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ABSTRACT

Particularly at the higher system voltages, certain faults have been attributed to VFfs. This work
presents a full frequency domain mathematical model of the effects likely to be introduced by
the application of a thin ferromagnetic coating to t~e surfaces cf the busbars as a means of
attenuating these transients. Experimental verification .ihows the model to perform accurately
as an analysis tool for a continuous coated co-axial system. While Iicomparison between the
model developed he. ~ (based on a planar conductor) and the very accurate Bessel function
solution is presented, it must be remembered that it is not feasible to include the effects of
coatings in the latter solution. Hence it is used merely as a bench-mark for improvements to the
general model. Consideration is also given to the transient skin effect, and this is shewn to result
in an increased attenuation of VFTs. detectable during high voltage experimentation. The fre-
quency domain model is extended to that of a full trzvelling wave model for VFrs in GIS. The
Fourier technique is used to move between the frequency and time domains. Laboratory results
obtained at high voltage.show that this technique will introduce both risetime increase and peak
magnitude attenuation of VETs. As the most frequent faults directly attributable to disconnector
operation are known to be fau.ts to earth at the switch, it is noted that the technique proposed
in this work is uniquely suited for use in a design strategy that requires totally robust discon-
nectors at the expense of more severe VFTs in the GIS. The model is used to determine a range
of physical characteristics of materials suitable for use in this application. While the
characteristics of the most suitable materials have therefore been established, it is concluded
that extensive metallurgical experimentation remains before this technique may be economically
applied.
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Preface
SF6 was first symhesized fromfluorine and sulphur in 1900 by H Moissan and P Lebeau. The
first comprehensive investigations into the electrical behaviour of SF6 in non-uniform fields
under DC voltage were carried out in 1939 by H G Pollock and FS Cooper (Luxa et al, 1974).
During the last quarter of a century it has found extensive use in meta! -clad subs utions up to
765kV. SF6 enjoys two unique characteristics that make it an ideal gas for use in GIS,'

• Its high electrical insulation strength

.. Its excellent arc quenching behaviour.

While many researchers have developed gasses which are superior in either one of these two
aspects .. there is still no gas which combines these two attributes as well as SF6 does. The
attachs.ent properties of SF6 are responsible for its high insulation level, while its relatively
low ratio of the quantum energy for dissociation (production of constituent atoms of a molecule)
to that for ionisation (production of ions) gives it its excellent arc quenching properties
(6.2eV/15eV) (Boeck, 1988). Thus the ionisation and attachment coefficients for SF6make it a
good high voltage insulator with a criticalfield 0/89kV/mm.MPa (this compared to a value for
air of23,5). It should also be borne l. mind that the insulating ability of a gas decreases wi:h
decreasing pressure. Thus the controlled environment of GIS seemed to offer a very favourable
solution.

<1swith all developing technologies, a number of unanticipated problems have been enco: ntered
in applications making use ofthe gas ~particularly in high voltage gas insulated systems (GIS).
One class of problems in particular M those associated with the very high frequency transients
generated during the operation of a disconnect or switch - is addressed in this thesis. A number
of faults recorded within GIS have been attributed to these fast-rising transient voltages and
the ensuing travelling wave phenomena developed within the system. The thesis proposes that,
~fthe rising edge of the transient can be made less steep, the resultant very fast transient (VFT)
will be less severe, and hence less likely to cause faults.

The proposed technique is to apply afrequency dependent conductive coating to the busbars.
While this will not adversely affect normal system operation, it will ensure the attenuation of
frequency components of the waveform in the MHz range.

Throughout this theses care has been taken to use the correct terminology. For example, the use
of the name "Transient Enclosure Voltage (TEV)" is preferred to "Transient Ground Potential
Rise (TGPR)", as the former describes precisely the observed effect, where it is the voltage
recorded on the outer surface of the enclosure with respect to ground that is of importance.
Further, reference is made to "Very Fast Transient'S (VFTs)" instead of "Vel} Fast Transient
Overvoltages (VFTOs)", as the disconnector generated transients of concern in this work need
not necessarily be over voltages. The noun "disconnector" is used to refer to the disconnector
switch, and the abbreviation "GIS" is used to refer to a "Gas Insulated System" as opposed to
Gas Insulated Switchgear. In all instances abbreviations are in the singular, with a plurai 's''
added when necessary.

A word usedfrequentiy in this thesis is "degradation", specifically with reference to the increase
in rise time that occurs as the initial surges of a VFl' travel within the system. Much the same
way that a mountain slope is degraded over time - that is made more gentle by the actions of
nature - so too this term is used in this tea.
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Chapter 1:Introduction

1.1 Background
While SF6 technology enjoys a highly respected service record throughout the world (Banfai,
1988; Dower, 1988; Esmeralda, 1988; Frantz et al, 1990; Kawada et al, 1988), it has been
noted that at service voltages of 420kV and above, a number of well defined problems can be
attributed to the operation of a disconnector (Alvin son et al, 1988). However, now, as previ-
ously, there are a number of factors thac make the use of a GIS attractive. Most large utilities,
including ESKOM (The Electricity Supply Commission) in the Republic of South Africa,
elected to use SF6 GIS for very standard reasons:

• Aesthetic and environmental considerations

" Perceived increased reliability, and reduced maintenance costs

" Increased personnel safety

It Improved installation security

SF6 technology enjoys these advantages in particular over conventional air insulated substa-
tions.

ESKOM is the main supplier of e: .eity in Southern Africa, being responsible for
approximately 95% of the generating capacity on the subcontinent. The supply system is large
by any standards, with over 170 OOOkmof transmission line - including 18 OOOkmenergised
at voltage between 220 and 400kV. It also has 100km at ±533kV DC, and about 900km at
765kV. An excellent summary of the electricity supply in Southern Africa is given by Norman
(1988).

ESKOM controls two 765/400kV substations incorporating what could be considered to be
the first gas insulated switchgear specially designed for 765kV operation. Not only are these;
substations designed for operation at this voltage, but also for operation at an altitude of up to
1 800m. In many respects the associated problems are comparable to those of a 1aDakV system
operating at sea level. One of these stations is also located where very high lightning activity
occurs, with a maximum lightning flash density of 10 flashes per square km per year.

Thus, although Southern Africa is a fairly late developer in the use of this technology, it is
evident that she is now a world leader in its use. As elsewhere, there is an increasing awareness
of the associated problems, including those relued to the operation of a disconnector switch.

Disconnector induced failures may be broadly classified into two types:

• Failures that are time correlated with the operation of a disconnector (including flashovers
to ground at the switch as well as in adjacent sections of busduct, and malfunctions related
to electromagnetic interference (EM!))

• Equipment failure as a result of the repeated impingement of VFfs upon it.

It is often exceedingly difficult to relate the latter to VFTs as it is a long-term effect. It would
be unwise, however, to ignore this effect.

2



1.2 Advantages Offered by the Proposed Technique of Controlling VFTs
In this thesis. a technique that takes advantage of the wide discrepancy in frequency between
the power (50Hz) and VFT waveforms (up to 200MHz) is proposed. The application of a
ferromagnetic coating to the surfaces of the busbars within the system will be considered.

As will be shown, the severity of a VFr may be defined in terms of:

• Its high frequency content

• Its peak magnitude (after reflections)

While very high frequency oscillations may contribute to the low breakdown voltages observed
under VFf stimulation, it will also be shown that, in any GIS configuration, the peak magnitude
is affected by the high frequency content (in particular, that associated with the initial rising
edge of the VFf). It will be argued that by reducing the high frequency content, many of these
undesirable features may be effectively eliminated,

As the application of a ferromagnetic coating introduces more pronounced attenuation at high
frequencies, a further benefit relates to the design of the disconnector itself: It is well known
that one of the most common faults experienced during disconnector operation is an earth fault
at the switch. This is due to a leader breaking out to ground from the inter-contact arc. To a
large extent this fault is eliminated by the use of a switch with a more homogeneous inter-contact
field configuration. The resulting inter-contact breakdown is more rapid, but the coating will
control the severity of the ensuing Wf.

A further advantage relates to the fact that the coatings will attenuate the initial surges as they
travel away from the disconnector towards adjacent section and coupled equipment: It is well
known that large trapped charge is undesirable for many reasons (Boggs et al, 1982; Boggs et
al, 1984). Those failures that have occurred are generally in or very near to the disconnector
vessel, within the region exposed to trapped charge, and subject to the highest transient voltage.
In order to reduce the trapped charge, preference is given to slow-operating disconnector
switches. However, while the magnitude of the resulting VFfs may be low, a large number
are generated. The long-term effects of the VFfs upon coupled equipment is thus a con-
sideration. The proposed technique will attenuate these transients, in particular reducing their
high frequency content.

In summary it should be stressed that the primary motivation of this work was the protection
of coupled equipment - line traps (outside the station). instrument transformers within the
station. This required a reduction of the very high dV Idt of the VFfs. Any indication that
flashovers within the gas may also be reduced is considered to be a. bonus! This fact should be
viewed in the light of recent reports noting the decreased breakdown voltage recorded under
VFr stimulation in certain systems (Boeck, 1986). Such systems may be considered repre-
sentative of many industrial GISs. Pertinent observations relate to the fact that the probability
of a flashover increases not only with peak magnitude and the degree of field inhomogeneity,
but also with the oscillating frequency.

The effect of coatings upon the high frequency content of VF'fs will be stressed frequently.
Relevant aspects of the problems relating to VFTs, as well as possible means of controlling
them, will be discussed in the following two chapters.

3



Chapter 2 : Problems Associated with VFTs

2.1Background
SF6 has been extensively used in high voltage applications during the past two and a half .
decades. However, as with all innovative technologies, a number of unanticipated problems
have been encountered. One of these is associated with the VFfs resulting from the operation
of a disconnector. The previous lack of interest in these VFfs was due largely to the fact that
at lower than 300kV, no problems within GIS could be correlated with the operation of dis-
connectors (Alvin son et al, 1988).

The design and testing of disconnectors for use in GIS has received a great deal of attention
in the technical literature of the past few years. The reasons for this include the difficulties in
designing and testing disconnectors for EHV and UHV so as to ensure freedom from low
probability failures to ground during normal operation, as well as the difficulty in measuring
and simulating the transients generated within the substation by disconnector operation (Boggs
et al, 1984).

In many cases, disconnector operation generates the highest line-to-ground voltages imposed
on the switchgear during normal operation (Boggs et al, 1982; Kynast et al, 1984), and in EHV
and UHV GIS VFTs could be a determining factor in the insulation design (Nakanishi et al,
1984). There is a growing concern, however, that even at low voltages VFfs may pose a
problem (Reynders, 1987a).

It is clearly shown in figure 1 that only inVHV systems are VFTs expected to exceed the rated
lightning impulse withstand level (LIWL). Lightning events are relatively rare, while in the
order of 103·1<t disconnector operation may be recorded at a substation in one year (Thione,
1984). Furthermore, it should be remembered that not every lightning surge is as high as that
level, whereas (for any GIS) every disconnector operation will result in the expected over-
voltages. This fact has been stressed in support of this work (Jandrell, 1988), and has also been
noted elsewhere (Bargigia et al, 1984). As many VFfs occur at voltages well below the LIWL,
they can hardly be controlled by surge arresters. Indeed, damage to surge arresters at con-
ventional substations due to repeated VFT application has been reported (Nishiwaki et al,
1983).

The fact that these phenomena are receiving increasing attention relates not only to the use of
high operating voltages, but more specifically to the increased need for reliable system operation
associated with those systems. More power is being committed to a single line.

Recent analysis conduceed by a group representing a number of South Africa suppliers of the
technology (Frantz et al, 1990) show that the failure rates experienced are comparable, if not
better, than those accepted as the world averages. (The analysis was of faults that have occurred
in Southern African installations of 88kV or greater.)

Also, as is typically the case, and specifically with regard to newer technologies, the analysis
indicates that the failure rate records of the installations show a reducing trend with increasing
years of service. Frantz et a1 (1990) pointed out that for all faults remedial actions was taken
to eliminate the defect - either by means of modifications, or complete replacement. The South
African experience indicates that defects tend to manifest themselves well within the normal
maintenance period of the first year of service. This is an encouraging observation.

It is important to examine some of the reasons why faults occur. More specifically, factors that
aavecontributed to the present level ofinterestin VFfs having been reached will be overviewed.

4
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Figure 1 : Comparison of overvoltage levels due to disconnector operations, Iightning and rated lightning impulse
withstand levels (Bargigia et al, 1984).

First, the recording of VFfs will be discussed. There is no doubt that it is of great important
to be able to accurately measure the relevant frequencies of VFfs, and to be able to explain
the origin of those components. Thereafter, the broad topic of faults will be covered. This topic
will be crudely divided into an examination of the high frequency content of VFfs, and a
discussion of the insulating behaviour of the gas. While the last-mentioned relates in many
respects to the peak magnitude of the VFI', the inter-relationship between this and the high
frequency components will be stressed.

2.2 Recording VFTs
While the recording of VFTs is not an associated problem, it has certainly contributed to some
of the previous ignorance concerning these phenomena. Even reports appearing in late 1988
(Auriol et al, 1988) indicated the severe problems encountered by investigators trying to
measure VFfs accurately. The importance of sufficient bandwidth, correct screening, an.d
properly designed voltage dividers cannot be sufficiently stressed. Itis the opinion of this author
that many early investigators did not utilise proper measuring equipment, and thus failed to
perceive some of the very important characteristics of VFTs. It is well known, for example,
that filtering will reduce the apparent peak magnitude of a VFf. Also, the response time of the
divider is crucial. Well known equations govern its design, and competent examples can be
fairly easily constructed (JandreU, 1985). It was only in 1982 that researchers began to stress
the importance of the very fast rising edge (2 --12ns). Curiously, also, the measurements
reported during the 80's show a distinct increase in the highest observed frequency. Only in
1987 did researchers begin to pay careful attention to the frequency content of these phenomena
to the extent that they considered the Fourier analysis a useful tool (Reynders, 1987(b);Jandrell,
1987; Aron, 1987). Table 1 notes some of these observations. It does not pretend to be
exhaustive.
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Table 1 : Causes of transient voltages invarious frequency ranges .
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2.3 Faults
Faults ascribed to VFTs relate to two distinct features:

.. The high frequency content
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• The peak magnaude reached after multiple reflections

These may be further subdivided into the failure of solid insulation of connected equipment,
and the occurrence of faults to ground within the gas. With reference to figure 2, it is important
to note the influence of the high frequency content upon the peak magnitude of a VFf. A
number of important features are clearly evident from the figure:

• The most prominent effect relates to the risetime of the initial surges

• A significant difference in peak magnitude results immediately - at the first major peak

• The difference in peak magnitude does not become progressively larger

• The displacement in time between the corresponding peaks and troughs does not shift
with increasing time.

These are important, and should be contrasted with the effects introduced by the application
of ferromagnetic coatings to the busbars, There is no significant skin effect, implying a similar
transmission characteristic for both the fast and the slow rising VFrs.

- significant difference

in peak magnitude

risetime

,,
I
I
I
I
I

Jslow initial
. risetime

time [ns]

Figure 2 : The effect of the initial risetime on the peak magnitude of a VFf. The resulting reduction in high
frequency content is also evident. Note, however, that there is no evidence of an increasing shift between
corresponding peaks of the two waveforms with time. This prediction is for a system with the dimensions shown
infigure 33.
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A further, consideration relates to breakdowns recorded within an industrial SF6 insulated
systems at voltages well below those anticipated (Reynders, 1987a). The implications of this
are that even at systems operating at well below the UHV level (refer to figure 1), faults may
be initiated by VFTs.

In the broadest context, three problem areas relating to VFTs have been distinguished (Na-
kanishi, 1984, Jandre1l1988):

• Breakdowns (as noted above)

• The TEV (specifically the EMI radiated, and the influence on personnel (sparki ....g
between earthed parts»

• Damage to line equipment (a long term effect, particularly with regards to equipment
having coils where a non-linear stress distribution may occur)

2.3.1 The Frequency Content of VFTs.
Since the proposed technique is reliant upon the skin effect, it is of particular concern to study
the origin of the highest frequency component of VFI's, and to note how this may effect the
system integrity.

