimum values. The
properties of the electrode material dominate arc formation and it always starts to
burn in metal vapour from the actual electrodes. The inter-electrode resistance

increases as the electrodes separate, which also causes an increase in the voltage
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across the electrodes. Thus, the temperature of the contact spot T,,, will also

increases according to:

T2, =T+ U2 x10’K (B.1)
where T,,, represents the temperature of the electrode, T, is the original temperature

of the electrode, and U, is the voltage across the electrodes.

The temperature on the surface of the electrodes increases as the electrodes continue
to part, especially at the protrusions. This is because the protrusions are subject to
large electrical fields as the conduction area decreases, causing electrical field
enhancement. Consequently, one of these protrusions melts, drawing a molten metal
bridge between the electrodes, even across a vacuum (the number of protrusions
drawing the molten metal bridge depends on the interruption current level) [2, 3] as
illustrated in Figure B.2 (a). The inter-electrode region is stable when the molten

metal bridge is initially created.

Fixed Electrode Fixed Electrode
Molten metal bridge g Bridge column arc
Movable Electrode Movable Electrode

(@) (b)
Figure B.2 Formation of the vacuum arc: (a) molten metal bridge; (b) bridge column arc.

However, as the electrodes continue to separate, maybe for a few hundred
nanoseconds to a few microseconds, the molten metal bridge lengthens and finally
ruptures due to physical reasons including surface tension effects, boiling of the
highest temperature region, convective flows of the molten metal, and evaporation of
the metal bridge’s hot surface [4]. When the bridge ruptures, the area from the
protrusion releases metal vapour, delivering metal particles into the electrode gap.
Thus, a confined region of metal vapour exists in the gap between the electrodes, and

this high vapour dense, high temperature and high pressure region is termed the
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bridge column arc, as shown in Figure B.2 (b). This bridge column arc continues for
up to a few hundred ps, depending on the interruption current level for a given pair
of electrodes. At high densities/pressures, the ionisation state of the plasma increases
sharply, since the coulomb interaction of the outer bound electrons of the neutral and
ionised metal vapour with the surrounding charged particles gives rise to substantial
energy level shifts and lowering of the electron binding energy [5]. The electrons that
maintain current flow are not only released from the cathode, but also are produced
by ion impact above the cathode (near the protrusions). Consequently, as the metal
vapour region enlarges due to electrodes continued separation, a normal arc is

formed, meaning current can flow between the electrodes.

Current 1000A Molten Bridge Diffuse
Acceleration 1.5-1000m/s Meggég%“dge C%Irucmn vacuum arc

oo

Ue electrode
voltage

Ue meltin
voltage .

Voltage across the contacts

Time . Time to Time to Development
To melt_| _instability rupture Of the arc

(a) (b)

Time &—

Figure B.3 Voltage drop across an opening electrodes showing [1]: (a) formation and rupture of the molten
metal bridge; and (b) rupture of the molten metal bridge and the vacuum arc formation.

Figure B.3 (a) shows the voltage drop across an opening electrodes during the molten
metal bridge transition from start to rupture. It is initially small, and slowly increases
during the stable period of the molten metal bridge. Then voltage instability across
the electrodes indicates rupture onset of the molten metal bridge. At bridge rupture,
there is rapid voltage rise across the electrodes as shown in Figure B.2 (b), which is
slightly higher than the expected minimum arcing voltage [6] and lasts for a tens of
nanoseconds to microseconds depending on conduction current level and electrode

material. Then the voltage decreases to the metal’s minimum arcing voltage.
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Figure B.4 (a) Interruption current and arc voltage; (b) arc appearance (interruption current 25kA) [2].

Niwa and Funahashi [2] observed experimentally arc behaviour of electrodes
opening in a vacuum. Figure B.4 shows the arc behaviour of CuCr electrodes
carrying 25kA. The molten metal bridge was observed immediately after electrode
separation. Figure B.4 (a) shows that the electrodes are opened as current is
increasing towards 10kA. At this moment, the voltage across the electrodes remains
low for a few hundred ps and then sharply increases to approximately 18V as high-
pressure, non-ideal plasma is formed. The voltage then reduces to 17V after a few
hundred ns. Thus, the bridge column arc with a pressure of approximately one
atmosphere is established to sustain current flow. It is concentrated and maintained
around the ignited point (protrusions) for approximately 2ms before the transition to

a diffuse arc under the axial magnetic field (AMF) applied.

