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ABSTRACT

Novel optical fibre sensors have been developed and employed on a
commercial 145kV / 40kA (rms) sulphur hexafluoride puffer circuit breaker, to
investigate its behaviour during interruption of short-circuit fault currents. The
sensors were used to monitor a wide range of parameters within the circuit breaker:
contact travel; gas pressure; gas dielectric strength; optical radiation emitted from the
circuit breaker; and the production of arc-induced degradation particles in the
interrupter enclosure. A significant database of results has been compiled, to
characterise the circuit breaker during fault current interruption, which have been
further employed in the validation of a mathematical model of the breaker. In
addition to this, the suitability of the sensors for inclusion in a circuit breaker

condition monitoring system, for which this work is a precursor, has been assessed.
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CHAPTER 1 - INTRODUCTION

During this century significant, continual improvements have been made in
circuit breaker technology. The discovery of sulphur hexafluoride gas (SF¢) as being
an excellent arc quenching medium in the 1950s transformed the development of
circuit breakers, particularly at transmission voltage levels, where oil and airblast
breakers were traditionally employed. Two-pressure SF, gas-blast breakers were
developed during the 1960s, but this type has been superseded by single-pressure
“puffer” circuit breakers, which offer several advantages. One of the main
disadvantages of puffer circuit breakers, however, is the requirement for a powerful
(and hence expensive) driving mechanism. Therefore, substantial research has been
performed in the last two decades into methods of reducing the mechanism
requirement (autoexpansion hybrid puffers), or even eliminating the pressurising
mechanism (rotary arc electromagnetic breakers). Commercial rotary arc breakers
are currently limited in their switching capacity to distribution service. Therefore, it
1s likely that puffer circuit breakers, and their autoexpansion hybrids, will continue to
be extensively used at transmission levels for the foreseeable future.

Circuit breaker advancements have been made possible by improvements in
diagnostic equipment. Early diagnostics consisted of simple measurements of
current through and voltage across a circuit breaker terminals, to indicate a successful
interruption, and have evolved to the present level where a wide range of electrical,
aerodynamic, radiative, mechanical and chemical parameters can be monitored on a
circuit breaker to investigate performance characteristics. Traditional diagnostics
were often difficult to employ on circuit breakers in service due to their size and,
since many were electrical devices, there existed problems of shielding transducer
signals from electromagnetic interference during switching and also of potentially

compromising the insulation requirements of the circuit breaker to ground. However,

the advent of optical fibre sensing has made it possible to produce small, non-
invasive diagnostics with inherent insulation and freedom from electromagnetic
interference (via optical fibres), which are, therefore, suitable for on-site circuit

breaker monitoring.



As a consequence of the widespread popularity of SF¢ puffer circuit breakers
at transmission voltage levels, significant commercially-driven research is being
undertaken to attempt to mathematically model the current interruption process
(often incorporating experimental results), in order to provide an effective design tool
for manufacturers. Further research is being conducted into circuit breaker condition
monitoring, which employs sensors to monitor the internal “health” of breakers in
service, with the aim that potential malfunctions can be predicted and unnecessary

periodic maintenance can be avoided. This leads to the objectives of the work

reported 1n this thesis, which were:

e To design and develop optical sensors, which can withstand the harsh
environment within a transmission puffer circuit breaker.

e To test the optical sensors on a full size commercial 145kV / 40kA (rms) puffer
circuit breaker, which was modified for research purposes (although these
modifications did not alter the internal layout of the device).

e To use the sensors, pending successful trials, to improve the understanding of the
processes occurring during short-circuit fault current interruption within the
circuit breaker.

e To use the results obtained from the sensors to validate a mathematical model for
the test circuit breaker, which was developed by colleagues as a parallel project to
this experimental work.

e To identify the suitability of the sensors for inclusion into a circuit breaker

condition monitoring system, which is a subsequent project to this work.