It is well known that field inhomogeneity r=sults in prolonged breakdown times, which is
indicative of a leader-type breakdown mecaanism, A further influencing factor on the
breakdown voltage is the dominant frequency associated with the VFf at the point of
breakdown. It has been noted that in practice the highest significant frequency component
which can exist will be limited. by the finite voltage collapse time of voltage at the contacts
(Alvinson et al, 1988). This fact is borne out in the Fourier analyses conducted by Reynders
(1987b) and Boeck (1989). In their analyses, they suppressed the DC component of the
sampled transient and thus produced a very clear indication of the relevant frequency com-
ponents. Refer to figure 3. A typical VFr is shown in figure 4.

1.0

~ 0.8ee:s.
~ 0.6

.!
-m 0.4
It

02

l--L_...__...__"'---l-_l--l-_l--1...__...

o 15 30 45 60 75 90 105 120 13,; ([MHz]

Frequency

Figure 3 : High frequency content of a typical disconnect transient (Reynders, 1981b).

Very little effort to date has been directed towards understandin.g the underlying physics of
dielectric performance under VFf conditions. In particular, it is important to observe the
effect of the oscillatory nature of a VFf upon breakdown voltage. It has been argued that a
strong relationship may exist between this oscillation and the breakdown voltage in SF6• This
process is described by Luxa et al (1988).



Figure 4: A VFr recorded in the Werner von Siemens High Voltage Test Facility at the University of the
Witwatersrand. The dimensions of the test vessel in which this VFr was recorded are discussed elsewhere
(Reynders, 1986). Scales: 20ns per large division; 90,8kV per large division.

It thus appears clear that tP~ dominant frequencies of the transie are important aspects
governing the insulating behaviour of the gas. In particular the configuration induced oscil-
lation has an important effect upon the breakdown development to ground. Of course, the
oscillating frequency depends for its severity upon the initial rising edge. Reducing the
frequency component in that edge will reduce the severity.

2.3.2 The Influence of VFTs on Insulation
While increasing the knowledge base of the processes involved in breakdown in SF6 is an
on-going process, many years of collective research has lead a number of researchers to the
conclusion that, in accordance with the upturning trend of the lightning impulse voltage-time
(V-t) curve with decreasing front rise times, allVFf flashover values must be above the LIWL
(Alvinson et al, 1988). The upturning trend is, of course, due mainly to the statistical and
formative time lags for development of the breakdown channel, Negative polarity VFfs
produce breakdown at slightly higher values than positive VFfs, and after longer times. Thus
SF6 gas itself is an excellent insulant under VFf conditions. Concern, however, must be with
the performance of the gas when it is pressurised within an industrial GIS.
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While the breakdown time (Toepler' s spark equation) and the breakdown voltage for a
homogeneous field configuration (eg coaxial) can be accurately predicted, (in an industrial
system) the presence of even very small imperfections can lead to longer breakdown times
and significantly lower breakdown voltages (Auriol et al, 1988, Boeck et al, 1986; Luxa et
al, 1988; Reynders, 1986; Reynders, 19~7a). Indeed. in severe cases the V-t curve exhibits a
down-turning trend with decreasing time to breakdown. Solid insulation (of coupled equip-
ment) is most profoundly affected by the steepness (dV/dt) of the VFf (Thione, 1984).

Considering first the breakdowns in the gas, the most common fault is the breakout of an arc
to ground at the disconnector. Table 2, compiled from a random list of references, indicates
that approximately twice the number of ground faults occur at the disconnector in comparison
to faults in adjacent sections.

Mention is also made in the table to the effects on coupled equipment. While the number of
these is small, this must be viewed in the light that it is a long-term effect, and hence difficult
to attribute directly to VFfs.
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'table 2 : Commonly reported faults ascribed to VFfs. In particular, the concem for faults to ground at the
disconnector is of importance. Often, however, techniques of reducing the frequency of these faults implies that
more severe stressing of the rest of the GIS .".sults. This will be discussed later.
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2.4 Concluding Remarks
While most recent work concludes that the breaking out of the spark at the disconnector is the
most important consideration in design, breakdowns in remote ares are also considered to be
important Many failures to ground occur unexpectedly and remain unexplained (Fujimoto et
al, 1988; Lewis et al, 1988). Hence a very thorough understanding of the gas, as well as the
design of the disconnector and the GIS is required, An inter-relationship between all these
features determine the nature of the VFf, and hence system reliability. To date. disconnector
generated VFJ's are still a more common cause of failure than externally generated surges.
While experience is generally good, it is becoming increasingly accepted that VFrs do present
a problem. Not only are problems being encountered, but, more importantly, they have been
recognized as a very important field requiring a lot of research effort. Attempts to reduce their
effects are but one facet, and many questions still remain unanswered (Week, 1988).

Therefore, despite the increasing amount of work being performed in the field of GIS, a number
of important insulation problems are still far from being resolved, Indeed, some, like the
problems associated with VFrs are only now being fully understood and even recognized. By
1984 no performance testing standard nor specification existed concerning the switching
capability of a GIS disconnector (Bargigia et al, 1984; Edlinger et al, 1984; Nakanishi et al,
1984). A further problem appears to relate to an incomplete understanding of the true nature
of breakdowns caused by VFfs.

The importance of frequency ~upon the peak magnitude of the VFr, the insulating behaviour
of the gas, and upon the performance of solid insulation and coupled equipment - has been
stressed. In the light of the discussion contained in this chapter, it is clear that any reduction
in the frequency content of a VFI' must have a positive influence upon the reliability of the
system. Furthermore, this technique allows use to be made of disconnector switches that dis-
allow the arc breaking out to ground at their contacts, and do not result in large trapped charge
being left on the busbars.
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Chapter 3 : Techniques of Cor.zrolllng VFTs

3.1 Introduction
There are two aspects to VFT fault control:

• Attenuating or controlling the VFf itself

• Design of the system to ensure integrity under the influence of VFfs

There is no doubt that, to date, the latter option has been followed, although it is likely that a
compromise between these two approaches may be the most suitable. Making the system
resilient has included the introduction of test techniques, as well as improvements in the dis-
connector design. This may 00 understood in the light of chapter 2.

3.2 Controlling the VFT
There are two fairly obvious techniques that may be employed in order to control the VFI':

• Filtering

• Resistive Dissipation

Filtering the VFTs would have to be at what ever frequency is considered desirable, in order,
say, to remove a dominant component of the rising edge. Note that it is not feasible to enterr+n
the thought that the oscillatory frequency (at a point) can be fHtered out directly, This can orll)

be achieved by filtering of the rising edge (as we saw m the previous chapter). While the
technique holds great promise, clearly the use of discrete element filters is impracticable. To
protect adjacent duct sections (which is in reality all the any filtering technique can do), the
filters should be as close to the disconnector as possible, as their effect is only felt as the surge
-",asses. Since a low pass filter would have to present a high series impedance to the high
frequencies in order to block them, high voltages would necessarily be developed. Such fi(ter~
are difficult to realise in a GIS.

The second technique involves the use of resistors to dissipate energy at the disconnector
contacts. While prototypes of disconnectors incorporating resistors have been produced, no
commercial models have been utilised (Ozawa et al, 1986). Testing of these devices indicated
an expensive, unreliable product. Also, itmust be noted that the occurrence of resistors on one
side only implies a directional nature for the device. While the initial transient may be controlled
on one side, O.Spu may well OCClU' on the other. Further, therefore, no reduction in the dV/dt
of the rising edge will occur, but certainly the peak magnitude of the VFI' will be controlled.
Any frequency filtering caused by the resistors is utterly system dependent. Furthermore, should
the resistor react for this with, say, system capacitance, the fast rising edge precludes initially
the capacitance on the far side of the resistors, as the transient has not yet got there, and hence
knows nothing about it Hence the attractiveness of a distributed technique.

It is the contention of this thesis that the proposed distributed technique may offer a more
suitable solution.

3.3 System Integrity
As noted in chapter 2, faults within the system may occur in one of two places:

• At the disconnector
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• Inadjacent sections. remote from the diseonnector

In order to discuss the design of systems of high integrity, it is pertinent to briefly overview
the formation of VFfs.

Disconnector switch... ...

Figure 5 :The arc current formed during spark formation ata disconnector switch is a function of the characteristic
impedances of the supply and load sides of the switch, where the 50 Hz supply voltage is given by Us.

Disconnector operation typically involves slow-moving contacts, which switch small
capacitive charging currents on no load. This results in numerous discharges, restrikings of the
disconnector, which occur repetitively. The sequence of restrikes is determined by the electrode
gap-dependent breakdown voltage, VBD (refer to figure 5), and the potential difference of the
load and supply side across the contact. This gives rise to numerous transient events during
each disconnector operation. Each breakdown initiates a voltage collapse on either side of the
disconnector. The magnitude of the surge is dependent upon:

• VBD - which, due to the slow action of the disconnector, is typically a peak voltage

• The characteristic impedance of the GIS on either side of the disconnector

These surges have very short risetimes, and as they propagate within the co-axial network of
the GIS, very little loss. They reflect and transmit (in reality all they do is refract, since there
is always a phase shift associated with Zo) at the internal discontinuities, and generate time and
position dependent overvoltages. Thus the specific configuration of the GIS dictates the peak
overvoltage attained at any particular location for any particular disconnector. While it is not
inc mceivable that judicious design can alleviate many of the problems, this is unrealistic, since
to design to such constraints will drastically alter the physical dimensions of the various sections
of GIS (remember that there is little loss). The length (})f the GIS segments controls the frequency
of oscillation. This oscillation may indeed affect the occurrence of ground faults in adjacent
sections. and thus controlling may well be advantageous. But it remains the risetime of the
initial surges, T, (refer to appendix 7) which really dictates many of the detrimental features.
As time progresses and the waveform develops after multiple reflections, it ceases to depend
on travelling wave phenomena, and begins to depend more upon the overall circuit parameters,
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With regard to the rising edge, computations have shown that the magnitude of voltage com-
ponents above 10MHz are determined by the duration of T; It is thus of prime importance to
understand the sequence of spark development (Edlinger et al, 1984):

" At time zero, wherever the first ionisation occurs, a leader-like discharge starts in the
axial direction towards the opposite electrode, and branches into a leader tree

• After about 30ns, one of the branches has reached the other electrode

" After another 4ns, the gap is crossed by a conducting arc channel

Thus each restrike generates a spark which equalises the potential at the disconnector contacts.
The crossing of the gap by a conducting arc channel therefore stimulates the transient event,
For homogeneous fields, this breakdown time is accurately predicted by Toepler's spark law.
This gives the time T; During Tro the spark resistance changes from very large to very small.
Based roughly on this theory, the breakdown time across the gap of a disconnector can vary
from 2 to 20 ns - depending largely upon the field inhomogeneity. The more inhomogeneous
the field, the more leader breakdown 'will dominate, and hence the longer the risetime.

It has already been established that longer rise times are, in many case, desirable. Recall,
however, that in a homogeneous electric field, a very fast discharge propagation in SF6 - a
streamer-like phenomena - is reported; whereas in an inhomogeneous field, leader-like
propagation can be observed (Edlingeret al, 1984).While neither pure leader nor pure streamer
form in disconnectors, it is the leader characteristic, with its associated branchings, that
determines the flashovers to ground at the disconnector. Every disconnector has a varying
degree of inhomogeneity. It is therefore advantageous to attempt to achieve a uniform field
configuration at a disconnector - purely foroperational integrity. Indeed, all reported techniques
for achieving operational integrity relate directly to the field inhomogeneity. The only exception
is increased disconnector chamber diameter. (Remember that the inhomogeneity is defined for
the field between the contacts).

For an optimised disconnector design, as mooted in chapter 2,.the individual arcs concentrate
radially:in a limited area, and in an area of lower radial field intensity because their axial length
is much shorter for the same voltage. This greatly reduces the risk of the arc breaking out. Thus
disconnectors are optimised.in order to increase their own operational integrity. This does have
ramifications for the rest of the system.

As a homogeneous field generates more rapid breakdown, this inevitably leads to more severe
¥Frs being formed, thus shifting the weakness of the system away from the disconnector.
While this is a sound principle, some of the recent work relating to V-t curves as reported in
the previous chapter, as well as the effect of the very fast risetime on adjacent sections and
equipment belie this fact. However, as most ground flashes have been reported at the dis-
connector, it is more sound to do this, and then to examine techniques of controlling the VFfs
thus generated, It is believed that the proposed technique offers a solution.

In two papers by Boeck (1987; 1989), the major attributes ofVFrs are discussed, with particular
regard to the influence various system parameters have on the form of the transient, and the
effects of GIS configurations.

3.4 Areas of research hoped to reduce the detrimental influence of VFTs
A definitive recent paper on the topic of improved reliability of GIS notes five of its constituent
authors' current work in this regard (Fujimoto et al, 1988):
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• Methods to determine the reliability-related operational characteristics of GIS discon-
nectars

• Methods for calculating the magnitude of internally generated transients

e Methods for mitigating transients on control wiring to improve relaying reliability and
facilitate the use of electronic equipment in GIS

" Improved high voltage commissioning test techniques to assure surge integrity

• Methods for the safe handling and disposal of solid and gaseous decomposition
by-products during maintenance

It is thus abundantly clear, that in late 1988, it was the respected opinion that disconnectors
deserved much greater research effort, particularly relating to aspects likely to result in mal-
operation. Understanding the underlying physics is one thing, but avoiding faults should be a
priority reached in anyway. In this research we concentrate on the high frequency components,
arguing that their removal will result in a better system.

It is thus well understood and accepted that VFfs only result in breakdown under inho-
mogeneous field conditions in ideal industrial systems. Thus a valid controlling technique on
breakdowns is to ensure that the system is ideal! This is a particularly onerous task at EHV
and UHV. The techniques discussed in this chapter will no doubt help in this regard. It must
be noted that it is predominantly the peak magnitude that is of consequence in these con-
siderations, which it has been shown is closely related to the high frequency content of the
VFf (particularly the rising edge).

As system faults caused by VFfs are well documented, reliable sections of GIS can be readily
designed. Techniques employed in order to make disconnectors more reliable have also been
noted. The technique proposed in this work will serve to complement those noted above.
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Chapter 4 : The Mathematical Model

4.1 Introduction
A technique is proposed whereby the rising edge of the initial disconnector surge is filtered as
it propagates within the system. This is done with the aid of a conductive coating (with electrical
characteristics different to those of the busbars) applied to the busbar and grounded enclosure
surfaces. Realising such a system in a laboratory for high voltage testing proved to be
impractical, and it was found to be more useful to conduct a full theoretical study followed by
simple experiments based on this proposal. In chapter 6, the results of high voltage tests
conducted. in a test vessel are presented.

4.2 Background
Theobjective of amathematical model is to facilitate the establishment of a better understanding
of a physical system - an understanding which may not even be deduced from a full compre-
hension of the design of the model itself.

Thus themodel should serve the purpose of actually helping in the evolvement of a technique
for achieving something. Of course, once the model has been developed, it must be ensured
that it corresponds with reality, and where it does not, efforts must be made to enhance it, or
to establish why the correspondence is not perfect.

While many models of transmission lines have been established in the past, the model to be
developed here is unique in a number of ways:

• It allows for separate physical characteristics of the two conductors in the system. It thus
fully accounts for the outer grounded enclosure

• It allows for different coatings to be independently applied to the two conductors in the
system

~ It is based on engineering assumptions that allow it accuracy for the systems under
consideration in this investigation

These assumptions, made at the very outset of the investigation, and based on practice to date
in the modelling ofGIS, will be discussed in full. Indeed, the unique attributes may be adequately
defined by the "generality" of the model. It is this generality, however, which is vital in order
to facilitate the extensive theoretical study reported herein.

The availability of rapid computing power also facilitates the establishment of a simple program
to execute the model, thus precluding unnecessary simplifications that may detract from the
accuracy of the model.

As the effect of coatings is being considered, it is apparent that the skin effect as it applies in
coaxial systems must be considered. This effect itself is well known. and has indeed been
quantified in 1nany applications and systems for decades. When coatings are applied, or very
wide bandwidths are required, however, the tendency has been to simplify the models devel-
oped:

o Generally, the computing power was limited.