Slade [6] stated that no matter the interruption in any media, such as air, SF6, oil, and
vacuum, the bridge column is always the first stage of arcing between all opening
electrodes, and the transition time from the bridge column to a diffuse arc is
proportional to the interruption current, (e.g. 0.9ms for 6kA interruption current
reduces to 0.1ms for 1kA for given electrodes). It appears that as electrodes continue
to part, the volume of the column arc increases. Thus the bridge column arc is no
longer sustainable, due to the metal vapour pressure decrease. It finally becomes a
true ‘vacuum arc’. However, if the current through the ever-parting electrodes is high
enough, the high-pressure column arc will be maintained, independent of the gap

distance.
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B.2 Diffuse vacuum arc

Anode

El[Field Cathode
spot

Cathode

@) (b)

Figure B.5 Diffuse vacuum arc: (a) multiple cathode-spot arcs; and (b) a multiple cathode-spot arc
(interruption current 8kA) [7].

If the interruption current is low enough, for a given electrode diameter, the bridge
column arc will quickly transition to a diffuse arc. Figure B.5 describes the general
appearance of the diffuse vacuum arc. The protrusions, that release electrons,
positive-ions, and metal particles which permit circuit current flow, become a
number of bright regions named cathode spots. They are in random motion over the
cathode surface, and repel each other and even try to move down the edge of the
electrode. The voltage across the electrodes reaches a stable small value due to the
diffuse neutral plasma. The anode electrode plays a passive role, collecting electrons

over its entire surface.

B.2.1 Cathode spots

The magnitude of the current flowing through opening electrodes determines the
number of cathode spots, where experimental results shown in [8] illustrate that each
copper spot can sustain the order of 100A. This means for a half-cycle of AC current,
the number of spots increases as current reaches its peak and then decreases as the
current approaches zero, when only one spot is left. It has been established that there
iIs @ mean diameter from 20um to 100um for each cathode spot after the arc is
extinguished. The diameter provides a current density of the order of 1010 —
10'*A/m? for a cathode spot sustaining 100A. These cathode spots have a finite

lifetime; as one spot extinguishes, a new one is created by the splitting of an existing
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spot or is formed directly on the cathode surface. Each cathode spot has a few
sub-components or cells, in which the current density can reach high 1-10x10"A/mZ.
The speed of these sub-components is up to 60m/s over a short distance [9]. However,
an individual cathode spot moves randomly over the electrode surface with a speed
of about 1ms™ [10]. Due to the speed difference between individual cathode spots
and the subcomponent, the movement and reformation of cathode spots occurs,
causing the release of more metal particles from the cathode electrode.

In a vacuum interrupter, as in Figure B.1 (a), the anode and cathode electrodes have
the same dimensions, that is, have same shape and diameter. For such contact pairs,
the cathode spots have been observed to move around the cathode surface, reach the
edge, then extinguish. Then new cathode surface spots are created on the surface to
maintain the current flow. However, current chopping could occur when there is a
discontinuity in cathode spot reformation. To prevent most spots from moving to the
cathode contact edge, the anode electrode has a smaller diameter than the cathode.
experimental it has been established [11] that cathode spots repel each other, but
continued to move along around a circle when they reach to edge, if the cathode
electrode has a diameter appreciably larger than that of the anode. There is no reason
to explain why the cathode spots move with a retrograde motion. However, Daalder
[12] describes a picture of the contact surface after arcing that it is full of tracks,
which contain overlapping craters over the whole cathode surface. Contacts surface

erosion is typically uniform due to the retrograde motion of multiple cathode spots.