This thesis, which describes the achievements in realising the above
objectives, 1s divided into three main parts. Part I sets the background to the project.
This begins with a review of circuit breaker evolution and the development of circuit
breaker diagnostics, highlighting the work of previous authors (chapter 2). The
advantages of optical fibre sensing are introduced, revealing why their use is often

preferable to traditional methods for circuit breaker diagnostics. The final part of this

chapter discusses the two major applications of circuit breaker diagnostics,



mathematical modelling and condition monitoring, to which the work described later
can be applied.

Chapter 3 considers the relevant aspects of circuit breaking, beginning with
the principles of current interruption. A brief discussion of the theory of high
pressure arcs 1s included to illustrate the difficulties involved in arc modelling,
showing why many models require empirical input. The chapter concludes with a
review of radiation emission from circuit breaker arcs, so that these results can be
compared with other authors to explain the features of radiation measurements taken
during this project.

In part Il development of the optical sensors is addressed. This begins with
chapter 4, which discusses the principles of optical fibre sensing and the modulation
techniques that have traditionally been employed. A recently developed method of
light modulation, chromatic modulation, is introduced. This method offers several
advantages and was, therefore, used for the optical sensors developed in the project.

Chapter S describes the development of an optical fibre linear travel recorder
(OFLTR), for measuring the opening stroke of the moving contact and piston
assembly of the test interrupter. Traditionally, these devices were electrical
potentiometers, which, because of their size, required a relatively remote location
from the interrupter unit. This caused errors on the travel record produced for the
interrupter. The optical fibre device, described in chapter 5, was sufficiently
compact to install within the interrupter unit itself, to provide an accurate record of
the interrupter motion. The results from this device provide an important base for the
mathematical circuit breaker model, and the device itself is regarded as an important
member of the future condition monitoring system.

An optical fibre particle concentration monitor (OFPCM) is described in
chapter 6. This device was used to monitor the concentration of arc-induced
degradation particles in suspension in the SF, gas, after current interruption, since
these particles contain metallic elements, which may compromise the dielectric
strength of the gas. The OFPCM was used to indicate the time taken for the particles
to settle out of the gas (a time scale of many minutes), and thus for dielectric

recovery to be complete.



A hybrid sensor is introduced in chapter 7. The definition of hybrid, used
here, 1s to make an electrical measurement, but to use appropriate electro-optic and
opto-electronic conversions, such that the signal links between the circuit breaker and
control room instrumentation can be made entirely with optical fibres. This provides
the required insulation between the circuit breaker and control room and improves
the electromagnetic interference independence of the signals. The sensor discussed is
a gas dielectric strength probe, which monitored the breakdown voltage of the SF,
gas 1n a test-gap. The device may be used to indicate regions of dielectric weakness
immediately after arcing (up to ~100ms), which may cause late breakdown leading to
arc reignition, and it 1s shown that, provided certain assumptions are acknowledged,
estimates of gas temperature may be made from 1ts breakdown voltage.

A recent collaborative project between the University of Liverpool and Lucas
Control Systems Products has produced novel micromachined silicon optical fibre
pressure sensors. As part of this work, the suitability of the sensors for circuit
breaker application was assessed (chapter 8). This involved designing housings for
the sensors with appropriate optical fibre inputs. It was subsequently proved that this
type of sensor may be successfully used within the harsh environment of a
transmission puffer circuit breaker. The results are used later, in conjunction with the
travel record, to validate the mathematical model produced for the test circuit
breaker. This chapter concludes part II of the thesis.

Part III of the thesis presents and discusses the results obtained from the
range of optical sensors, whose development is described in part Il, during the main
series of experiments on the test circuit breaker. Firstly, chapter 9 describes the test
circuit breaker, with the modifications made for research use. This is followed by a
description of the power circuit used, in order to replicate short-circuit fault
conditions at the circuit breaker. The instrumentation used and their locations within

the circuit breaker are discussed, together with the appropriate signal processing
equipment. The chapter then concludes with a global test strategy, devised to gain
maximum benefit from the sensors employed.