• The application did not warrant it
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• The systems was considered to consist of two identical (physical parameters) conductors

Notably, the very wide bandwidths are seldom required in reality. In this application, because
the pulse and 10-90% surge attenuation are found to be slightly different in the important
frequencies involved, the very wide was deemed necessary.

While many of the existing models are even applicable to this work under certain conditions,
the broad band of the model here developed, as well as its generality, facilitate easy and accurate
time domain examination of the system transfer function.

In order to develop any working model, the constraints and requirements must be very well
established. Where applicable in a given situation, valid approximations may be made.

The comparative accuracy of the model, based on me Bessel function solution, is shown. As
the model developed here is based on a planar approximation, the Bessel function solution is
used to establish a suitable correction factor.

4.3 Modelling of the Skin Effect
Modelling of the skin effect became necessary with the advent of the nanosecond pulse systems
(nsps) of the late 50s, early 60s, when it was found that cables (particularly co-axial cables)
attenuated signals far more than ant.cipated. This then paved the way for the development of
a far greater understanding of the attributes of typical conductors.

Particularly in the early sixties to early seventies, with the advent of the nsps, much work was
done in modelling and understanding the transient behaviour of co-axial cables (Nahman, 1962;
Nahman, 1972). The simple skin effect (ie skin effect which occurs in a homogeneous con-
ductor), and the skin effect in heterogeneous plane conductors, and the effects of factors like
reflection, radiation and dielectric loss were discussed by Nahman in his classic paper of 1962.
However, because of the nature of the systems considered, as well as the available computing
facilities, these studies considered only the high frequency performance (Nahman, 1962), or
only considered homogeneous conductors (Nahman, 1972). None allowed different coating
materials to be independently applied to the inner and outer conductors.

Nahman (1962) derives high frequency solutions from which he obtains the unit step response.
He considers a coaxial line having a lossless dielectric and consisting of conductors (for the
inner and outer current paths) fabricated from identical materials, and having a metallic coating
of different conductivity (to the conductors) applied. He then produces high frequency
approximations by expanding the expression. As he limited his modelto the high frequency
region, it performs accurately at those frequencies. This is evident when it is compared to
results obtained using the model presented in this thesis. Refer, for example, to figure 8.7 of
appendix 8. Again, the step response is obtained from the Heaviside step function. The
assumption is made that the step rises infinitely rapidly.

As the stated objective was to determine why the attenuation characteristic of seme cables
departed from the well known skin effect 1l1aw, the analysis was readily expanded and
enhanced to form a useful basis for the model developed for use in the work presented in this
thesis.

The method of characteristics has also been used in the past in transmission line simulations -
notably by Branin (1967), Liu (1968) and Frey (1961), who refer to it by its European title, the
"Schneyder-Bergeron Method." (The method. of characteristics is a standard mathematical
technique for solving hyperbolic partial differential equations, and it leads to a particularly
efficient algorithm for studying transmission lines). However, this method of time-domain
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analysis is limited to the low frequency range where the frequency-dependent skin-effect loss
may be neglected (Yen, 1982). Indeed, in an innovative expansion of the technique, Br "'lin
erred, and his new technique is only valid for loss-less and distortionless lines (Haack, 197.i.).

In 1969, Herman W .lommel (regarded by many to be the father of modem-day computer
simulation of transmission lines) presented a paper in which he specifically examined digi.al
computer simulation of electromagnetic transients in single- and multi- phase networks. The
useful features of his program are the inclusion of non-linearities, any number of switchings
during the transients, non-zero initial conditions, and great flexibility in specifying voltage and
current excitations of various waveforms (Dommel, 1969).

Dommel assumed all lines to be lossless, out showed that they could be easily approximated
very accurately in other ways. Although the method used by Dommel in this program is
applicable to lossy lines, the ordinary differential equations it produces are not directly inte-
grable (Branin, 1967). Further, a; the time of Dommel's paper, the per unit length parameters
were assumed to be frequency independent,

More recently, Nahman in conjunction with Holt, presented a paper in which the planar skin
effect approximation was used (Nahman, 1972). The effect of coatings, however, was excluded.
They discuss the regions of accuracy for the approximation. Due to the lack of computing
power in those times, they put a large amount of effort into truncating and simplifying the
results. While they did not account for the effect of coatings, they did note its effect in the
recorded results.

When a method of simulating skin-effect is used where a waveshaping network is introduced
at the end of a lossless transmission line, the network can produce a very good match between
recorded and simulated results (Nahman, 1972). However, information can only be found for
the end of a line, and one can learn nothing about the waveform distribution along the line.
Accounting for reflections between such networks is also impossible. Furthermore, there is no
firm basis for the design of waveshaping networks.

In a true time domain simulation presented by Chu-Sun Yen, Fazarinc and Wheeler, coated
conductors are not considered (although it would be possible to adjust the values of the
equivalent circuit elements so that the calculated loss agrees with the measured data) (Yen,
1982). While this modelling method may be beautiful and elegant, it requires exceedingly
careful component value adjustment - particularly if the inner and outer conductors are of
different materials, or are coated. No established technique of component value adjustment
has been presented. Furthermore, the definition of the partial inductances utilised in this
technique is invalid. It can thus at best only be considered to be an approximation.

Their technique has developed essentially from skin effect models of rotating machines. In
these machines, however, the frequencies are low, and there are no coatings. For exceedingly
thin coatings the top slice (as defmed by the requirements of the model) must be exceedingly
thin. This then predetermines the other slices in the model, and it becomes cumbersome. It
must be noted, however, that Chu-Sun Yen, Fazarinc and Wheeler actually allow for true time
domain transient analysis - ie the time it takes the fields to penetrate the conductor, and this
effect on the attenuation, is allowed for. However, they go to some trouble to show that these
results compare favourably with simple frequency domain results and that the actual transient
event (or transient nature of the event) is short-lived. Also, while the usefulness of their method
is clear, it is nevertheless important to be able to examine some fonn of frequency domain
model of the system. The range of frequencies relevant to the work presented in this thesis
preclude this time domain technique.
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It should be noted, however, tbat in fact only Chu-Sun Yen. Fazarinc and Wheeler consider
the truly transient case. N ahman and Holt use the technique utilised in the model to be presented
here, but attempt to modify tile steady state solution in order to obtain a pseudo-transient result.
However, it should be remembered that such a solution is correct for only a fixed period of
time - in fact an instant in time only. This is because the diffusion of the fields (ie flux estab-
lishment within the conductors) into the conductors is not accounted for in the steady state
solution. It must further be noted that once periodicity has been forced upon the time domain
signals of the system, the frequency dependent transfer characteristic thus defined is by its very
nature a steady state solution. (Refer to chapter 6.) For this work, although "transient" events
were under consideration, it was decided to develop a complete frequency domain model of
the busbar and grounded enclosure since the technique under consideration was clearly fre-
quency dependent A full frequency domain model would th allow a study of the parameters
of importance in this technique. In order to gain an impres, -on of the effect of the proposed
technique, the model was extended into the time domain using the Fourier technique.

4.4 Development of the Mathematical Model

4.4.1 The Concept of a Transmission Line
A transmission line is best described as a means of guiding energy from one point to another.
When considering a gaseous dielectric (occupying the space between the conductors), the
dielectric loss is typically ignored, as itwill be for much of this analysis, Hence, in the case
of perfect conductors, all the energy distributed down the line at one end, would be available
at the other. The fields associated with the line would therefore not penetrate the conductors,
but exist only between them, as penetration would imply losses.

This is clearly explained by the well-known equation defining the depth of penetration (skin
depth) of an electric field into a c:onductor:

where: the symbols have their usual meanings. (Refer to appendix 4, where the field
penetration into a homogeneous planar conductor is considered.)

A perfect conductor has infinite conductivity, which implies S=O.Thus resistive loss within
the conductors is zero. Dielectric loss, however, may still occur. For a perfect dielectric, the
loss tangent is: '

0'-=0
coo

where: the symbols have their usual meanings.

However, as conductors are imperfect, the electric field will penetrate them. (Indeed, where
the dielectric medium is a gas such as SF6, conductor losses are dominant, and dielectric losses
are negligible and may thus be ignored.) The fields therefore do not travel unimpeded, and
various loss mechanisms come into play. In other words, losses occur within the material from
which the conductors are made. It therefore becomes important to carefully distinguish
between internal and external impedance effects associated with a transmission line. As will
be shown, both need to be accounted for in order to accurately model the effects of interest.

20



t\

The concept of an "internal" impedance effect further suggests that these impedances are not
constant under allconditions. but must be functions of conductor parameters, and the "nature"
of the electromagnetic fields they serve to guide. While this statement is suggestive of much
of the analysis to follow, it is important to view the concept of internal and external impedance
in terms Of the lumped element model of the transmission line.

Conventionally, we think of a coaxial transmission line as consisting of two conductors, each
carrying an equal and opposite current, with a voltage existing between the conductors. This
is suggested in figure 6.

Ld I

vt.ICd1------ • yYr------,----e--- -__.__....._a_------- ...
Rd2 I

Figure f, : Lumped parameter representation of a transmission line.

The current flow is affected by a distributed series inductance (Lt.i) representing the back
induced voltage effects of the magnetic flux surrounding the conductors, and a series loss
resistance (Rd ;;;Rd1+Rd2); the voltage between the conductors acts across a distributed shunt
capacitance and conductance. In general, Rd1 and Rd2 would contribute equally to the voltage
drop along the line. The series inductance, with Ld, is only defined for the inner conductor.
(A8 will be explained later, Ld is really the external inductance term for the system.) The
separate split series components are typically lumped together and represented in only one
line of the two-conductor system.
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Consider a 1m long section of high voltage busduct. The medium between the conductors is
characterised in terms of:

permittivity

because ER = 1

and permeability

because J.iR = 1

I _--.....__.----

4_ conductor 2i
i
I

-Eb x[m]

Figure 7 : Representation of a typical busduct, showing the transient current flowing on the outer surface of the
busbar and the inner surface of the grounded enclosure. The numbering of the conductors is in accordance with
the nomenclature used in this thesis.

Fromfigure 7 it is clear that conductor 1 and conductor 2 will not offer exactly equal impedance
to the flow of energy. More specifically, they will not cause identical power losses. Both
conductors must contribute to the effective impedance of the transmission line. Care must
therefore be exercised when incorporating the loss dements of the two conductors, and it
must be remembered that the effective series impedance must be given by the sum of tae
series impedances of each conductor. This should under no circumstances be mistakenly
construed to imply that the eleccor-iagaetic wave tre.els at "differing speeds" in ..he two
conduct rs, This is not true, as ti'.(; velocity of propagation is a function of the characteristics
of the entire system (two conductors), and is ~\function of (3{S('Y)}. <13, the phase shift factor,
is the imaginary component ofy, the propagation factor.) This is an important consideration
in the folowing analysis, and serves adequately to illustrate that the contribution to loss from
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each conductor must be accounted for individually . Consecuently, it must be noted throughout
this analysis, that any series term includes the sum of the', terms associated with each of the
two conductors.

4.4.2 The Transfer Function of a Transmission Line
Kirchoff's voltage and current laws to the circuit shown iniigure~, hence defining the series
impedance per unit length of the line as:

i(x,t)

•.. ---- .....I-I..........._-~

t v(x,I) •• .tICd.,~
1--------II----yY,.-----·-

Ld. 11x i(x +l1x,t)

Figure 8 : An intinitesimal length of transmission line, showing the parameters associated with each of the two
conductors. It is assumed that the conductors are operating under balan ced conditions, where Rd ,Ld,Cd and Gd
are the parameter values per unit length.

Zd = (Rd1+RdJ+ jro(::.d) (1)

3imilarly the shunt admittance per unit length may be defi ned as:

Yd =Gd +io}, Cd

From equations (1) and (2) the propagation factor, 'Y,may i)e defined:

(2)

'Y= "Zd· Yd

=a+j~

where : a=: 9\(')') = attenuation factor (the Real part of"f; .

~ = 5('Y) =:phase shift factor (the Imaginary part of 'Y).

Hence, if 'Ycan be found for a transmission line. then the transfer function for any voltage, E,
along the line in either direction can also be found.

It is further important to note exactly what the parameters infigure 8 represent:
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Ld == external inductance per unit length (in other words, this term is merely based upon
the total current flow within the conductor)
Cd = external capacitance per unit length
Gd = shunt conductance between conductors
Rd == .l)C series ohmic resistance per unit length

Therefore, assuming that the dimensions of a secuon of a GIS do not vary between a dis-
connector (D) and another P(11.1t (0) distance I away within the GIS, the voltage transfer
function between the two points is given by:

where: s is the Laplace transform complex variable, which reduces to the familiar steady
state variable jro when s is confined to the real frequency axis.

"/(S), and its constituents, is as defined above.

When internal effect are considered, the term Zd(s) has to be expanded in order to include
internal effects of impedance. The following development of a model for 'Y will clarify this.

4.4.3 The Generalised Series Impedance per Unit Length of a Trans-
mission Line

It has been estab. ."•.:1 that the impedance of a transmission line incorporates an "external"
and an "internal" component. The internal terms are due to fields penetrating the imperfect
conductors, and thus account for losses. Infact, when the dielectric is considered lossless, the
internal impedance terms exclusively account for the loss. It is clear that losses may only be
fully accounted for by summing the internal impedance terms of the two conductors (inner
busbar and outer grounded enclosure). Generally, internal losses are crudely accounted for
by the term Rd. Rd is the DC resistance term, and hence assumes complete field penetration
within the conductors. Of course, should the field penetration decrease, then the current within
the conductors is confined to flow through a small cross-sectional area, and increased losses
result (due to the higher series resistance).

Noting, therefore, the definition of the skin effect, Rd must be frequency dependent, and may
not necessarily always be purely resistive (hence the specific definition of the external
impedance terms earlier). Itis thus only by careful modelling of the effect of frequency upon
the value of Rd that the frequency dependent impedance of any transmission line may be
accounted for. In general, therefore, the series impedance of a frequency dependent trans-
mission line must be given by equation (3) below:

Zd =Rd +jCfj·Ld +z(s)

where: z(s) is the internal impedance per unit length.

(3)

Rd is the value of z at (l)=O.

Remember also that by definition the characteristic impedance of a transmission line, Zo is
given by:
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Which, under lossless conditions, reduces to:

The concept of loss elements due to imperfect conductors necessitates a definition of the
internal impedance terms (remember, Rd is an internal impedance term, but is a special case,
as It is valid only at ro =O. For all frequencies above DC, an expression for z (s) must be
developed.)

A full development of a suitable expression for z (s) will now be presented. The effects of
coatings on both the busbar and the outer enclosure will be incorporated in the analysis.

4.4.4 The Model
The object is to develop an expression for the transfer characteristics of the system depicted
in figure 9:

outer conductor 1
SF6 glls dielectric ~-.."'--_ z-axis---_ ......

thlckJ'less
'1

thlcknoss
dg

Figure 9 : Detail of a short section ofbusduct, showing the busbar and outer grounded enclosure, as well as the
proposed coatings. Numbering used in this figure will be retained throughout the discussion. The figure is not
toscaIe.

Note from the figure that conductor 2 (for both the inner IL1dthe outer conductor) represents
the original busbar and outer grounded enclosure. Conductor 1is, in both cases, the coating.
Recall that it has been stared that all four of these materials may be independently defined.
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Use is made in the analysis of simplifications that car. apply due to the physical dimensions
of the system. For this analysis, the system is reduced to that shown in figure 10. Concern is
with the penetration of the component of the electric field, E" into the (generally) coated
conductor. The validity of the planar approximation will be discussed later in this chapter, as
will a suitable technique that minimises the error that this method introduces.

In other words, the system will be fully characterised in the frequency domain. Clearly any
time domain waveform may be reduced to its com onental frequencies and the transfer
function of the system applied to it. The resultant waveform may be recreated in the time
domain.

buslmr

innar conductor 2

outer grounded snclosur«

outer conductor 2

dg outor conductor 1

.\i'igui'e 10 : Parallel plate approximation of a co-axial section of busduct, showing the coatings.