As mentioned in Section 2.2, there are two methods for pulling electrons out of a
metal, one is thermionic emission, and the other is field emission, and both only
occur when electrons gain enough energy to exceed the work function. Until 1961,
Lee and Greenwood [13] proposed the active emission mechanism in a cathode spot
of a vacuum arc by combining both methods, called T-F emission (T represents
(thermal) temperature, F represents field). As a consequence, the behaviour of the
cathode spot can be predicted by considering T-F emission and the physical property,
thermal conductivity, evaporation constants, work function, etc. A good cathode spot
model is not only consistent with all of what is observed, but also predicts what will

happen if a parameter is changed.
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Figure B.6 illustrates the cathode spot model. The cathode electrode is located on the
left, opposite the anode, and plasma passes through the electrodes. The cross-hatched
area represents the ionisation zone. The acceleration zone is located between metal
surface and the ionisation zone where in practice, the two adjacent zones overlap.
The area directly below the cathode spot is molten. Its temperature reaches a high
value, determined by the metal material. As indicated previously, the crater after
arcing has diameter of approximately 20um. The distance from metal surface to the
centre of the ionisation zone is represented by /uep, Which represents the mean free
path (MFP), which is very short due to local high pressure (many atmospheres). Thus,
the ionisation zone is a very thin disk [14]. Consequently the electrons and vapour
released from the incandescent surface will energetically interact to ionise the neutral
materials in the ionisation zone. The ionisation zone has high local pressure as it is
dense with particles, the concentration of which dominates the pressure. Figure B.7
illustrates the fluxes of the different species. Cathode spots with high temperature act
as emission sites, injecting electrons, positive-ions and neutral vapour across the
acceleration region to the ionisation region, where they mix together by interaction to
sustain current flow. In the ionisation zone, it is generally assumed that all neutral
metal atoms are completely ionised. Since the mass of electrons is significantly less
than that of ions, the electron is considered as having higher mobility than an ion.
This causes most of ions to remain in the ionisation region, which introduces a

positive space charge.
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Figure B.7 Particle fluxes in cathode region of vacuum arc [15].

The positive space charge accelerates electrons escaping from the cathode, while the

high-temperature in the cathode spots is maintained due to the bombardment of
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positive metal ions accelerated by the positive space charge. Thus, the resulting high
field and high temperature surface introduces T-F emission, indicated earlier, giving
rise to vigorous electron emission from the cathode surface. Then the resulting
plasma enters into an expanding zone with a cone shape from the ionisation region to
the anode providing a barely luminous, neutral plasma diffuse low-pressure region,
which is able to sustain current flow with a small voltage drop. Consequently, most
of the voltage drop is concentrated across the cathode spot, as shown in Figure B.6.

In Figure B.7, the cathode spot model is divided into three parts, namely the cathode
spot surface, the acceleration zone, and the ionisation zone. For conservation of
energy, the energy balance in the cathode spot model is complex. Harris [16] stated
that, at the cathode surface, energy flows owing to ion bombardment, electrons and
atoms emission and the thermal conduction are considered in balance. A continuous
check is used to monitor and calculate the emission of electrons, while the vapour
pressure characteristic is utilised to calculate evaporation of atoms from the surface.
In the acceleration zone, conservation is between charge and particle numbers and
balance between forces and energies. The development of electric fields causes
positive space charge, which approximately observes Poisson’s equation. In the
ionisation zone, charge and mass are conserved, and forces and energy are balanced.
This region is electrically neutral, while its features are the net creation of charged
particles and high temperature plasma due to ionisation.

If the quantity of electrons through the acceleration zone is assumed s, the ion
current therefore is (1 — s,)I. In the ionisation zone, the anode ion current has the
same magnitude but opposite direction. To maintain current continuity, the electron

current in the expanding region must be (2 — s,)I. The current density is:

J=nXexXv (B.2)

where n and v represent the concentration and velocity of the electrons or ions.

If assuming that ions are singly ionised and the plasma is essentially neutral n_ = n,,

then:
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B.2.2 Plasma between cathode spot and anode electrode

As described, once the vacuum arc is established, it is stable with the luminous
plasma penetrating the inter-electrode region to sustain current flow. The cathode
electrode acts as the source of electrons, positive-ions, neutral-vapour and micro-
particles, meanwhile the adjacent anode electrode acts as a passive collector of
electrons. Davis and Miller [17] stated that the voltage drop across the plasma, after
the cathode spot, to anode electrode, could be ignored if the contact spacing is 1-
2mm. This means the arc voltage is concentrated across the cathode spot, as shown
in Figure B.6. In a diffuse vacuum arc, the voltage drop across vacuum electrodes
can reach approximately 20 to 45V when the current passing through the electrodes

is up to 3,150A for a contact spacing of 8-20mm.