Chapter 10 presents the results obtained from the main series of tests.

Firstly, coldflow results are shown, 1.e. in the absence of arcing, for the gas pressure

(near the top-plate and in the piston chamber of the circuit breaker) and interrupter



travel. A relationship i1s deduced between peak piston pressure and interrupter
velocity. For the arcing tests, results are presented for the following: current through
and voltage across the circuit breaker terminals; gas pressure near the top-plate and in
the piston chamber; optical radiation from the circuit breaker; particle concentrations
within the circuit breaker; and post-arc gas dielectric strength. The implications of
each of the results is discussed in turn.

The gas pressure and circuit breaker radiation results require further analysis,
which is provided in chapter 11. One of the most important sections of the analysis
1s the use of the piston chamber pressure results, with the travel record for the
interrupter, to compare with the results predicted by the mathematical model,
developed by colleagues, for the test circuit breaker. The radiation results are
compared with results obtained from previous authors (discussed in chapter 3), to
identify the dominant processes affecting the radiation emission from the circuit
breaker. Furthermore, the energy transfer mechanisms occurring during fault current
interruption are analysed with the aid of the electrical, gas pressure and particle
concentration results obtained.

The thesis 1s completed by chapter 12, which presents conclusions and
recommendations for further development of the sensors, including an assessment of

their usefulness within the condition monitoring system to be developed.



Part I - Background



CHAPTER 2 - REVIEW

2.1 EVOLUTION OF THE CIRCUIT BREAKER

2.1.1 Introduction

The required functions of a circuit breaker are (Lythall, 1972):

1. It must be capable of closing on to, and carrying, full load currents for long
periods of time.

2. Under préscribed conditions, it must open automatically to disconnect the load or

- some small overload.

3. It must successfully and rapidly interrupt the heavy currents which flow when a
short-circuit has to be cleared from the system.

4. With 1its contacts open, the gap must withstand the circuit voltage.

5. It must be capable of closing on to a circuit in which a fault exists and of
immediately re-opening to clear the fault from the system.

6. It must be capable of carrying current of short-circuit magnitude until, and for
such time as, the fault is cleared by another breaker (or fuse) nearer to the point of
fault.

7. It must be capable of successfully interrupting quite small currents, such as
transformer magnetising currents (inductive) or line and cable charging currents
(capacitive).

8. It must be capable of withstanding the effects of arcing at its contacts and the

electromagnetic forces and thermal conditions which arise due to the passage of

currents of short-circuit magnitude.

Of the various duties required of circuit breakers, the interruption of short
circuit fault currents 1s one of the most arduous. The increasing demand for
electricity since the turn of the century, combined with the rise in network

transmission voltages, has caused a substantial increase in short-circuit levels which



circuit breakers need to successfully interrupt (Shimmin, 1986). It has also been
necessary, for system stability, to reduce the total interruption time from 10-20 cycles
of 50Hz AC, associated with the early plain break oil circuit breakers, to the 2 cycles
or less that can be achieved with modern SF, breakers (Flurscheim, 1982). At
transmission voltage levels (=132kV) circuit breakers have traditionally consisted of
a number of interrupters (breaks) in series, in order that the circuit voltage could be
shared between them. The first 420kV breakers in the UK employed 12 series
airblast interrupters per phase (Al and Headley, 1984); the ensuing development has
meant that the same function can now be performed with a single break in SF,
(Suzuki et al, 1993 and Toda ef al, 1993). This reduction in the number of breaks
has occurred due to the advances in circuit breaker technology, which has been
driven by competing manufacturers seeking to produce more cost-effective and
reliable equipment.

This section reviews the development of circuit breakers from inception in the
late nineteenth century to the present date. Initially, the significant breakthroughs are
dealt with regarding o1l, air and SF breakers, with emphasis on the increase in short
circuit current interruption capability. Although the development is discussed with
reference to short circuit interruption, it is recognised that circuit breakers are
required to perform other duties, as described above, which can cause problems of a
different nature. Such circuit breaker duties are not directly relevant to the research
presented in this thesis and are, therefore, acknowledged rather than discussed. The
work described later was performed on a 145kV / 40kA transmission puffer circuit
breaker; hence, this review 1s biased towards the development of circuit breakers for

transmission rather than distribution service.