Note that 7== current density vector, having direction of current, i. (and that Ohm's Law.... -states that J :::erE).

It must be stressed that the following derivations are valid only for good conductors, that is
(refer to appendix 1):

• Conduction current is given by Ohm's Law, 7:::ali
• The free charge term, p, is zero

• : (loss tangent) »1 (Recall that we are assuming sinusoidal conditions)

Fromfigure 10, a rectangular co-ordinate system may be used.

Prior to the development of the model, it is important to clearly explain the procedure that
will now be followed:
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• We consider one square metre of the surface of conductor 1 and conductor 2 (of unit
length and unit width)

• We find the internal impedance term - ie accounting for the resistance and internal
reactance of the conductors, noting the definition of internal impedance (Ramo, 1967).
The internal impedance term per unit length of a conductor is the ratio of the surface
electric field to the total current in the conductor. (The total current in the conductor is
determined in appendix 2)

where: Eu is the electric field intensity at the conductor surface.

I,is the total current flowing within unit width of the conductor.

• We find the internal impedance per unit length. z(s), from Z,

The "internal" impedance term is thus clearly defined in terms of voltage per unit length at
the surface of the conductor.

It is the volt drop along the conductor surface that defines the transmission characteristics of
a set of conductors.

For the situation depleted in Figure 10, there is clearly no variation of the surface current
density with y or z. We can thus write (refer to appendix 3):

(4)

Consider equation (4) first as it applies to a block of coated material. It must be noted that
this block may be considered to be part of either the inner bushar (subscript i). or the outer
grounded enclosure (subscript g). The surface area of the block is a unit square. The block is
depicted in figure 11:

Solutions to the diambution equations must be found for both media and matched at the
boundary between the two. (Refer also to appendix 4.) The solution in either material is of
the form of 4-4 (equation 4 of appendix 4). Subscript 1 refers to the coating material. and
subscript 2 to the substrate. Hence:
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Figure 11 : A block of coated material, where the coating and the substrate have different electrical properties.

(5)

where: "'1= (1+j)-V1t!1l1CJl (refer to appendix 4)

Clearly there may be no positive exponential term for the busbar itself as the current density
must be exactly zero at infinite depth. This form of the solution is the well known expression
for the current density in a semi-infinite homogeneous planar conductor.

where: "'2 = (1+j)-V1t!I12CJz

For both materials, from Ohm's law:

t,
E =-, (j

and:

1 dEll «ae,
H=--=--

Y jroll dx ~ dx

(6)

(7)

(8)

Hence, from equations (5) and (6) we may define the electric and magnetic fields in the two
materials, by using (7) and (8):
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B -trE =-e
%2 O'z

B-t.,r
H =--eyZ 'tZ

Since tangential electric and magnetic fields are continuous over a boundary, wemay evaluate
the constants: ie Ezt=Ezz and Hyl::: Hyz at x = d.

(9)

Making use of the fact that1and Ii are mutually perpendicular:

where: n is a unit vector perpendicular to the conductor surface and directed into the
dielectric region.

This may be re-written in the form (Ramo, 1967):

ThUGfrom the definition of surface impedance:

-E I -..!..(Csinh('tlx)+Dcosh('tlx»
d at

z; = Hyl x=O = -"';;l-(C-,-co-s-h-(t-lX-)-+-D--S-inh--(t-1x-)-)
~ x~O

(10)

Therefore, from (9) and (10):
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Substituting for "'1 and 'tz, the equation may be reduced to:

_ ,-,:;;_~ sinh(-{"'d'l dVsi +~COSh(..,f<i;Ii; dVsi}
Zs=-\j~"' S

1 COSh(...JCJ1~1d-{i)+~sinh(...Jcr1~1dii)

Substituting for the steady state value of s (ie s =jro):

• ~I ~Sinh«l + INa;;; dfiij) +~COSh«l + j)~ d..Ji])l
Zs=(l+J) --fiCf J

(11 cosh«l + j~d-{7if) +~siJ1h«l + j~d..Ji])

However, in order to retain consistency. nomenclature first introduced by Nahman (1962) is
utilised, ie:

(11)

Equation (11) thus defines the internal impedance of the coated block. Note that this is the
internal impedance for a unit length and unit width of a coated planar conductor. This term
is often referred to as the imredance per square of a material. (An analysis similar to the
preceding one may be condueied for both the inner and outer conductor.)

Consider, now, only the inner busbar, Clearly, equation (4) must be solved in general for the
coating material (subscript i1) and the busbaritself (subscript i2). The thickness of the coating
applied to the inner busbar is d; (refer to figure 12).
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~-.»: ------r
1m

Figure 12 :A unit square of a coated flat conductor (inner busbar). The orientation of the cartesian co-ordinates
will be retained throughout the discussion.

let:

For the coating, thickness di• the general solution is well known:

cf(5)

For the busbar itself:

cf(6)

For both materials:

J,
E =-Z a cf(7)

1 dE,H---
Y - jQlj1.IL}I dx cf(8)
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Once again, because tangential electric and magnetic fields are continuous across the
boundary, the following boundary conditions apply:

and:

Hence it may be shown that, for the inner conductor, coated with a material of thickness dj:

cf(lO)

In accordance with figure 9 and the discussion contained in this chapter, the inner and outer
conductor ~both of which have different widths in a co-axial system, must be accounted for.
Thus, in the same manner as above, the internal impedance: per square of the outer grounded
enclosure may be determined.

For the inner conductor:

For the outer grounded enclosure:

ZSg(S)

Thus a further subscript, g, has been introduced to indicate the outer grounded enclosure. (We
shall continue to use subscript 1to refer to the coating and subscript 2 to refer to the substrate.)
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It is accepted in transmission line theory that all attributes of the line be expressed per unit
length. Consequently, in order to obtain a value of conductor internal impedance per unit
length (z(s», we must divide the internal impedance per unit length and width by the conductor
width. Furthermore, the internal impedance is the sum of the contributions of the inner and
outer conductors (as outed earlier):

•• Z(S)=Zi(S)+Zg(s)

where: (due to effectively placing in parallel the number of internal impedance terms per
unit square)

ZSi(S)
7,.(s)=--
I 21tri

Z (s) =ZSg(s)
11 21tr g

and:

z(s) is thus the internal impedance of a co-axial system in t)/m. It is now pertinent to introduce
one funher level of reduction prior to establishing the propagation factor of the system
incorporating the sm. effect:
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We can now define the impedance (Zd(s» and admittance (Yd' ,'\ per unit length of a co-axial
busduct with the conductors coated with a conductive materis,

Zd(s)~Rd+s ·Ld+z(s) [ntm]

and:

Yd(s)::Gd+s·Cd [SlmJ

(12)

Ld = 1l",J 7g11 [HIm]
2rc

ll\Til) Cd =2neOeR(T~1) [Flm]
In Til

where: £R is the relative 1ermittivity of the medium between the conductors.

Gd is the conductance per unit length between the conductors. For a gaseous
dielectric such as SF6 this term is considered to be zero.

The term Rd is valid only at DC. The transition from this term to z (s) is discussed
in appendix 6. It is thus apparent that equation (12) has differing forms at various
frequencies. The way it is presented here is thus acceptable only when this is noted.
Its various forms over a range of frequencies is discussed in chapter 6 as well.

It is also important to note that Ld and Cd are external impedance terms, as they
are in no way affected by the actual charas...teristics of the conductor materials - in
contrast eo the term z(s).

Thus the propagation factor, 'Y(s), may be determined in terms of Zd (s) and Yd (s), giving «,
the attenuation factor, and 13, the phase factor. ie:

'Y(s)=.yZd(s). Yd(s)

= ..J(Rd+s·Ld +2(8»' (s . Cd)

and

9t{'rts)} =a [Neperlm] ${)'(s)} = 13 [radians/m]
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Therefore, in terms of the nomenclature introduced above, we may define in full the propa-
gation factor (equation (13». Note that, once defined, this factor allows us to determine the
frequency transfer characteristic nf any length of our now defined co-axial system. The
propagation factor now also includes the effects of various coatings independently defined
for the two conductors. It is not the purpose of this work to detail the solution to the next
equation. It is, however, obvious that Irs solution is utilised in the program Skin discussed in
appendix 5.

(13)

Thus the term z(s) can be used to account for both the simple skin effect, and the effect
introduced by the application of various coatings to the busbar and/or grounded enclosure.

We have therefore established an equation for the impedance per unit length of a transmission
line consisting of two coated planar conductors. Clearly, the four materials may have differing
properties, and it is these properties that define ultimately the characteristic impedance of the
system.

One final point to note is that equation (13) m..'st be programmed in order to accurately model
four distinct cases «13) being for the most general case):

• Both conductors coated

~ Inner conductor only coated

• Outer conductor only coated

• Neither conductor coated

The data requirements for the Pascal programme Skin, based on this model, are presented in
appendix 5. It should be noted that the required data all pertains to the physical characteristics
of the system. The electric nature of the system is derived directly from this physical data.

4.4..5 Correcting the Error in the Planar Model
As previously noted, Rdrepresents the internal impedance term for the special case - DC. The
transition from,Rd to the real component of Zj(s) is defined in terms of modified Bessel
functions for the busbar, and modified Hankel functions for the outer grounded enclosure in
the exact solution. The following equation is used to define the internal impedance in the
cylindrically defined system (Ramo, 1967) (This is fully discussed in appendix 6):

{B (..J2ri)s .'(..firl) B .(..[2rljB\ I(..J2rl)}
1 er - el - - el -- I er --9tzs _ __ II II II II

{ ( )} - -{21tri ~er\:I)J+ (Bei\:')J
where: the symbols have their usual significance (Relton, 1965).

(14)
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Hence, with this term omitted in equation (3), an 11% error in the real component of z(s) for
a typical section of high voltage busduct tr, = 55 x 1O-3m,fg == 200 x 1O-3m) is produced at 50
Hz. This error has decreased to less than 5% at 250 Hz. In fact, the accuracy of the planar
model of a coaxial system is a function of the ratio of the busbar radius (ri) to the skin depth
at a particular frequency. Hence, in the graphs shown in appendix 6, this ratio is indicated at
the various frequencies (Refer to figure 13).

, Ii: ' I
I I I' '-r--+--;.--i--,;i--+-i----; -, ~ -
'I '

Figure 13: Comparison of planar and bessel solution fOft= 5, f= 59,76 Hz and o::O.Ollm.
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Since the model relies for its validity upon the establishment ofTEM mode waves, the highest
useful frequency is also set by the dimensions of the busduct. In the same high voltage busduct,
first order TEmode waves would occur above 375MHz. From the solution defined in equation
(14) a correction factor,~, to be incorporated into Rd may be determined. This optimises the
accuracy of the planar solution. The correction factor ~ is found from:

9t{l(s)h~sel == ~. Rd +9t{z(s)} planu

It is shown in appendix 6 that a value of ~=0,256 is recommended.

Thus the frequency domain portion of the model is based on well established theory. and the
inclusion of coatings and two independently defined conductors with distinctly different
characteristics is not to be expected to introduce significant inaccuracies. Furthermore, errors
associated with the transition from the DC resistance value, Rd, to the real component of z (s)
are easily accounted for in the manner discussed above and in appendix 6.

4.5 Experimental Verlflcatlon of the Model
The model was experimentally tested in the time domain using scaled down test ducts. Scaled
down systems were used:

9 To enhance the expected attenuating effects

• To allow a relatively long length of duct with no discontinuities to be used in order to
both enhance the effect and avoid reflections not accounted for in the simulation

a For simplicity, and the ability to produce an easily controlled pulse

The initial tests were conducted by considering the response of the system to a carefully
controlled pulse of short duration. The reason for basing these tests on a pulse were largely
that the reflection off a voltage transformer (a VT essentially being represented by a capacitor
at these high frequencies) has the very spiky characteristic shown infigure 14. This effect is
explained pictorially infigure 15.Furthermore, since the model should faithfully model a wide
frequency band, the pulse includes a wide frequency spectrum.
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Figure 14 : An idealised reflection off a voltage transformer which behaves like a purely capacitive impedance
for very short time periods.

yoltage transformer
VT

Figure 15: Reflection off a voltage transformer, showing the distinctive pulse-like nature of the reflected surge.

This type of reflection is largely responsible for the high frequency content of typical VFfs,
and it was thus important to include 8S the first example the time domain performance of such
a pulse. The Fourier series of the purse was determined as per appendix 7. Note the inherent
periodicity of the waveform.

To verify the accuracy of the model, four different experiments were conducted using a 50n
measuring circuit with Ii400MHz bandwidth. The same experimental set-up was used in 211
the experiments, and is represented infigure 16.

38



pulse generator 0 0
test duct

..... ....
~3I

z, (s)

oscilloscope D 0 0

Figure 16 : The experimental set-up used in order to verify the operation of the model. The test duct was 6m in
length

The simulation accounted for reflections introduced at the junction of the measuring circuitry
and the test line:

• Prediction of the performance of a scaled down busduct fabricated entirely from alu-
minium

• Prediction of the performance of a scaled down busduct fabricat ad entirely from mild
steel

e Prediction of the performance of a scaled down busduct with a copper busbar and an
aluminium grounded enclosure

Prediction ofthe performance of a scaled down busduct with a copper busbar coated with
a 20J.Ulllayerof nickel and an aluminium grounded enclosure

The physical dimensions and parameters of all the tested systems are included in appendix 8,
and noted on the theoretical prediction plots inthat appendix and in this chapter. The techniques
used to establish the physical parameters are detailed in appendix 12.

Although neither of the first two test involved coatings, they are to be considered important
since they allowed the model to be assessed for materials with widely differing values of
conductivity and permeability. The thirdlexperiment tested the operation of the model with
different materials for the busbar and outer grounded enclosure. The final experiment is most
significant, since it tests all of the above..mentioned, as well as the effect of a coating on the
accuracy of the model.

In conducting these experiments, the objective was clear and as outlined above. However, the
results, which demonstrated clearly the accuracy of the model, also lead to the identification
of a number of important considerations, which will be more thoroughly dealt with later. The
results and the corresponding predictions are tabulated in table 3. It is clear that the model is
sufficiently accurate to allow a theoretical study Qf the effects of coated busbars on the
attenuation of VFI's.
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Table 3 : Predicted ant::.recorded pulse responses.

S,.r. .. dactlpllool ~::.s:.r;:~~ ltoccrdtd p<.untag.
(J>ak) orpul.. returned

Solid aiumllllum bUlbar " '",upP!'rIIcI wltld....
oIumlnhml ............ tIItloouN

Solid liIlli.1M1 hWilNor " '"IlIpporllcl wlthl...
"'1I:jllod~_1ooun

SeIld ~opjItI' buohu " "~wlIIoID'"
oI_'Dhll·F~--""

Solidc"".... bYoIMr Sol 95
<_d wli!la 2Oj.uIo1lo1dt~ltkolloJ"'....,orw wlllIl...

ah""lnhuilF_-,,-"

As mentioned previously, there is a mismatch between the generator and the system under test.
However, this is easily accounted for. While the characteristic impedance of the system.under
test was simply calculated (ignoring frequency dependent effects), the correctness (Ifthe value
used in the assumptions was verified by terminating the system under test with a radially
arranged resister network of precisely that value. Furthermore, as a short circuit termination
gives a more defined (but invert-ed) response, the busbar end was alternately open and short
circuited. No measurable difference in the magnitude of the returned pulse was observed.
Consequently a non-inverted response was preferred as it could be captured on a single display
with sufficient resolution and greater significant accuracy than the inverted response. The
photographic record of the results for these tests is shown ui figure 17. Also shown are the
predicted responses, as well as the corresponding frequency domain transfer characteristic for
the system. In examining these, care must be exercised in the interpretation of the photographic
results in accordance with the earlier discussion. A full experimental record is included in
appendix 8.
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Figure 17a : Photographic record of pulse attenuation within a 12 m length of scaled down busduct fabricated
entirely from aluminium. Scales: IOns per large division; 400mV per large division.