Table B.1 Cathode spot erosion rates and arc voltage for metals used in vacuum interrupter [1].

Material | Erosion rate (ugC~1) | Arc voltage (V)
Ag 140,150 12.5
Cu 115,130 15.5
Cr 22-27,40 15.5
W 55,62,64 23.2

Since the cathode spots provide all the material in the vacuum arc to satisfy the needs
of the external circuit, the cathode surface is eroded. Table B.1 tabulates the arc
erosion (grams per coulomb) for some pure metals which are commonly utilised as
vacuum interrupter contacts. Experiment results [18, 19] established that there are up
to 80% metal particles in the bulk of erosion, which probably result from reformation
of the cathode spots and their movement around the cathode surface. These metal
particles have diameters that range from less than 1um to a few tens of um. Such

particles within the inter-electrodes not only have a velocity ranging from 10 to
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800m/s but also have a temperature greater than the melting point but less than the
boiling point of the cathode material. The residual substance in the bulk of the
erosion is metal vapour, which is ionised when it enters the ionisation zone. It is
possible to evaporate the particles as they penetrate into the high-pressure plasma
region immediately above the cathode spot. It has been shown that the evaporation
rate of these particles having a high molten temperature, such as W, is faster than

those with a low molten temperature, Cu [20].

Kimblin [21] has analysed the diffuse arc by performing experiments on the ion
current flowing to the shield when biasing the shield potential. When interrupting a
275A arc current with an electrode distance of 35mm, the experimental results
revealed the performance difference between 25mm and 50mm diameter electrodes.
The final value of ion current is the same in both cases, but the rate of current rise for
the 25mm electrodes is faster, i.e. the ion current initially increases linearly as the
electrodes separate, then reaches a saturated value at spacing of approximately 15mm
for the 25mm diameter electrodes and 30mm for the 50mm electrodes. A similar
measurement of ion current with same electrode spacing revealed that the saturated
ion current values increase from 8% of the total arc current at 100A to 20% at 3000A.
There is ion current flow in the vacuum arc, and its maximum value depends on a
given current, but it is independent of the shield wall diameter and the electrode

diameter.

The previous sections illustrated that the diffuse arc is an expanding diameter cone
shape plasma from the cathode spot, as electrode gap increases. When the cathode
spots random motion reaches the edge, some plasma escapes from the gap and
reaches the shield, such as Figure B.8 (a). The dashed line represents sequential
plasma positions during separation. An increase in g (gap distance) results in more
plasma escaping from within the inter-electrode and collected by the shield. This is

why the ion current increases as electrodes separate.
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Figure B.8 Separating contacts with plasma plume and arc voltage.

The plasma fraction passing to the shield and what is collected by the anode are
determined by the solid angle subtended at the anode, which is determined by the

ratio g/R_ The smaller the electrodes the smaller the solid angle for a given gap. The

fraction of current (1 —s), in equation (B.3), determines the ion current in the
plasma, which saturates once it arrives at the shield, due to the negative bias. As
Mitchell [22] found, in high currents and/or small anode diameter electrodes, vapour
‘starvation’ occurs when the plasma expands away from the cathode spot leading to a
reduction in ions and electrons. Thus, to maintain the current flow, an anode
potential fall occurs to attract sufficient electrons, such as shown in Figure B.8 (b).
The energy of the electrons will be extremely high since they are firstly powered in
the ionisation zone and then are accelerated through the anode field. Thus, the anode
surface temperature increases with the arrival of these electrons. With this anode
temperature rise, there will be an ever-increasing metal vapour above the anode;
where the metal vapour is non-ionised until it reaches a threshold pressure. Thus, a
visible plasma plume is observed. This description is the formation of an anode spot,
which unlike cathode spots, does not move around the electrode surface. This gives
rise to increased anode erosion, as well as the cathode surface. The occurrence of
anode spot indicates the plasma transition from the diffuse to the constricted mode,
where the arc voltage is reduced. The anode spot plays the same role as cathode spot
in releasing metal vapour to sustain current flow. It also causes current concentration