2.1.2 The early vears

The quick-break knife switch (Holmes, 1984) has been described as probably
the first circuit breaker. Flurscheim (1965) records that such switches were “without
any formal arc control other than that provided by the switch attendant who, armed

with an insulated hatchet, was invited to chop the arc in two”. The limitations of the



knife switch prompted an “unknown inventor” to take the surprising step of
immersing the device in flammable transformer oil. However, this proved to be an
effective move, resulting in the inception of the oil circuit breaker and the beginning

of circuit breaker development.

2.1.3 Oil circuit breakers

The first o1l circuit breaker was a plain break type i.e. there were no methods
employed for controlling the arc (Flurscheim, 1982). As the arc was extended
between two electrodes the energy released caused the dissociation of o1l molecules
to generate gas, principally hydrogen, which cooled and compressed the arc to
extinction.

A significant feature of this type of oil circuit breaker was the relatively large
post-arc leakage current. This characteristic contributed to the early success of the
oil circuit breaker, since the leakage resistance damped the restrike voltage, reducing
the severity of duty placed upon the breaker (Flurscheim, 1982). It also provided
resistance grading, which helped to eqi.lalise the distribution of the restrike voltage
across each break of a multi-break system. However, the leakage current was
unstable and could sometimes cause a full arc reignition. The need for a more
controlled system of interruption within the oil circuit breaker was recognised and

several designs followed.

2.1.3.1 Bulk o1l and small oil volume circuit breakers

The development of the o1l circuit breaker followed two schools of thought.

One method was the bulk o1l circuit breaker (BOCB). In the BOCB the oil-
containing tank 1s dead 1.e. it is at earth potential and the necessary clearances for the

system voltage must be obtained in o1l between the live contacting elements within

the tank and also between the contacts and the tank itself (Lythall, 1972).



The alternative design was the small oil volume circuit breaker (SOVCB).
As the name suggests the amount of oil in which the contacts are immersed is much
less than 1n the BOCB. In the SOVCB the tank is a tube of insulating material held
between metal end caps and, as these caps are the terminal points for the external
circuit, the tank 1s live at line potential. This assembly, designated the interrupter

head, has to be supported on one or more insulators to isolate it from the earth.

2.1.3.2 Developments in oil circuit breakers

One of the earliest designs for controlling the arc was the H-type SOVCB
(fig.2.1) designed by General Electric Company, USA (GE-USA) in the 1920s
(Coates and Pearce, 1938). This design, which was reproduced in Britain by the
British Thomson-Houston Co. Ltd. employed two metal explosion pots per phase, oil
filled, and with 1nsulating nozzles, through which the moving contacts were
withdrawn vertically upwards, the explosion pots being mounted on ceramic

insulators within an air insulated cubicle.
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Figure 2.1 - “H” type oil circuit breaker (British Thomson-Houston Co. Ltd.)




The de-10n circuit breaker, produced by Westinghouse Electric Corporation
(Slepian, 1929), used a novel technique to electromagnetically force the arc into a
narrow insulation slot within an assembly of fibre plates submerged in the BOCB
tank, thus “increasing the effectiveness of the means for preventing the escape of
gases generated 1n the vicinity of the arc without passing through the arc stream™
(Baker and Wilcox, 1930).

The axial flow o1l blast BOCB, developed at GE-USA (Prince and Skeats,
1931), 1s shown on fig.2.2. This design utilises an explosion chamber to produce an

axial “scavenging blast of o1l” surrounding the arc to achieve extinction.