Figure 17b : Photographic record of pulse attenuation within a 12 m length of scaled down busduct fabricated
entirely from mild steel. Sf'ales: IOns per ',::.,·gedivision; 400mV per large division.
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Figure 17c: Predicted pulse attenuation within a 12 m long mild steel and a 12 m long aluminium system. For
both systems rl= 5 mm and r. = 22,5 mm,

Figure I7d: Photographic record ofpu1se attenuation within a 12 m length of scaled busduct, Busbar fabricated
from copper, a=5,8x107[Slm]. Outer grounded enclosure fabricated entirely from aluminium,
0== '3,54 x l07[Slm]. tl == 6,11 mm, 1", == 22,1 mm. Scales: IOns per large division; 400mV per large division.
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Figure 17e : Pulse attenuation within a 12 m length of scaled busduct. Busbar fabricated from copper,
0'= 5,8 x l07[SlmJ. Outer grounded enclosure fabricated from aluminium. 0= 3,54 x l07[Slm]. fl = 6,11 mm, Ig
=22,1 mm,

Figure 17f 'Photographic record of pulse attenuation within a 12 m length of scaled busduct. Busbar fabricated
from copper, 0= 5,8 x lO"[Slm]. Busbar coated with a 2Oj.lmlayer of nickel, 0'= l,4x 107(Slm], ilR::: 50. Outer
grounded enclosure fabricated from aluminium, (J= 3, 54 x l07[Slm]. fi= 6,11 mm, r. ::::22,1 mm. Scales: IOns
per large division; 400m V per large division.
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Figure 17g : Pulse attenuation within a 12 m length of scaled busduct, Busbar fabricated from copper,
(j::: 5,8 xl07[Slm]. Busbar coated with a 2OJ.lmlayer of nickel, 0= 1,4x 107[Slm], JlR =:: SO.Outer grounded
enclosure fabricated from aluminium, 0= 3,54 x 107[Slm]. fl = 6,11 mm, r, = 22,1 mm,

The assessment of the results, and particular the conclusion drawn flam the initial results with
ferromagnetic material, made it clear that the effect of permeability was vital. Thus, since it is
used as a constant in the model, its choice i~important Itmust be remembered that a ferro-
magnetic has an initial permeability (J.LR = Ill' Rayleigh region), a maximum permeability
(IlR = 11M),and a high field permeability (IlR = Ils). as shown iss figure 18.

)

~ high field permeability (J.Ii! = Ils)

(domain waIl rotation)

maximum permeability (J.1R = J.l.A()....
(irreversible domain wall displacements)

initial permeability ~ 0= J.l.I)
(reversible domain wall di lacemeI'!l&..-

H{Alm]
Magnetic Field Strenglh

Figure 18 : Virgin B-H curve of a typic.'\l ferromagnetic. The figure shows the defmition of Ill. IlM and Jls.
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The effects of permeability will be more fully dealt with in chapters 5 and 6.
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Chapter 5 : Use of the Mathematical Model to Predict the Performance of
Various Coating Materials

5.1 Background
In the study upon which the concluding remarks of this chapter are based, the ph'losophy was
to identify the two most important waveforms likely to result in a VFf, and to consider the
theoretical effect of coatings on their transmission along a typical high voltage busduct. The
duct chosen was a BBC BG-2 type, with dimensions rj = 5Smm, rg = 200mm. A length of
15m was selected as a suitable example as tt.~swas considered to be fairly representative of
the distance between a disconnector and the SF6 substation outer wall (Edlinger et al, 1984).

5.2 Formation of a VFT.
It must be noted that VFfs are made up from the time domain sum of numerous surge voltages
that have been transmitted through the system from the disconnector switch to the observation
point as suggested infigure 19.

incident wave observation point open circuit

Figure 19 : The addition of the time domain components inorder to build up the Y'FT recorded at a particular
point in a GIS.

While the travelling wave phenomena will be more formally discussed in chapter 6, it is
pertinent to briefly outline the formation of a VFT:

The incident surge shown infigure 19 is one of the two surges developed by the operation of
a disconnector. As itpropagates within the duct, it passes the observation point, and is recorded
for the first time, and is labelled voltage step 1 in the figure. (This is considered to constitute
a single "path" between the source and observation point for this system.) The surge continues
topropagate, andwould then be reflected at the open circuit, whereuponitpasses the observation
point travelling in the opposite direction (in this case) and is recorded for the second time.
(Again, the travel from the source to the observation point is considered a "path" in this model.)
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At the measuring point, the two recordings are superposed to give the waveform indicated,
representing the "'/FT ever this short time interval.

Consequently, the nett attenuation of any observed VFr is clearly dependent on the sum of the
effects introduced to the componental surges- pot to any gross effect introduced to the VFf
as an entity. Attention was therefore paid to the transmission of a surge voltage along the duct.

As was noted in chapter 3, the highest frequency component associated with a VFI' is due to
the rising edge of the voltage surge. The high frequency content of a typical VFf is therefore
significant. This is illustrated infigure 20, which is a copy offigure ~of chapter 2. Furthermore,
the reflection from a voltage transformer (modelled as a capacitor to earth) has a particularly
significant spiky nature. These spikes are known to contribute significantly to the peak
magnitude of Vf'Ts (Boeck, 1987). This effect is shown in figure 21.

1.0

~ O.B
'l::a,
~ 0.6
~:.::
~

0.4

0.2

...
o 15 3(; 45 60 75 90 105 120 135 {{MHz1

Frequency

Flgt.re 20 : Harmonic content of a typical VFr with a fundamental oscillation frequency of 15MHz. The DC
component has been suppressed in the analysis (Reynders, 1987b).

<:;::J~ncident surge

voltage transformer
VT

....

Figure 21 :Reflection off a voltage transformer, showing the distinctive pulse-like naeure of the reflected surge.

47



5.3 Theoretical St~p~.ly
Consequently. the objective of this theoretical study was to:

• Observe the effects of coatings upon tile risetime of a surge and the peak magnitude of
a pulse

Gain an understanding of the .elative effects of various material parameters upon the
attenuation

., Draw conclusions pertaining to optimum coating characteristics

Recall that for this study, all the parameters shown ui figure 22 below may be controlled, as
may the length of the duct for the time domain study. Furthermore, since JlR is used as a constant
within the program, its choice is important, and motivates the use of a range of IlR values in
the study.

outer gro-nded enclosure
f

Figure 22: Cross-sectionalrepresentation of the busduct with coatings, clearly indicating all the variables accepted
by the model. The figure also serves to define the variables used in this thesis. Particular attention should be paid
to the use of subscripts.

5.3.1 Predicted Performance
The two most important frequency ranges associated with disconnect transients are evident
fromjigure 23. The higher frequency range is determined by the initial step, a characteristic
of the mechanism of ti~~ak:downin the gap. Hence this range typically f.J1s between 50 and
120MHz. The second is the slower damped oscillation, dependent upon reflection and
transmission of the initial surges within the GIS. Note that the slower damped oscillation,
because it is a function of system configuration, cannot be directly affected by this technique.
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The application of coatings attenuates only the waveform travelling along the duct. The form
of the observed VFT is location-dependent and made up of numerous components. This
oscillating frequency is therefore a function of the specific GIS configuration, and is shown
to be 13MHz for the system in which the transient of the above figure was recorded. Although
these transients an' also known to cause oscillations of frequencies below a few hundred kHz
and wen above lOOMbz(Reynders, 1987b; Boeck. 1987), the main component of the order
of some MHz and the superimposed component of some tens of MHz are known to define
the most detrimental features.

!~,

"!

Figure 23 : A VFr recorded in the Werner von Siemens Test Facility at the University of the Witwatersrand
clearly <>howi:lgtwo distinct frequency components. The system in which this VFT was recorded is identical to
that used infigure 4. Scales: 40ns per large division; 9O,8kV per large division.

The frequency domain performance of three typical high voltage busducts is shown in figure
24, where the busbars and grounded enclosures are fabricated from uncoated aluminium.
Figure 23 considers me frequency response when the busbar and outer grounded enclosure
are coated with a 50/JlIllayer of a stainless steel, 3CR12. In generating this plot, a value of
j.1R = 1000 (IlM) has been used. Refertofigure 18,where Ill: JlM and Jls are defined. The upper
dotted line shows the frequency response if the entire busbar was fabricated from 3CR12,
while the lower dotted line shows the response for the aluminium system. (The physical
parameters of these materials are to be found in table 4.)
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Figure 24 : Attenuation characteristic of three common high voltage busducts,
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F~gure 25 : Attenuation characteristic of a busduct with a 5OJ.un thick skin of 3CR12 applied. A value of
I1R = 11M = 1000 has been used. The upper dotted line shows the characteristic if the entire busbar was fabricated
from 3CR12, while the lower dotted line shows the response for the aluminium busbar.
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As can be seen fromjigure 25, the increased effective cross-sectional area of the grounded
enclosure reduces its series resistance to such an extent that the effect of coating it has
negligible influence upon the increased attenuation characteristic. Consequently, for an the
subsequent predictions, the application of coatings to only the busbar has been considered.

It must be borne in mind that, as this study is effectively based on a steady state model, the
transient nature of the skin effect is excluded. Once again, it becomes important to consider
a range of JlR values, as no transient model has yet been developed that accurately accounts
for all the effects introduced by a ferromagnetic. The importance of this study is thus to
carefully analyse the effects of these controllable parameters. The predicted performances for
a typical high voltage busduct have been tabulated in table 4.Figure 26 shows the attenuation
introduced to such a pulse for a coating material with the characteristics of 3CR12. Con-
sideration is given to values of J.l.R'

Table 4 : Percentage attenuation of a representative pulse for different materials and different field intensities,

eo'tSl':I'1ty Ib!aUv. CoaUna P.",.nbojje
Permeability Thick ... Attenuation

'" "" "" [JIm] !At "" ""c:=Coaur"",lIllroo! 1)(IC' 150 660 !iOOO 129 1,8 3,8 9,5

PomWlay 1)(10" 1200 0400 2.!0)(10' 65 6.9 4,1 59,8

NickJ:I 1,4)(10' 110 :200 600 128 1,3 1,8 3.0

,•.
Mild SIlcl 1><10' 12C 650 2000 145 1,6 3,7 6,3

I'l>zclta:t 1)(10' 10000 660 :2OOKlo' Iii 13,1 3,& 45,1

SlljlCZ'tDSllay 1,\SXUt 100)(10' m . 13 63,5 5,6 .
V""'1<!ium~ 3,8xlo' 800 730 450C 91 6,5 6,4 14.2

Alperin 7,Uo' :lOCO leO 55000 lOll 2.!,O 8,5 ~,l

lCRl2. 1,8)(10' - -400 ·1000 3046 - 6,9 10,8

Hypothetlall Materia"
(a) :200 110 - - 33900 89,8 - -
(b) :200 10000 660 - 3!lSO 99,0 %,1 -
(c) 7)(10' 1211 650 2000 549 6,0 13,4 21,0-
(d) 1)(10' 1211 650 2!100 ~'9Q 37,6 64.2 80,5

Consider a 275kV three phase system. If the initial surge reaches O,3pu, this would imply an
initial surge of magnitude 67kV travelling within the duct. With a 750. surge impedance, a
peak transient current of 0,9kA would occur. Hence the initial step could initiate a peak
magnetic field intensity of 2600A .nil at the surface of the inner busbar. This value is then
used to determine the high field permeability value of J.LR for the pulse attenuation evaluation.
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Figure 26: Pulse attenuation with a skin of 3CR12 stainless steel50"un thick. Duct dimensions: fj= 55mm. f,
= 200mm. length = 15m.

)
However, such a pulse contains .imerous frequency components of relevant magnitude well
above the frequency range of interest in this discussion, and consequently the degradation of
the rising edge of a typical surge voltage has also been considered. Remember that the initial
surges determine the maximum dVldt of the transient, and by reflection and transmission,
develop the peak overvoltage within any GIS. The degradation of the rising edge as the surge
travels over a 15m length of busduct is shown for 3CR12 in figure 27.

Again two values of JlR have been considered. The results of this analysis are listed in Table
5, where the important criterion IS the increase in the 10-90% risetime of a surge reaching
0,3pu.
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Figure 27 : Distance related increas the risetime of the surge front caused by a 50J.Unthick skin of 3CR12
over a duct length of 15m. Duct dimensions : rl = 55mm. r, :::200mm.
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Table 5: Percentage degradation of the rising edge of a surge voltage for different materials and different field
intensities.

Material Condl>Clhlly RcloU .. eo..Una --d[SImI PenneabUlty 'rblclme. 10.,..90.,.

I'f ". "" [pm) II<
RlseUme ::aradallOa

Ca:nm::tcial Iran 1)(10' 150 660 SOOIl 11.9 S 7 26

P=WIoy lxuf 1200 400 250)(10' 6S 14 8 >10'

Nlcbl 1,4)(10' liC 200 - 128 3 4 -
MDdSIIocl 1)(10" 120 650 2I.":i 145 3 8 14.
Pu...hoa 11<10' 10000 660 100)('10" 16 49 8 >11)'

5upeI1!lIIIoy 1,6"10" 100000 :z,w la' 13 >10' 12 >10'- -_
Vanrr.diUDlPc:=dur 3,8)(1!>" 800 730 <lSXl 91 13 13 64

AI!","" 7>:10' 3000 24() 55000 109 >10' 19 >10'
'---

3CP.12 1,8)(10" - -400 -1000 346 - 15 211~-H,Poth.Val Material.
_, (a)

200 110 200 liDO 33900 >10' >10' >10'_.
(b) 200 10000 660 3550 >10' >10' >10'2IXlxlo'

(0) 7><10' 120 650 2000 S4~ 10 56 254

(d) 1)(10' 120 650 2XlO 4590 >10' >10' >10'

5.3.2 Discussion of the Theoretical Investigation
From the preceding theoretical examination, a number of factors have been found to influence
the attenuation introduced by any coating material. Some of these factors may require adetailed
examination of the physics of the material, while others may merely imply the need for careful
material selection.

The Effects of Magnetic Field Intensity
A non-linear relatios.ship between B and H defines 11,and this cannot as yet be expressed in
a suitably simple mathematical form. As very high currents, and hence high fields are
generated under VFT conditions, particularly after the initial surges have been reflected a
number of times, it is important to select materials that saturate at high flux densities, This
is adequately demonstrated in table 4, where the high attenuations introduced by mild steel,
commercial iron and pure iron at 2600A/ m are directly attributable to their high saturation
flux densities of above 1,ST. All enjoy good electrical conductivities of approximately one
third the value of typical electrical conductivity aluminium. A similar correlation is shown
in table 5.

Another important feature stemming from the magnetisation curve is the fact that a high
degree of hysteresis generally implies a very reduced value of Iln at high field intensities.
Furthermore, heating effects due to hysteresis losses may be detrimental at power frequency.
Hence the most suitable materials to apply as coats are soft ferromagnetics, exhibiting high
saturation flux densities, but not necessarily high maximum values of JlR'
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Appendix 9 shows predictions made assuming a maximum value elf permeability existed at
all times. Clearly these results are dramatic, but the effect of field intensity must be borne
in mind.

A number of factors are known to influence the shape and extent of the magnetisation curve
of any material. Not .ily does the relative percentage composition have a marked influence,
but more importantly. techniques employed during manufacture have been found to introduce
large effects (Bozorth, 1951). Increased research effort should enable magnetic materials to
be designed to meet specific requirements.

The Effects of Frequency
The apparent permeability of a conducting ferromagnetic material is the value of permeability
that the material appears to have at high frequencies. It has been shown that, once corrections
have been made for the classical skin effect within the sample, the actual permeability is
found to still be at the value recorded at DC (Mallary, 1985). The mathematical model
presented hem accounts for changes in apparent permeability by virtue of the term z (s).
Furthermore, these changes are correctly predicted irrespective of coating thickness or
frequency. Generally, these are the only permeability changes ever considered. However, a
number of researchers have detected frequencies above which the classical theory no longer
accounts for these changes, and the actual permeability of the material begins to decrease.
This occurs when the classical skin depth becomes equal to the half-wall width of the material,
and exchange effects dominate. For most ferromagnetics, this occurs above 100 MHz
(Thornley, 1971;Thompson, 1971).