in the region where anode vapour ionisation develops, thus the arc voltage drops. The
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arc voltage normally increases as the conducting current is increases before the
anode spot formation. In summary, as an anode spot occurs, it not only results in
erosion of both electrode surfaces during arcing, but also leaves a mass of metal
vapour within the inter-electrodes after arcing. This vapour reduces the recovery
strength of the post-arc. However Rich [23] established that the arc can remain in the
diffuse mode, even for currents up to 72kA, provided the electrode diameter is

appropriately large.

Anode Anode

Cathode Cathode
Low current, diffuse, vacuum Plasma plumes Somewhat higher current, diffuse,
arc; little overlapping of the overlap vacuum arc; considerable
plasma plumes above the overlapping of the plasma plumes
cathode spots above the cathode spots
(a (b)

Figure B.9 The effect of the overlapping plasma plumes from the cathode spot as the current.

At higher current densities, there will be an increasing number of cathode spots
appearing and spreading over the cathode surface, as shown in Figure B.9. As
mentioned, a diffuse arc has a cone shape expanding from the cathode electrode to
the anode. Cone can overlap before reaching the anode electrode if each spot has a
high current density. If overlapping is just above the cathode spots as current density
increases the local ionisation distribution of ions and electrons changes due to
increased collisions. This change is dominated by the level of the arc current and the
electrode diameters. Experimental results from Rusteberg [24] considered the
transition from collision-less to collision plasma with an increase in arc current. Once
the collision occurs, the plasma appears to be a well-defined column due to effect of
the azimuthal magnetic field By, which results from the circuit current passing

through the electrodes, as shown in Figure B.9. Thus, a current density increase
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causes an increase in the plasma resistivity, and also results in a vacuum arc voltage

increase, as shown in Figure B.9 (b) [25].

B.2.3 Arc voltage

Unlike the gaseous arcs, the voltage of a vacuum arc presents an extremely low value,
which generally is in the order of a few tens of volts. According to reference [17],
with calcium electrodes interrupting 200A, the arc voltage is approximately 13V, and
for refractory materials, molybdenum it is 26V. Other arc sustaining voltages for
elements are shown in Table 2.1. The reason seems to be that when the arc is in the
diffuse mode it is independent of arc length. As mentioned previously, the arc
voltage is concentrated across the cathode spot, and between the cathode spot and the
anode electrode it could be ignored if the contact spacing is 1-2mm.

As the current is increased, the vacuum arc voltage presents a positive resistance
characteristic that slowly increases due to overlapping plasma plumes. This is
contrary to the gaseous arc in which the arc voltage decreases as current increases.
As the current increases further, a point is reached when anode spots are formed.
When this occurs, the arc voltage drops.

B.2.4 Current chop

Initially there is a molten metal bridge which is formed at the last protrusion of
contact. As the electrodes continued to part, a bridge column arc forms with high-
pressure and high-temperature, its duration depending on the circuit current and
contact dimensions after metal bridge rupture. Since the pressure around the bridge
column reduces, the components from the ejected point of the bridge column no
longer compensate the loss of metal vapour from the expanding column. The vacuum
arc transitions into the diffuse mode. The characteristic of the plasma between the
electrodes changes as the number of cathode spots increases, where the number of

cathode spots is proportional to the current passing through the contacts.

In most AC current interruption situations, the current rarely reduces to zero

smoothly. A few amperes before current reaches zero, the arc becomes unstable and
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drops to zero abruptly and prematurely, producing an extremely high di/dt. This
event is termed the current chop and the phenomenon is termed current chopping.