EXPLOSION CHAMBER

Figure 2.2 - Axial flow o1l blast BOCB (Prince and Skeats, 1931)

At the British Electrical and Allied Industries Research Association (ERA)
the side-blast arc control device was developed (Whitney and Wedmore, 1930). The
operation of this device 1s shown on fig.2.3a. When the arc produces gas from the oil

the increased pressure forces the gas bubble across the arc, through side vents, thus

displacing and lengthening the arc to cause extinction. Fig.2.3b shows an engineered

crossblast interrupter. The side-blast arc control device was a major breakthrough for
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BOCB development in Britain. It was also later adopted by other European countries

for use within their favoured SOVCBs.
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Figure 2.3 - The side blast arc circuit breaker (Whitney and Wedmore, 1930)
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These designs of oil circuit breakers achieved their aim of providing more
control over the arc and eliminating the unstable post-arc leakage current.
Unfortunately, in eliminating the leakage current, the restrike voltage damping and
distribution in multi-break systems was also lost. Several designs were produced to

maintain parity of voltage division in multi-break systems.

One successful design was the multi-break impulse oil circuit breaker
(f1ig.2.4), developed at GE-USA (Prince, 1935). In this SOVCB the combination of
the livetank construction, together with external capacitance shielding, ensured that
the voltage duty was shared reasonably equally across each of the breaks. An 8-
break 287kV 2500MVA breaker was commissioned on the Boulder Dam to Los
Angeles 275kV transmission line in 1935, providing consistently successful
interruption within 3 cycles. The same circuit breakers were reported to be still
operating successfully some four decades later on a network with 7000MVA fault

capacity (Flurscheim, 1982). The main drawback of this breaker was the high cost of
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the powerful mechanism to drive the oil. Combined with the trend towards airblast

circuit breakers, this discouraged further development of this design at that time.
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Figure 2.4 - The multi-break impulse o1l circuit breaker (Prince, 1935)

2.1.4 Emergence of test facilities

The improvements to bulk o1l circuit breakers in Britain during the 1920s
meant that the hitherto testing of circuit breakers, with facilities made available by
power stations, was becoming increasingly unfeasible. Clothier (A. Reyrolle & Co.
Ltd.) had campaigned with the ERA for a separate testing facility. Indeed, in
Germany AEG had reportedly built a test laboratory as early as 1917. Since support
was not forthcoming, Reyrolle independently built the first short circuit testing
station 1n Britain, commissioned in 1929. Other large manufacturers followed in
building their own test stations. The availability of these test facilities and the
emergence of new technologies, such as the cathode ray oscillograph, to provide

accurate performance measurement, led to a rapid acceleration of circuit breaker

development.
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2.1.5 Airblast circuit breakers

Although 1n the late 1920s work at the ERA gave preference to the side-blast
arc control device for oil circuit breakers, research on using air for the interrupting
medium had already been investigated. The airblast circuit breaker was invented at
the ERA (Whitney and Wedmore, 1926) and put into production in Germany by
AEG (Biermanns, 1929) and in Switzerland by Brown Boveri (Walty, 1935).

From 1935-1945 the development of high voltage airblast circuit breakers
followed two routes. The German AEG design (Biermanns, 1938) operated at up to
110kV per break using insulated Ruppel nozzles. Most other manufacturers, for
example Brown Boveri (Thomen, 1941), adopted the use of metal nozzles operating
at 35KV per break.

Early designs of airblast circuit breakers employed an automatic external
1solating switch to provide insulation strength in the open position. Developments
ensued (Thomen, 1950) which eliminated the series isolator by increasing the
internal pressure to provide the required dielectric strength in the open position.

Another advantage of internal pressurisation was the ability to obtain higher breaking

capacities (Flurscheim, 1982).

2.1.6 SK circuit breakers

The emergence of sulphur hexafluoride (SF¢) in the 1950s as being an
excellent arc quenching medium totally transformed the development of switchgear.
Although other interrupting media, such as oil, air and vacuum can compete with SF,
at distribution levels, for transmission voltages (=132kV) SF. is by far the most

popular.