Although the attenuation of the harmonics of interest in this research may not be greatly
affected by frequency effects on relative permeability, this subject is still open for investi-
gation. Tables 4 and 5 were generated ignoring these effects.

The Effects of the Factor J.lRcr
A prominent and anticipated feature of the attenuations shown in tables 4 and 5 is the poor
performance of highly conductive materials at lower values of IlR' Thus low conductivity
values can be conveniently utilised providing they do not lead to unacceptably high power
frequency attenuations. Alperm and the four hypothetical materials all enjoy low con-
ductivities, but are nevertheless still conductors by definition. The good performance of
vanadium permendur at 2600A .m" is clearly attributable to a combination effect of its high
field value of permeability and its lower conductivity. Similarly 3CR12 shows a good high
field performance.

The factor llRO' is thus an important criterion, and is the major factor influencing the selection
of coating material. This phenomena is easily understood by examination of the simple
equation defining the skin depth, B:

(15)

As the product IlRO' increases, so the skin depth decreases. This introduces increased loss at
the high frequencies.

//
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The percentage attenuation of a 4 ns risetime representative pulse is shown in figure 28.
Appendix 10 includes numerous plots depicting the attenuation of a repre:''':!'llif'\lvepulse, and
also shows the frequency domain performance, from which the effect of coating thickness
is clear.

100%

0%

dj = O,5mm ---I

I I
<it = l001J1Il

Figure 28 : Influence of the factor JlRo on the attenuation of a representative pulse - a graphical representation
of peak magnitude attenuation as a function of J.1RG.

It must be remembered that a family of similar curves exist for differing values of IlR' as
indicate; in figure 29. For the materials of interest, (J is a constant, and can be accurately
measured. Care must be exercised in the choice of IlR. The higher the IlR value, the greater
the attenuation spread.of the curve. The plot ofjigure 28 was produced using a JlR value of
350 which, from the previous discussion, represents a realistic approximation to the value
likely to be experienced under high field conditions. Figure 30 considers the increase in the
10-90% risetime of a sL....'gevoltage with a 4 ns risetime. As expected, a close correlation
exists between the curves of figures 8 and 9. Using these curves, it is therefore possible to
obtain a theoretical knowledge of the characteristics of coating materials suitable for use in
this application. A number of important features are shown:
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- ~ = 0,5mm -.-.~di::": lOOJ.Ull -di = IJ.Ull

Three coating thicknesses are considered.
For each, three values of ~ are considered.

Figure 29 : Graphical representation of peak magnitude attenuation as a function of J.l.Ro for various values of
permeability.

• The reduction in attenuation at the high values of IlRO' is defined in terms of the coat
cbaracteristics, and CM be seen to be independent of coat thickness. However, this
does imply that along this region, reduced coat thickness must introduce reduced
attenuation

• The reduction in attenuation at the low values of J.LRO' is due to the combined effects
of coat characteristics and thickness. Implicit in this roll-off is the fact that the depth
of penetration for the coating material, as defined by the earlier equation, has become
far larger than the coat thickness. This situation nullifies the attenuating properties of
the coat, as the majority of the current flows within the aluminium busbar, (Of course.
this is the same effect that allows this technique to introduce very little attenuation at
50Hz). This situation tends towards that of the application of a thin dielectric layer to
the busbar. The attenuation effect in this case is therefore no longer due to changes in
the internal impedance of the busbar, but is to be accounted for in the external impe-
dance terms

• A comparison between the curves ofjigures 28 and 30 shows that, for any given coating
thickness, the maximum 10-90% increase in risetime occurs at higher IlR<i values than
themaximum pulse attenuation. Noting from equation (15) that the depth of penetration
o is an inverse function of frequency t,implying that for arty given coating thickness,
lower frequencies are only effectively restricted to the coating if the JlRO' values are
correspondingly higher. Hence the degradation of the rising edge of the voltage surge
is effectively more dependent upon lower frequency effects than is the attenuation of
a representative pulse. It is important that these effects be noted, and that increased
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Figure 30 : Influence of the factor ).1/10" Onthe risetime degradation ~a graphical representation of increase in
initial risetime as a function of IlR<J

attenuation be introduced at as low a frequency as feasible in order to ensure rise time
degradation of the initial surge voltages. For any particular coating material, this is
achieved by the selection of coating thickness

5.4 Coating Performance
Using the model presented, it is thus possible to identify a range of J.1RO' values which would
produce meaningful results over a 15m length of busduct. For a lOOJll11 thick coating layer,
and in order to introduce at least a 50% increase in the 10-90% risetime, this range extends
from 2 x 104 to 4 x lOsS/m. The effect of coating thickness should be noted, and it must be
stressed that increased attenuation must only be introduced at frequencies well above 50Hz in
order that this technique fulfil its objective of not affecting the power frequency transmission
characteristics of the busduct, Furthermore, the effective range is dramatically affected by the
value OfJ.1R for the coating (Jandrell, 1987). As both the expected field intensity and the physical
effects upon the coating material during the coating process limit the values of J.1R' careful
attention must be given to the conductivity of the material.

While it is clear that pulse attenuation will occur, as will risetime der .radation of the initial
step, it is important to remember that this analysis is only applicable to a continuous single
length of busduct, Also the fmal"DC" value attained by the surge generated by a .isconnector
is not significantly affected. This is an important consideration in attempting to extrapolate too
freely the results of this analysis to the case of a GIS, where numerous reflections and trans-
missions do occur, in order to express an opinion on the peak magnitude attenuation. What
this analysis does permit us to do is draw certain valid conclusions pertaining to the VFT:

58

))



• An increase in the risetime of a surge voltage as a function of distance travelled in the
duct is expected

• An increased time delay for any given distance travelled is expected in a coated system
in comparison to an aluminium system

negligible attenuation

increased ris<Jtime
(time domain component
adtiin{,.' implies peak
magnitude rec!uctkm)

Figure 31 : Reduction in the peak magnitude of a VFf brought about by risetime increase of the initial surge
with travel distance within the system. A secondary effect of the risetime attenuation is therefore apeak magnitude
decrease resulting from the nature of the time domain development of the VFf.

As sugg ' infigure 31, this may lead to a peak magnitude attenuation, and a decrease in
the dV/dt 01. ... 'slope to the first and subsequent major peaks. This effect is dependent upon
the configuration of the system to a large extent.

5.5 The Consideration of Four Materials for US(! as Coatings
From the preceding theoretical analysis, it is possible to identify materials that may be suitable
for use as coatings in this application. It is also important to give consideration to va ous
coating techniques. The ease and precision with which the coating may be applied to the
aluminium substrate, in this case the busbar, is of concern.

The characteristics of suitable coating materials have been found to be those of soft ferro-
magnetic materials, exhibiting a high saturation flux density but not necessarily a high maxi-
mum value of permeability. This is because the coating win be required to operate under
saturation conditions under transient stimulation.

5.5.1 Coating Technique Considerations
Although pure iron has been shown to offer an acceptable alternative, it is evident that alloys
are the materials most suited to this application. A number of factors therefore influence the
choice of material. as well as the coating technique:

• The bond formed between the coating and the substrate must be mechanically sound
and should preferably be conductive (Silveira, 1985)

• The coating material should not adversely affect the breakdown characteristics of the
system '
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• The coating technique must be simple and economically viable, imposing as few ron-
straints upon the physical dimensions of the busbars to be coated as possible

Any mechanical weaknesses may result in flaking, and thus the formation of free particles.
This is undesirable. Similarly, surface roughness is an important criterion, as even small field
inhomogeneities may result in very low breakdown voltages under the influence of VFfs (the
very effect that this technique aims to control). Refer to chapter ~.

Based on these broad requirements, a number of coating techniques have been evaluated:

• Electroplating

• Hot dipping

e Metal Spraying

These techniques are briefly discussed in appendix 17. As no.ed in that appendix, a combi-
nation may provide the most viable solution, with the final COal1..1gbeing metal sprayed onto
the prepared substrate.

5.5.2 The Four Materials
Based on the electrical and mechanical requirements 01' "'~ rating, four materials have been
selected for censideration. For the sake of clarity, they shall simply be referred to as samples
1 to 4. The percentage composition of each is shown in appendix 11, and is tabulated in table
6. Also shown in the appendix are the hysteresis curves and the conductivities of each sample.
The techniques employed to ascertain these physical attributes are discussed in appendix 12.
With the exception of sample 4, these materials are all suitable for metal spraying. Sample 3
has previously been very successfully metal sprayed onto various substrates.

Samples 1 and 3 are examples of soft magnetic materials. Sample 3, in particular, has char-
acteristics very close to those considered to be most desirable for use in this application. Like
sample 4, sample 3 saturates above 1,5T. Sample 2 enjoys the advantage of the lowest
conductivity value, but saturates the most rapidly, at less than 0,5T.

Tile four B-H curves, superimposed upon each other, are shown uifigure 32.
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Table 6 : The percentage composition of the four materials,

,

Sample 1

C 0,070; Ni 59,35; Mn 0,71; Si 0.15;
Cu 0,06; S 0,005, P 0,007; Fe Balance

,~

Sample 2

C 0,102; Cr 29,95; Ni 9,73; Mn 1.95;
Si 0,40; P om.::,; S 0,0011; Mo 0,09;

FeBa1ance

-~
Sample 3

C 0,03; N 0,03; Ni 1,5;Mil 1,5; Si I;:} P 0,03; S 0,03;
Cr(1l,O-12,0)

Ti 4·(C+N); Fe Balance

".

~~ample4
~,_~ilIAI'! ,-:,~

Cr 5; Co 40; Fe 55

___ --- sample 3
sample 4

sample 1
sample 2

30000
H[A/m]

Flgure 32 : Superimposed B-H curves of four materials eensldered for use in this application.
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In order to examine the effect of this coating technique upon the rising edge of the transient,
the degradation introduced to a surge with a 4ns risetime over a 15m length of busduct has
been considered. For the simulations, the surge front has been considered to pass the measuring
point, travel 7, 5m. to an open circuit, and then return to the observation point.

In order to assess the value of permeability likely to be experienced for each coating material,
it is important to decide the expected magnituc'e of the voltage surge. The peak magnitude of
the initial surge was chosen to be 0,7pu. This implies a trapped charge of 0,4pu, and. a source
side line-to-ground voltage of 1,Opu on switching. This is essentially the highest value of
initial surge likely to be experienced in modern equipment (Boeck, 1987). All the predictions
were for a typical 132kV system operating in a busduct with a busbar radius of r,= 55mm,
and a grounded enclosure with an inner radius of rg = 200mm.

The predictions were conducted at field intensities of 2080AI m ,which is calculated in
appendix 13 as being representative of the field intensities likely to be experienced under the
influence of a VFT. The predictions were repeated at a field intensity of four times this value
in order to show the effect of reduced permeability. The permeability values were determined
from the virgin magnetisation curves of each sample of material, thus making the tacit
assumption that the ferromagnetic coatings were demagnetised immediately prior to the
transient event. The results of these simulations are shown in. appendix 14. In that appendix,
the attenuation characteristic, the representative pulse response, and the surge response are
shown for the four samples.

From the attenuation characteristic, it is clear that the reduced values of permeability at the
higher field intensity manifests itself as a reduction in t11eattenuation atthe higher frequencies.

It should also be noted that a close relationship exists between the percentage attenuation
introduced to a representative pulse and the degradation of the rising edge of the surge.

The performance of the various materials, measured as the percentage pulse attenuation, is
summarised in Table 7.

Table 7 : The pulse attenuation introduced by the four sample materials. Note that the attenuation at low and
high field intensities are show. (penneability is affected by the field intensity.) The increase in the' 10-90%
risetime was only determined at the realistic value Gf field intensity for the most promising samples.

-Sample Field Intensity Pulse Attenuation Rlsetlmern":::::l
[AIm] [%1 [%]

1 2080 4,90 15
8320 2,93 not determined

2 2080 3,00 not determined
8320 2,34 not determined

3 2080 6,75 25
8320 4,13 not determined

4 2080 1,79 not determined
8320 3,19 not determined._.-
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With reference to the table, samples 1 and 3 show the most favourable results at both field
intensity values. At 2080A/m, sample 1 introduces 4,9% attenuation to the pulse, and increases
the 10-90% risetime by approximately 15%. For sample 3, these values are 6,75% and
approximately 25% respectively. The high saturation flux density of sample 3 ensures that it
. still introduces a marked degradation of the rising edge at a field intensity of 2080A/m. In
sample 1, this effect ~1asbeen greatly reduced.

Samples 2 and 4 are, from these results, shown to be least suitable. Sample 2 saturates too
soon, while sample 4 cannot be classed as a soft ferromagnetic material.

5.6 Concluding Observations
A method of reducing both the magnitude and dVldt of surges and pulses by the application
of ferromagnetic coatings has been discussed in this chapter. A number of conclusions may be
drawn from the theoretical analysis and the results presented in the previous section:

• The application of coatings to the inner busbar only need be considered

e The magnetic properties of suitable coatings are those of soft ferromagnetic (ie materials
exhibiting low hysteresis losses, characterised by a narrow B-H curve) materials
exhibiting high saturation flux densities, yet not necessarily high values of maximum
permeabilities. Careful consideration must be given to ensure that sufficient VFT
attenuation is introduced without introducing unwanted 50Hz attenuation

• Above about lOOMHz, the actual permeability of most materials is known to decrease

• The maximum attenuation is a function of coating thickness

The factor JlRO" has been identified as a major design c iterion for coating materials. The
attenuation reaches a maximum for a range of JlRO' values, dependent largely upon the
permeability of the material at the highest expected field intensity

• It has been shown that the degradation of the rising edge of a voltage surge is more
dependent upon lower frequency effects than is the attenuation of a representative pulse.
This is because of the broad band frequency content of the pulse. Consequently, increased
attenuation must be introduced at as Iowa frequency as feasible in order to effectively
degrade the rising edge of the initial surge

•

• Changes in the physical characteristics of the coating material during the coating process
must t~ given careful consideration

Any suitable coating material must provide not only good permeability values, but also suitable
values of conductivity. The form of the magnetisation curve is also an important criterion, as
demonstrated by the ineffectiveness of the hard magnetic material, sample 4..Itmust be noted
that the most useful of the four samples considered in this chapter, sample 3, iisa stainless steel
alloy, 3CR12. Its magnetic characteristics were previously unknown. It is thus clear from this
discussion that a combination of these attributes in a single material will ultimately ensure the
success of this technique.

It is important that any coatings be used in such a manner as to only introduce effective
atter tion to the high frequency voltages and currents. Fabricating the entire busbar from the
coatl.,tE material would lead to unacceptably high power frequency attenuation.
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It should be stressed that tl-te effectiveness of this technique is largely dependent upon the
available transmission distance for the initial surge within L"Ie busduct, Also, becaase the effect
of field intensity is so marked, it is important' to introduce as much attenuation to the initial
surge as possible before any subsequent reflections have lead to increased values of field
intensities in the GIS case. This will be discussed in greater detail in chapter 6.

'i'Jj
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Chapter 6 : A Travelling Wave Model for VFTs and Laboratory Results

6.1 Introduction
In this chapter the emphasis will be on two aspects 0f this work:

• A travelling wave model for a simple GIS

• Laboratory results obtained from a ferromagnetic system operating at high voltage

The theoretical work presented in chapter 5 has shown that the application of ferromagnetic
coatings to the surfaces of the busbars in a gas insulated busduct may lead to a noticeable
diminuation of the undesirable features of the very fast transients associated with tile operation
of a disconnector switch (Jandrell, 1988).In order to examine the actual effects in realistic
systems, it was necessary to utilise the available laboratory equipment, where long travel
distances did not exist The longest system available for experimental work is shown in figure
33.

q~50pF disconnector capacitive
switch divider

([JI...:::::::::=::=:=~ ! Ijl t IlD
3300 I' 840 2340 2000 II.00I------...... ... ..

Figure 33 !Longest system supported at the Werner von Siemens test facility at the University of the Witwat-
ersrand, and the syste, ..•in which the high voltage experiments were conducted.