Current chopping is observed in any arc medium [26], such as air and oil. It appears
that the current passing through the contact drops to zero in a short time due to a lack
of conducting components, such as electrons and ions. In a vacuum, the number of
cathode spots decreases as current reduces, where when a cathode spot disappears the
corresponding energy transmission is broken and the temperature around cathode
spot quickly drops to that of the surrounding contact metal, due to the short thermal
time constant (in the order of microseconds). Therefore, the extinguished cathode
spot no longer takes part in the vacuum arc process. As current reduces further to a
certain level which depends on the electrodes material, only one cathode spot
remains. To keep the cathode spot stable, the area below it must have a high
temperature to delivering enough electrons and metal vapour to produce positive ions
in the ionisation zone. Then the ionisation zone will send ions back to bombardment
the cathode surface to maintain the high temperature. Thus, the unstable diffuse arc
arises from the occurrence of ion starvation [27]. The decrease of electrons and metal
evaporation results in the decrease of ions, provided the current passing through the

electrodes decreases below a certain value.

The current chopping di/dt creates over-voltage, v=Ldi/dt, across the contacts that
could damage these breakers. Figure B.10 illustrates the experimental results for

current chopping and the vacuum arc voltage, as the current decreases to near zero.
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Figure B.10 Experimental voltage and current traces showing current chopping and overshoot voltage for
copper contacts, 50A peak current.
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When current chopping occurs, the vacuum arc voltage overshoot quickly reaches
160V beyond the normal arc voltage of 12V. The overshoot voltage is independent
of the DC supply. The amount of magnetic energy in the circuit dominates the
overshoot voltage. Consider a transformer circuit. Since the characteristic of an
inductor is to maintain continuous current flow, the energy stored in the leakage and
magnetising inductance of a transformer must be transferred to the transformer stray
capacitance, thus the overshooting voltage is:

1 1
=X CXV2=2-XLyXI§ (B.4)
2 2
or
L
V=1 x Tm (B.5)

For example, consider a 1000kVA, 27.6kV transformer where the magnetising is
current 2A. Thus, at 50Hz

V27600
wXIn 3x314%x2
The type of winding and insulation of the transformer dominates the effective

Ly (B.6)

capacitance. Assume 6nF, then

Z= () = (-2)" ~ 6a5k0) ®7)

c 6x10~°

For a 1A chopping current, the over-voltage is 64.5kV.

The chopping current average value decreases as the vapour pressure of the metal
increases [1], (see Table B.2). Reference [4] indicated that current chopping not only
occurs with low current but also appears at high power ratings when the vacuum arc
is still diffused. Normally, refractory metals are used as vacuum interrupter electrode
material for high power ratings. However, experiment results [28] illustrate
refractory metals have more unstable arcs than other metals and tend to chop due to
their low vapour pressure. This is normally resolved by combining a refractory metal
with a higher vapour pressure metal. A cathode spot is not a fixed, unmovable
structure, with a variable lifetime depending on electrode material. A new spot

204



appears to replace an old one on the rim of any crater left by previous spots. Thus,
ions starvation in the diffuse arc is not the only reason to produce the chopping
phenomenon. Another reason is unsuccessful continuation of repetitive cathode spot
formation. In general, there are two solutions to keep the diffuse arc stable from
current chopping. First, the electrode surface has a high density of field-enhancing
protrusions. Second, an axial magnetic field (AMF) is utilised in the vacuum
interrupter [29].

Table B.2 Chopping current for some pure metals [1]

Metal | Average chop current (A) | Maximum chop current (A)
Ag 35 6.5
Cu 15 25
Cr 7 16
Ni 7.5 14
wW 16 350

B.3 Columnar and transition vacuum arc

The bridge column arc occurs with one atmosphere pressure after molten metal
bridge rupture, in air, oil or a vacuum. Normally, as electrodes part, the bridge
column arc transitions into a diffuse arc. However, if the current through the
electrodes is high enough, there can be enough power to keep the arc root region
excited thereby compensating for the loss produced by the slow expansion of the
bridge column arc. There is still high pressure in the inter-electrode plasma, which
will result in direct transition into a high-pressure columnar arc, called a constricted
arc, as shown in Figure B.11.
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Figure B.11 The constricted column vacuum arc.