2.1.6.1 The pioneering experiments

The dielectric properties of SF were known at around 1940 (Cooper, 1940
and Nonken, 1941). It 1s a little surprising that results of the arc quenching capability
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of SF¢ were not published until more than ten years later (Lingal ez al, 1953). Fig.2.5
shows an example of the results obtained from this study. Using a simple plain break
system housed 1n a porcelain enclosure, it was found that SF, at a given pressure
could interrupt an arc current of roughly 100 times the value that air could. This is
due to the effectiveness of SFy properties during the two phases of arc interruption,

thermal recovery and dielectric recovery.
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Figure 2.5 - Interrupting performance of a 3-in. plain-break gap in SF¢ at 2300V

compared with that of air (LLingal et a/. 1953)

2.1.6.2 Methods of interruption in SF

Traditionally, there have been four methods of effecting arc interruption in
SF¢. Each of these 1s shown on fi1g.2.6 (Browne, 1984). Fig.2.6a shows the simplest
method, a simple plain break system with no arc control device. Separation of the
contacts draws a free burning arc to a sufficient length to cause extinction. It was
found that by imposing even a moderate gas flow through the arc, as on fig.2.6b,
significant improvements on arc interruption capability could be made (Lingal et al,
1953). It the nozzle i1s attached to the moving contact and the two are moved

together then the principle of modern puffer circuit breakers is replicated.
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Another method of imposing gas flow on the arc is by using the self-
generation / self-pressurisation / auto-expansion principle (fig.2.6¢), where the flow
1s produced by using expansion chambers powered by arc heating (Suzuki et al,
1984). However, the most successful method, in terms of current interruption
capability, during the early development of SF circuit breakers was the two-pressure
(or double-pressure) system. Shown on fig.2.6d, SF is held at high pressure (usually
around 15bar) mm a chamber separated from the main tank held at low pressure
(around 3bar). When the arc 1s drawn the blast valve is released to cause the high

pressure SF¢ to flow through the arc region (Leeds ef al, (1957).
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Figure 2.6 - Traditional methods of arc interruption in SF, (Browne, 1984)
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2.1.6.3 SF Circuit breaker development

The development of SF¢ switchgear was initiated at Westinghouse. The first
application was to a HV load break switch. Using the puffer principle the switches
were designed for voltage ratings from 15 to 161kV, opening load circuits with
currents up to 600A. The first SF¢ power circuit breaker was put into service in
1956. This was a 115kV breaker with 1000MVA interrupting capability (Cromer
and Friedrich, 1956), based on the self-generation principle.

In 1959, the appearance of high power, high voltage SF, circuit breakers,
rated 1n excess of 10000MVA at 230kV showed the first serious threat to the well
established o1l and compressed air HV breakers (Friedrich and Yeckley, 1959).
These were based on the two-pressure principle. Further development of such circuit
breakers continued (Einsele, 1964).

In the early 1960s, puftfer circuit breaker development led to puffer breakers
being produced with voltage ratings of up to 69kV and interrupting capacities up to
30kA (Easly and Telford, 1964). However, in the early development years of SF
circuit breakers the highest interruption capability was achieved using the two-
pressure principle. In the late 1960s EHV circuit breakers (up to 800kV) were
developed with interrupting capabilities which have since reached in excess of 63kA

(Yeckley and Cromer, 1970).

2.1.6.3.1 Direction towards puffer circuit breakers

With the increasing ratings achieved by puffer circuit breakers, manufacturers
saw the possibility of superseding the transmission voltage two-pressure SF circuit

breakers with puffers. Puffer breakers have the following advantages:

e Increased reliability due to fewer parts and a simpler layout.

e No requirement for the complicated high pressure systems associated with two

pressure breakers.
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e In two pressure breakers heaters are required to avoid liquefaction of the SF,
stored at high pressure. These are not necessary with puffer circuit breakers, as

there 1s no requirement for high pressure gas storage.

Fig.2.7 shows the operation of a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>