Accurate travelling wave models allow for good correlation between predicted and recorded
responses for long time periods (Witzmann, 1987). Little effort, however, has been directed
towards the accurate modelling of short time periods where effects introduced by differing
conductor materials are specifically accounted for. This is not surprising, as little attenuation
is expected to be introduced by the simple skin effect in aluminium ducts (Jandrell, 1988;
Witzmann, 1987) (Refer also to figures 24 and 25). The predominant portion of the transient
attenuation ;,s ascribed to spark resistance, while the skin effect is ignored, or only crudely
accounted for (Alvinson et al, 1988).

By contrast, in the travelling wave model discussed in this chapter, the nature ofthe investigation
dictates that interest be specifically in the effects of the busbars and grounded enclosure upon
the attenuation of the transients. Other system components are accounted for by the use of
simple accepteci methods. Furthermo .e, if the application of coatings is to be considered as a
means of controlling VFTs, it is apparent that an effect must be noticeable within the first few
reflections of the initial step voltages. The software model presented here is thus not envisaged
to be a replacement for existing transient analysis techniques. It serves to facilitate the study
of a specific effect. The importance of this model was to enable us to gauge the effectiveness
of this technique in a system incorporating reflections and transmissions (Jandrell, 1989;
Jandre111990).
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The frequency domain model presented in chapter 4 has been extended in order to simulate a
number of coupled sections of GIS. The entire vessel has been defined in terms of the dis-
continuities within it, while each section is still individually defined. Although this technique
is well known, this is the first time a detailed skin effect model has been included in it. It also
has a number of drawbacks:

• The number of alternate paths that may he defined to exist between the disconnector and
the observation point is limited by available computer memory

• The time taken to simulate the system response is excessive on an IBM AT operating at
12:MHz

.. A relatively large amount of data is requii d in order to define the system in sufficient
detail to fully utilise the power of the models used

The last mendoned drawback is merely a function of the detail of the model presented in this
work. Furthermore, it is important to note that the only required data is of a physical nature.
All electrical characteristics, including electrical lengths of sections of the GIS, are determined
by the program as functions of frequency. Furthermore, the alternate paths that may exist are
determined by the program as L operates.

The two remaining drawbacks, first and second in the list above, are limitations imposed by
the hardware being used and are merely irriLations. For this work, however, the complexity of
the systems was reduced and the time interval of interest minimised in order to oruy show the
effects we were interested in.

6.2 The Model
Prom the work on which this transient analysis model is based (Jandrell, 1987), it is clear that
the effects of both the busbar and the outer grounded enclosure are directly accounted for.
Previous work allowed for the time domain study of a single section of duct (Jandrell, 1988).
The propagation effects associated with discontinuities within a duct were not accounted for.
This is evident from the analysis contained in chapter 5. As shown in figure 34, the two
characteristic impedances need not necessarily be equal. Furthermore. they and hence the
reflection and transmission coefficients, are non-linear functions of frequency, being dependent
upon the conductor and coating materials used. Many of the assumptions made in the devel-
opment of the tr•.nsient analysis model are thus derived from the original mathematical model.

\
i

spacer (discontinuity)

reflected portion

incident surge..---:>

Figure 34 : A generalised discontinuity ina GIS, showing the frequency-dependent characteristic impedances
on either side of the discontinuity.
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6.2.1 Assumptions
In the development of any model of a physical process, it is important to make simpli" ing
assumptions that will not detract from the accurate operation of the model. The following
assumptions have been made:

Linear System Elements
This assumption allows the use of superposition to establish the final form of the VFf at
any point within the duct. It is, for example, in accordance with the use of single capacitor
values to simulate the effects of voltage transformers and spacers. The transient spark
resistance, which changes very rapidly during the voltage collapse at the disconnector
contacts, is accounted for in the definition of the risetime of the time domain waveform used
to represent the initial negative and positive voltage steps generated at the disconnector,
However, this assumption disallows the use of a changing value of relative permeability,
IlR, in the physical definition of a ferromagnetic material. The complications associated with
selecting a suitable value of IlR for the simulation are addressed in chapter 4, and are also
discussed elsewhere (Jandrell, 1988).

Instantaneous Establishment of the Flux Within the Busbars
This assumption makes it possible to utilise the Fourier technique in order to determine the
time domain form of the VFI' , ed on the frequency domain model of the busduct. The
:;r-enuation experienced by al._, ;1Venfrequency component is thus assumed to remain
unchanged in time, allowing the establishment of a frequency transfer function. While the
frequency domain model accurately accounts for the skin effect in coated conductors of the
form and dimensions typical of a gas insulated duct, the transient component of the skin
effect is ignored. Were this assumption not made, the concept of a characteristic transmission
function would be meaningless (Jandrell, 1990).

Only a Single Phase of a Three Phase System Need be Modelled
Particularly at higher operating voltages, single phase busbars are separately encapsulated.
No attempt has been made to model the three phases of a system encapsulated within a single
grounded enclosure.

These three assumptions form the basis of the model presented here, and facilitate easy
understanding of its operation.

6.2.2 Incorporation of Reflection and Transmission Coefficients
Consider first a single incident wave in a simple system. In figure 35, the incident wave
represents a a surge voltage emanating from a disconnector switch. The observation point
would be realised by a broad bandwidth capacitive voltage divider.

As the surge propagates within the duct, it passes the observation point, and is recorded for
the first time, and is labelled voltage step 1 in the figure. (This is considered to constitute a
single "path" between the source and observation point for this system.) The ..urge continues
to propagate, and would then be reflected at the open circuit, whereupon it passes the
observation point travelling in the opposite direction (in this case) and is recorded for the
second time. (Again, the travel from the source to the observation point is considered a "path"
in this model.)
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incident wave observation point open circuit

Figure 35 :Figure depicting the addition of the time domain components in order to build up the VFT recorded
at a particular point in a GIS.

At the measuring point, the two recordings are superposed to give the waveform indicated,
representing the VFT over this short time interval.

Now consider a more extensive system, in which both initial surges generated by the dis-
connector must be accounted for. Note that the non-linear spark resistance is tacitly included
in the definition of the rising edge of the surges.
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incident wave observation point open circuit

=i>\_ =======2:JJ I

Figure 35 :Figure depicting the addition of the time domain components in order to build up the VFT recorded
at a particular point in a GIS,

At the measuring point. the two recordings are superposed to give the waveform indicated,
representing the VFT over this short time interval.

Now consider a more extensive system, in which both initial surges generated by the dis-
connector must be accounted for, Note that the non-linear spark resistance is tacitly included
in the definition of the rising edge of the surges.
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Figure 36 : A simple system, with the two surges generated at the disconnector shown. The Fourier technique
is used to move between the frequency and time domains and back again. The time domain deftnition of the
initial surges is shown in appendix 7. Inparticular, refer to figure 7.2.

Consider the simple system shown ill figure 36. The initial surges are as indicated in the
diagram. The discontinuities (nodes) are numbered. In any given observation interval there
exist a finite number of alternate paths between the disconnector and the measuring point,
each path being identified by an ordered number series representing the nodes visited. Once
the system has been defined as a linked list of nodes, and the approximate propagation time
between each node is known, it is a simple matter to construct a table of paths, as shown in
table 8, by searching through the list.

Table 8 : Determined valid paths for a particular time period in the system depicted infigure 36.

Poo;l, NIIlIIW LIlt ol N...... VIIItM PaIhNumbu LIJt ol Nod.. VbllH.

32UUl:!.34 17 34504323454

2 3212123 __ 11 34543234543234

3212123454

4 321234

.5 32123454

6 321214543234

7 3234

8 323454

9 323454321234

1.') 3234543234

11 323454323454

12 34

13 3454

14 34.543211.34

15 345432123454

16 3454323 ..
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Consider for example path 7 shown in table 8. (Bear in mind that all the listed paths are valid
- ie they contribute to the final form of the VFT for a specified time period.) The information
tells us that the surge first leaves the disconnector (initial node, 3). This negative surge (refer
to figure 36) travels to node 2, encounters a discontinuity. and is reflected back to the
observation point (node 4), passing through node 3. Hence the nodes visited may be listed as:

3,2,3,4

Since the above surgewas in fact reflected atnode 2, aportion would also have been transmitted
through that node. (See, for example, path 4.)

In the most general case, each such path is unique, in that it presents different transfer
characteristic to the initial step voltage. Each such transfer characteristic has associated with
it a particular magnitude and phase component These components are established from the
transfer characteristics of all the duct sections falling on the path between the source (dis-
connector) and the observation point (capacitive divider). Furthermore, these transfer char-
acteristics are not linear functions of frequency - the skin effect, particularly in the case where
coatings are applied to the busbars, introduce a marked non-linearity. As suggested infigure
37, the time domain response associated with each path is individually determined. and these
then superposed to give the final from of the VFf.

A dynamic data structure is used to establish the list of alternate paths. This allows the amount
of computer memory used to expand or contract to suit the system being examined. It also
implies that there may be a number of alternative paths connected to any node in the network.
The number of alternative paths is thus a function of the system complexity, the time interval
of interest, and the length of the shortest section of duct, Thus the available computing power
places limits on the complexity of the systems that may be reasonably simulated. However,
since interest is primarily in effects that should be immediately evident in the recorded VFf,
this is not a severe limitation, and simulations are conducted on a personal computer. Figure
38 explains the operation of the transient analysis model. Refer to appendix 15 for the
theoretical determination of p and 't, and appendix 16 for a brief description of the software
used in this part of the simulation.
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Figure 37: Addition of the time domain components leads to the final form of the VFT.
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blisn a valid frequeney
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quency transmission func-
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acteristic

I
Detsrmine the time domain
oj gnal occurrin IIat the ob-
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I divider), and hence deter-Imine the form of th~ VFT

Figure 38 ; Description of the operation of the transient analysis modeL

6.2.3 Verification of the Transient Analysis Model
The validity of the model for a single section of duct has been established in chapter 4 and
elsewhere (Jandrell, 1987). The performance of the transient analysis model is tested against
results obtained from a Bewley-Lattice-type model, similar inoperation to TLTA (Fujimoto,
1985).
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In order to verify the model, consider the system depicted iii figure 36, and an observation
interval of 150ns. For valid results, all that we need ensure is that the initial step voltages are
of duration longer than this interval, and that Nyquist's criterion is observed when determining
their Fourier components. The magnitude and phase associated with the characteristic
impedance of each section of duct is automatically determined during execution of the model.
Furthermore, the speed of travel of the transient volta!' ~,,~is fl. function of the busbar char-
acteristics. and this delaying effect is also automatically determined.

This model allows us to isolate the time domain component of the final VFT emanating rrom
any particular path. This is shown uifigure 39. The figure also shows the final VFT occurring
at the measuring point, and compares it to theBewley-Lamce result. As expected. the transient
analysis model performs accurately. The Sl~fTJ.,: lime shifts between the two results are, :ir; fact,
due to Iimitations imposed by the choice :~time step used for the Bewley-Lattice simu-
lation. As the physical characteristics or aluminium conductors have been used in this
simulation, there is little difference in the attenuation introduced between the rvo results. For
the sake of comparison, the VFl' formed in a system with a coating with physical characteristics
0'= 1,8x l06S/m .J.1R:: 350 is also shown.

Bewley-Lattice Aluminium System Coated System...............
v

O~._~--~~~--~---

·~'--- __ P_a.t_h~: _;3,_2.,;..'_;1,_2_, _3,_4_

,\figure 39 : Predicted form of the VFT for a simple busduct. Also shown are two of the time domain components
making up the (mal form of the VFT recorded at the particular point in the duct. .

It is therefore apparent that the program accurately models the transient response of an easily
defined system, where the system response is predominantly that of the busbars. However,
when more GIS elements are added, they need to be accounted for in order to retain the desired
accuracy. Since the objective of the model presented here has been to account for the busbars
and grounded enclosure, other system components are modelled as carefully dimensioned
lumped elements.

73



6.2.4 A Theuretlcal Consideration
From the examination of pulse and surge responses of single continuous lengths of duct, it is
expected that both peak magnitude attenuation and risetime increase will be introduced by
this technique. Due to the nature of VFr formation at a particular location within a duct (eg
the observation point), however, it is important to view these effects on a simulated VFT,
where the scale of the improvement is more evident. The effects likely to be introduced are
shown ui figure 40, where multiple reflections in a short system depicted in figure 36 are
accounted for.

Figure 40 : Computer simulation of the effects likely to be introduced in the system depicted infigure 36. The
three systems depicted are as follows: The one showing least attenuation is an all aluminium system, with
(J= 3, 5 x 107[Slm]. The system showing an intermediate amount of attenuation has coated busbars, where the
coating has the characteristics CJ:= 1,8 x 1C~[Slm] and IJ.R = 350. The system showing the most significant
attenuation is similar to the previous one, but ln this case the coating relative permeability has a value offlR = 1000.
As noted earlier, this shows the importance of the field intensity-related value of relative permeability.

Three important effects are evident:

• Risetime increase is evident on the leading edge of the second major peak. The greater
the relative permeability, the greater the degradation. It must also be remembered that
this effect is a function of transmission distance

• Peak magnitude, or envelope attenuation, is also evident on the second major peak.
While this effect will be affected by transmission distance. it is also largely dependent
upon system configuration
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• As the propagation velocity is dependent upon the impedance of the system, the
corresponding peaks of each of the three traces are slightly displaced relative to one
another. This effect is also enhanced by transmissior distance

It should therefore be stressed that this travelling wave model serves primarily to allow results
like those above to be obtained in order to allow examination of the effects introduced by
materials with various coatings applied.

6.3 The Effect of Ferromagnetic Busbars
In order to experimentally examine the effect of a ferromagnetic coating upon the attenuating
characteristic of a section of duct, the system depicted infigure 33 was used. While a technique
of applying a ferromagnetic coating to an aluminium substrate was established, it proved
impracticable to implement in the laboratory system shown. Instead, two similar systems were
used. In one, the busbar was fabricated from aluminium. In the other, the busbar was fabricated
from mild steel. Although the outer grounded enclosure was of the same material in both
systems in accordance with the.discussion in chapter 4 this is of no consequence.

The tests were conducted at voltages which ensured that the peak magnitude reached by the
transients was in excess of 200kV. 'Thisensures an initial step voltage of magnitude similar to
that used in previous predictions (Jandrell, 1988). (Refer also to chapter 5.) The high fields
experienced under these conditions were expected to reduce the value of permeability, thus
making the enhanced attenuation effect difficult to detect in the laboratory system used. Fig ure
41 shows a superposition of the records made in the two systems. The mild steel system
introduces a significant and increasing time delay. It must be noted that this time delay is
associated with the phase angle associated with the various frequency components, and hence
rise time increase.

When observed over a longer time interval, as shown in figure 42, an envelope attenuation is
also discernible. While in this record the first peak of the mild steel system is greater in
magnitude than that of the:aluminium system, the subsequent peaks and troughs converge,
showing that the envelope attenuation of the mild steel system is observably greater than that
of the aluminium system.
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Figure 41 : Superposition of two VFTs. One was recorded in a standard aluminium system, while the other was
recorded in a laboratory system similar in all aspects except that ferromagnetic busbars had been installed. Scales:
20ns per large division; 45,4kV per large division.

The results shown infigure 43 indicate a clear increase in the risetime of the initial step in the
mild steel system. The results of a simulation are also shown infigure 43. When using values
of J.lRdetermined as described elsewhere (Jandrell, 1988), less risetime degradation than that
shown in the recorded results is predicted. The records show an increase in the risetime in
excess of 10% in the mild steel system. The simulation predicts only -3% increase using a
value ofJ.lR= 650. The conductivities of the materials used in both systems have been measured,
and may be considered constant.
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Figure 42 : Superposition of two VFrs shown over an increased time interval. Note the ever-increasing shift
between corresponding features of the two traces, in accordance with the predicted decreased travel velocity in
the more lossy system. Scales: 40ns per large division; 4S,4kV per large divis;on.