Normally a constricted column arc is accompanied by an anode spot, which tends to
focus on an anode electrode region, not moving around either electrode surface. This
results in considerable erosion of the contact. The arc voltage becomes less as the
current passing through the contacts concentrates in the region where ionisation of
the anode vapour develops. Mitchell [30] pointed out that the erosion is only
observed in the cathode surface if the current through the arc is below 10KA.
However, as current increases, the constricted column arc forms. The erosion rate
becomes greater than before and appears with a similar rate on both electrode
surfaces. As a consequence, some means should be utilised to keep the arc in a

diffuse mode.

Heberlein and Gorman [31] described the constricted arc’s development as vacuum
contact separates with current flowing. The arcs described are illustrated in Figure
B.12.

Constricted arc
Diffuse column arc o Constricted arc

A v

Diffuse arc
Molten metal bridge

_
Time, or gap distance

Current (A)

Bridge column arcf—

Diffuse arc

>

]

Figure B.12 Appearance of the high-current columnar vacuum arc; note gap distance is time dependent.
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1. The molten metal bridge: as described in Section B.1. For interruption in any
medium, it is the first stage of the arc and occurs between the electrodes as
the contacts separate. During this stage, the voltage across the contact is small,
lasting for a short period.

2. The bridge column arc: arises with high-pressure as the molten metal bridge
breaks. In a few tens of nanoseconds, after the molten metal bridge rupture,
the voltage across the contacts increases to the voltage greater than the
expected arcing voltage. The voltage falls back to the metal’s minimum arc
voltage for a duration dependant on the electrode material and circuit current.
For a low current level (depending on the circuit current being to proportional
electrode diameter), the bridge column arc gradually reduces in diameter until
a diffuse arc occurs. For a high current level (where the power into the
contact surfaces at the arc roots accommodates the slow expansion of the
bridge column arc and material being lost to the surrounding vacuum is
compensated), the bridge column arc can directly transfer into a high-pressure
columnar arc, such as diffuse columnar arc or a constricted arc, without a
diffuse arc stage.

3. The diffuse arc: as introduced in Section B.2. It occurs with bright cathode
spots that maintain constant motion over the cathode electrode with variable
lifetime and appear to repel each other resulting in some surface erosion.
With copper electrodes, each spot can sustain approximately 100A. Since the
plasma from the cathode spot to the anode is neutral, the voltage across the
interrupter is focused on the cathode spot. As the current increases further, it
will reach the diffuse column arc stage associated with an ever-increasing
number of cathode spots.

4. The diffuse column arc: as in Figure B.9 (b). When it occurs, the arc is still in
diffuse mode. But the inter-electrode plasma was overlapping regions, where
this plasma characteristic is different from previous single plasma. It becomes
more ionised with a glowing appearance due to an increase in ion collisions
and an increase in resistivity. Thus, as the conducting current increase, the
vacuum arc voltage increases until an anode spot forms, which results in a

constricted arc.
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5. The constricted arc: as the current increases further, the diffuse column arc
suddenly focuses to a small area on both electrodes, with less movement than
in the diffuse mode - thus it is referred to as constricted mode. The metal ions
from the anode to the cathode are deflected inwards owing to the pinch effect.
Since all cathode spots are grouped together, the plasma through the arc
becomes most bright. However, at this time, the arc voltage becomes less
than in the diffuse mode. Erosion occurs in both electrodes, at a higher rate

than before.

In summary, based on the conducting current level and the diameter of the electrode,
there are three plasma arc states, including diffuse arc, diffuse column arc, and the
constricted arc after bridge column arc rupture. The constricted arc becomes weak as
the current falls. When the current reduces to a certain level, the anode spots

disappear as cathode spots appear.

B.4 The diffuse arc in a magnetic field

There are two magnetic fields that effect vacuum arcs, namely transverse and axial

magnetic fields, as shown in Figure B.13.
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Figure B.13 Configurations for producing transverse magnetic fields and axial magnetic fields.
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B.4.1 Interaction of the diffuse arc and a transverse magnetic field

The transverse magnetic field (TMF), as its name implies, is when the magnetic field

is applied across the contacts perpendicular to the principal plasma direction.

When a TFM is applied on a diffuse arc, the cathode spots are still in retrograde
motion, repelling each other while moving over the cathode surface. The force
produced by the background pressure for retrograde motion is greater than the
ampere force [32]. Meanwhile the expanding plasma above the cathode spot through
the electrodes is barely luminous as the neutral plasma sustains current to flow from
the anode to the cathode, where the ions in the neutral plasma experience an ampere
force produced by the TFM. Thus, Emtage and Kimblin [33] illustrated that most of
the current is restricted to a thin shell on the retrograde side of the plasma as shown
in Figure B.14. A gap between the neutral plasma and the anode electrode is formed
as the ions within the boundary move in a direction parallel to the anode surface. To
keep the circuit current flow from the anode, the electrons will expend more power to
pass through the gap. Thus, the voltage across the contact gap will increase to a
voltage of several kV, possibly above the DC supply to attain zero current. The high
voltage VCB built by Gorman and Kimblin [34] interrupted currents up to 15kA for
circuit voltages up to 80kV.

Anode

Plasma R
boundarN — —

B @ — - - -
Plasma — — — —
<] region — — — —

— — — — —

Cathode spot

Figure B.14 A sketch of the calculated plasma structure [2.39].

Normally, once arc current increases beyond the point where the arc transitions from

diffused to constricted, the constricted arc is almost motionless, damaging both
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electrodes due to a high erosion rate. References [35-37] illustrate that the erosion
rate is decreased if a TMF is applied, because the constricted arc is influenced by the
normal orientated ampere force that maintains movement around the inter-electrodes.
The arc does not move immediately in the TMF, when it transitions into a constricted
arc [38, 39]. It dwells at the location where the arc originally appeared. Once the arc
starts to move, an opposing force produced by the arc roots at both electrodes will be
applied on the constricted arc. Thus, the arc roots cannot move momentarily and its
speed is limited. In a vacuum, the formation of drag forces arises from momentum
lost by neutral atoms flying away from the arc column as it moves, while there is
reluctance of the arc roots to move to new locations. As a consequence, it is difficult
for arc to reach its maximum velocity, except when the drag force and the TMF

driving force balance.

B.4.2 Interaction of the diffuse arc and an axial magnetic field

An axial magnetic field (AMF) is generated such that it passes through the electrodes
from the cathode to the anode, i.e. in a direction that is opposite to that of the arc

current which flows from anode to cathode.

The application of an AMF [40] is shown in Figure B.15. The overlapping plasmas
above each cathode spot introduce an increase in the plasma density, an increase in
probability of collision, and an increase in the plasma’s resistivity. Consequently the
arc voltage increases as current through inter-electrode increases until a constricted
arc forms. However, as soon as the AMF is applied, the electrons ejected from the
cathode spot into the inter-contact gap move around a helix along the magnetic flux
lines due to interaction of the AMF and the electron characteristics involving their
charge, velocity and mass. The electrons diameter of encirclement enlarges as the
electrons move toward the anode. Once the electrons are localised, there is a high
electric field that forces the ions escaping from the cathode spot to stay with the
electrons. The ion current travelling to a surrounding shield of the interrupter reduces
by 60% as the AMF increases to 80mT [41].
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Figure B.15 Diagrams showing the effect of an increasing AMF in reducing the overlap region of the
plasma plumes above the cathode spots.

As the AMF increases, the electrons move to the anode in a more direct path. Thus,
the plasma plume overlapping reduces near the anode electrode, creating less
movement. The arc voltage gradually decreases as the AMF increases. Rondeel and
Anders [42, 43] found a slight increase in erosion rate of the cathode surface when
the AMF is employed. The cathode spots become less mobile owing to the increasing
AMF. As the AMF continues to increase, the plasma plumes become more columnar
and finally separate as more electrons move helically along the magnetic flux lines.
Each independent plume causes an increase in plasma density and energy loss due to
collisions between the ever-increasing confinements of the plasma components. Thus,
the arc voltage increases as the AMF increases. As the AMF increases further,
erosion is observed at both electrodes due to the confined arc roots. Klimblin and
Voshall [44], established that, with an AMF increasing from zero to a high value, the
arc voltage first decreases to a minimum and then increases. In summary,
enlargement of the electrode surface is not the only method that can be used to
maintain the arc in a diffuse mode: application of an AMF can introduce the same

results where current levels are higher.
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