The enhanced degradation may only be justifiable accounted for by using a higher value of llR
in the simulation. This has the effect of constricting the transient to an even thinner layer near
the surface of the conductor, thus enhancing the attenuation. This is, in fact, exactly what
happens. The deeper layers of the ferromagnetic have not yet saturated, and hence present a
high permeability value to the flux as it penetrates and ultimately saturates the steel. This effect
will now be briefly discussed. In order to place the discussion in the correct perspective, bear
in mind that the fact that the model presented in chapter 4 is defined in the frequency domain
implies that it is really a s.eady state approach. It will be shown that the transient component
of the skin effect can account for the increased attenuation recorded in the laboratory. (The
merits of various techniques, including the Fourier technique, are discussed by Bickford
(1967).)
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Figure 43 : The effect of a ferromagnetic busbar on the risetime of a "Y'FT. While a distinct effect is evident, it
is exceedingly difficult to quantify.

6.4 Consideration of the Transient Skin Effect in Coaxial Conductors
With particular regard to the increased risetime degradation recorded in the mild steel system,
it is of important to consider the actual time taken for establishment of the flux within various
conductors.

For example, it is important to distinguish between the so-called AC resistance (RAe)ann the
transient resistence (Rm) of the conductors. Both have been the subject of numerous investi-
gations (Malewski, 1972; Miller, 1947; Nahman, 1962; Yen, 1982), and are defined in terms
of the field penetration into the conductors. Importantly, determination ofRACimplies a steady
state phenomena - frequency dependent, but not time dependent RI'Ris associated with a time
depende •.[ effect that would ultimately result in RTR=RACif the stimulation were to continue
for sufficiently long. In the choice of the most suitable model to use for a particular application,
care must be taken to assess the relevance of the model against the accuracy that can be expected.

In the determination of P tR' a very important parameter is the time that it takes the fields to
penetrate the conductor, as the value of RtRrepresents the resistance seen by the current caused
to flow in the conductor by the diffusion of the flux into them. This implies the association of
a time constant with the development of the fields within the conductors. A simple model
dearly showing this effect has been proposed byYen (1982). For a continuous length of co-axial
line where the inner and outer conductors are fabricated from the same homogeneous material,
the line is divided into N longitudinal sections. Each of the N sections consists of M partial
resistors andM-l partial inductors derived directly from the skin effect differential equations.
This concentric ring definition of a co-axial line, as well as the skin effect equivalent circuit,
is shown infigun 44.
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Figure 44(a) : Concentric ring definition of the centre conductor of a coaxial system.
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Figure 4~(b) : The skin effect equivalent circuit (Yen, 1982).

A number of important observations pertaining to this model can be made:

• The effective resistance of the line is a function of time, where the partial resistances and
partial inductances dictate the time constants associated with the transient current dis-
tribution within the conductor

o The current distribution at DC is uniform, as expected, and the DCresi.stance, Ro, is given
by the parallel combination of the partial resistors

• The high frequency resistance is limited to the resistance of the outermost ring

• Under transient conditions, the current distribution is valid for an instant in time, and the
series resistance, R'IR'is thus also valid only for that instant

• The partial resistances and inductances must be related to constant physical parameters
of the material- the conductivity (0') and permeability (J.L) respectively
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It is noted by Silvester (1966) that this technique is severely limited at the higher frequencies
as the impedance at the highest frequency is fixed at the limiting value of partial resistance,
defined in terms of the thinness of the outermost layer. The thinnest layer thickness also dictates
the shortest time constant associated with the system.

For the systems of interest, it is thus important to quantify the time taken for establishment of
the steady state condition under stimulation by a step wave with a very fast risetime. In this
consideration, the skin depth, 0, is an important parameter as it dictates the thickness of the
layers required in order to usefully model the transient component of the skin effect. Clearly,
in order to introduce the time dependent effect, at least five la; ers should be used to define the
steady state skin depth, S The velocity at which the current penetrates the conductors is
important

Miller (1947) has shown from the skin effect differential equations for a cylindrical conductor,
that for any (conductive) material a coefficient of current penetration (or diffusion), h,may be
determined. Thus the velocity of current penetration, VD>may be defined:

where: Vn = current penetration velocity [m/s]. (Recall that the current propagates along the
conductor in the direction of current flow. VD defines the velocity of current
penetration (diffusion) from the conductor surface into the conductor in a direction
normal to the axial direction of current flow.)

h = coefficient of current penetration [m/-{s].

t= time [s].

I,
Two important observations may be made:

• VD is not a constant, but decreases with time inversely as the square root of time

• At any time the approximate depth to which current has penetrated (diffused), 0', may
be defined as:

ie 0'=2h-{t

Using values of h determined by Miller (1947), VD is shown in figure 45 as a function of time
for three materials - copper, aluminium and steel. In the case of the steel, the relative
permeability (JlR) has been assumed to be a constant of 1000.

The velocity of penetration is significantly more rapid in the copper and aluminium than in the
steel. Furthermore, VD is approximately 1,25 times more rapid in aluminium than in copper.
Based on this information, it is important to quantify the time taken to reach the steady state
skin depth in the materials. Due to the nature of the formation of aVFr, it is not the oscillation
frequency that is of concern - rather it is the range of frequencies associated with the risetime
of the initial step. The value of the steady state skin depth, S, is thus dictated by frequencies
of 25 to 120:MHz.

80



~ 5000 --:Al.h=0.145
- --- __ : Cu.h = 0.116

............. : Steel, h = 0,019.~ 4000g
";j
>
'" 3000.g
e
;:;J! ::!OOO

I
I
I
\
\
\,,......

',,~,~-,-------------. ------==::::::
\ ~ , : :.. : _ --:

5 10 15 20 25 30 35 40 45 50 55

T1IIlc [ns]

;:;
~ 1000o

Figure 45: Velocity of current penetration into a conductive material as a function of time, shown for three
materials.

Consequently, concern must be with the time taken for the current to diffuse to a depth of
:s:; 17J.Un(the steady stare skin depth at 25MHz). The depth to which the current has penetrated
is shown as a function of time in figure 46.

For the systen, used in this investigation, the risetime of the initial step was in the order of 5ns,
implying that 3 be set by frequencies of z lOO:MHz.Under these conditions, 0 is :s:; 8,5Ilm.
Clearly shown infigure 5 is the short time «Ins) taken to reach the steady state skin depth in
an aluminium system. While the penetration into the steel is slow, the stead.ystate skin depth
is also small. Actual skin effect modelling of current carrying ferromagnetics under transient
conditions has not been achieved, and experimental results are limited to the lower frequency
ranges (Malewski, 1972).

While the technique illustrated infigure 44 does present a viable approach to modelling the
transient skin effect, it can be seen in the light of the above discussion that, inorder to ensure
accurate modelling of VFfs with risetimes in the 5-20ns range and having durations of some
microseconds, the time constants assoclated with the skin effect model (and hence the time
step ru) would need to be in the order of one nanosecond. It has also been shown that the steady
state skin depth for an aluminium system is reached during a time span equivalent to the risetime
of the initial step. Furthermore, inclusion into the model of the effects of coatings is not trivial.
All these limit the usefulness of this technique applied to GIS busducts. It nevertheless ensures
an appreciation of both the physical processes involved and the limitations of frequency domain
modelling of transient events.

81



~ 70
<0

60
e,
!J 50~
~ 40
"l

;:; 30
'z 20
~ 10

---:A1

-------; Cu

..···········-:Steel

...- .... ----
..---~~

~.,~".;

",
/'.,..,.-

I:: _ .: .
. .

5 10 15 20 25 30 3S 40 45 50 5S

Time Ins]

Fizure 46 :Depth to which current has diffused into a conductive material, shown as a function of time for three
,nateruus.

Consequently, the travelling wave model that has been presented in this work is based on a
frequency domain characterisation of the busducts, The nature of the skin effect resistance
encountered during transient conditions manifests itself as an enhanced attenuating effect
observed during experimentation.

6.5 Concluding Remarks
In reality ~therefore, the fields take a finite amount of time to penetrate the conductors. While
the assumption that the flux is instantaneously established within the busbars has been found
to correlate well with observations made in an aluminium system, in the ferromagnetic case
the transient skin effect is prominent, This is an advantage, as the attenuation will be enhanced
because the flux penetration is small and the series resistance high.
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CONCLUSION
It has been shown both in theory and in the laboratory that a ferromagnetic coating applied to
the surfaces of the busbars in a GIS win introduce two effects, the one being largely the result
of the other. Primarily • a rise time increase ~ ith distance travelled will be introduced. This will
lead to a decrease in the peak magnitude of the VFf, as well as a reduction in its severity. This
technique, being frequency dependent, allows the design of more robust disconnectors at the
expense of more rapid inter-contact voltage collapse.

It has further been shown that coatings need only be applied to the busbars and not also to the
inner surface of the outer grounded enclosure.

In order to reach these conclusions, a full frequency domain model of the busduct has been
developed. The model allows the effect on the attenuation characteristic of different coatings
applied to either one, or both, of the conductors in the system to be studied. The model has been
shown to be accurate for a range of different conductors, and has emphasised the importance of
the factor IlRa as a means of identifying suitable coating materials.

U sing the model, various types and sizes of busduct have been characterised in the frequency
domain.

Based on this model, a travelling wave model for VFrs has been presented. Tne Fouriertechniqne
has been used to allow the attenuating effects of various materials to be examined,

Laboratory results have shown that, in the case of ferromagnetics, more attenuation than that
predicted using the model is recorded. This observation is ascribed to the transient skin effect,
where the time taken to establish the steady state currents within the conductors must be
accounted for. While this time is negligible for aluminium conductors, it is of great significance
in ferromagnetic materials. However, this effect is an advantage in this application.

It must be concluded form this work that, while the proposed technique offers numerous
advantages, it may not be economically viable at the time of writing. For example, in January
1988, the cos.t of the envisaged coating was R2 800 per meter. However, it is not envisaged that
an entire GIS should be installed with coated conductors. It would be more appropriate to coat
only a few metres on either side of the disconnector, thus attenuating the transient as it travelled
towards adjacent sections and couple ..1equipment. Similarly, the technique could be applied to
the busbar between the air bushing and the line trap outside a GIS substation.

The characteristics of suitable materials have been established, but it is concluded that extensive
metallurgical research needs to be done before economically viable and suitable materials will
be developed.
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Appendix 1 : The Free Charge Term Equals Zero For a Good Conductor
The approximations made here for good conductors are well known, and may be accurately
applied in this analysis. Maxwell's equations cannot be derived from any more basic laws, but
they are considered accurate only because they adequately predict a variety of electromagnetic
phenomena. In order that they may be accurately applied, a number of further fundamental
definitions have been established, one being the defir don of conductor current:

.... -+
}=crE

where: 0' is an intrinsic property of the material.

Thus assuming that the above Ohm's law applies, implies no free charge. As a good conductor
may be readily visualised as amaterial in which free e-drift through a lattice of immobile positive
ions, it is clear that over a given volume the net charge is zero. As current flows, e' leaving one
side of the volume are immediately replaced with e: entering the opposite side. Consequently,
from Maxwell's equations:

V·D=O

=> p=O

For all good conductors, the loss tangent is well known to be vel.), large, ill('; may t : eas.Iy_ ... -
defined from Maxwell's equation V xH =J+JroD.
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Appendix 2 : The Total Current in a Planar Conductor
Ohm's Law:

7 -.. -=Eo

where: o is the conductivity of the material.

The surface electric field intensity ..E;, is given by:

where: Clcsed path di is along the surface of the conductor, in the direction of positive to
negative voltage.

1;is the surface current density (not easily visualised in the form of the definiricn),

In rectangular co-ordinates, for the nomenclature of figure 10 and 11 (in the tE'!v.: of chapter 4),
andfigure 4.1 of appendix 4, we need only consider the components in the z-direction:

=> the total current flowing in a planar conductor. Ir, is given by:
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Appendix 3~: Determination of Equation (4) of Chapter 4
From Maxwell's equations, taking the curl:

- 0 -V x E :::;._- (I.1.{Vx H} )ot
- 2- 0 -V(V ·E)- V E =-BtJl(VXH)

o -:::;- otJl(O"+ jroe)E

Since V .E = 0, and from Ohm's law:

21 8 . 1-v - = --1.1.(0'+ Jroe)-C5 ot 0'

2-+. _.
:. V J = JOlJlC5J

I
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Appendix 3 : Determination of Equation (4) of Chapter 4
From Maxwell's equations, taking the curl:

- 5 -0V xE = --(J.I.{V xH})ot
- 2- 8 -.. V(V.E)-VE=-StJl(VXH)

o -= --Jl(O' +jroc.)Eat

Since V .Ii =0, and from Ohm's law:

27 a . 1-v - = --Jl(O'+ jroe)-o at 0'

1
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Appendix 4 : Field Penetration into a Homogeneous Planar Conductor
Consider the following plane conductor:

x

o 1 T
71ff/HI t .

Figure 4.1 : Plane conductor with orientation of axes as used in the development of the model shown.

This is Ohm's law. Thus for the uniform field situation shown here, and with the electric field
vector in the z direction as shown, there are no variations with y or z. That is, for vector E, given
in rectangular co-ordinates by:

only the component in the z direction. Ez• concerns us. From Ramo (1967):

where ~ f =j (J)1l{J

:. 't = (1+j>"1t!llo
l+j
=T
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and: 1B=-V1tfp.a

o is recognized as the simple "skin depth" for the particular material characterised by J.1 and cr.

The complete solution of (4-1) is in the form:

By inspection, C == 0, as Ex cannot be infinite at x = co.

It is easily shown from equation (1) above and with the boundary condition B, =Eo at x =0
that (see also chapter 4, and appendix 3):

(4-2)

and
x .x- -rH =H e lie 6

y 0 (4-3)

(4-4)

where: Eo = magnitude of the electric field at the conductor surface (as shown in the above
figure).

H,=magnitude of the magnetic field at the conductor surface.

10 =magnitude of the current density at the conductor surface.

Therefore, from equations (4-2), (4-3) and (4-4), it is seen that the magnitudes of the fields and
the current density decay exponentially with penetration into the conductor, and that 0 has the
significance of being the depth at which they have decayed to about 36,9% of their original
(surface) value. Hence the definition of a as the skin depth. Furthermore, we consider this to be
the "simple" skin depth, as the conductor under consideration is homogeneous (as opposed to
being made up of layer of material with different characteristics). In order to comply with
accepted definition of surface impedance, we must:now consider a surface area of 1m by 1m in
extent. The surface impedance is considered for a unit width and unit length of a material. (For
this reason, the surface resistance of materials, Rs, is often given in "Ohms per square" although
its units are Ohms.)
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Figure 4.2 : A 1m by 1m block of coated material of infinite depth.

The internal impedance tern! per unit length, is the quotient of the electric field at the surface
and the total currentflowing within the (volume under consideration) conductor. The total current
flowing in the plane conductor is found by integrating the current density, J, of equation (4-4),
from the surface of the conductor to an infinite depth. Fromfigure 42:

J/J=--
1+ j

(4-5)

And, from Ohm's law, the electric field at the surface is given by:

JoE =-
20 O. (4-6)

Therefore, from (4-5) and (4-6), the internal impeda r.e (for unit width and unit length) is:
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From the real part of the equation for skin depth, 8, it is seen that the skin effect resistance of
the plane conductor is exactly equal to the DC resistance of a plane conductor of depth B. In
chapter 4 this analysis is extended to include a coating of thickness d on the surface of the
semi-infinite plane. It is then further extended inorder to model the internal impedance per unit
length of a coaxial transmission line.
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Appendix 5 ~Data Requirement for the Program Skin
The program Skin is used to determine the propagation 7actor for variously defined co-axial
systems. The output of the program is typically a plot of attenuation (generally in the units of
dB .m") versus frequency [Hz]. In order the run the program, it is necessary (0 produce a data
file of the following form:

1. testing [1 => f; 2 => t] {if testing is true, then a diagnostic printout runs during the
program operation} .

2.plotting [1 =>f; 2 =>t] {if plotting is true, then the oi 't data is formatted for plotting
attenuation [dB/mi versus frequency [MHz]}

3..time analysis [ 1 => f; 2 => t] {if time analysis is true, then the program interactively
prompts the user in order to conduct a pulse or surge response study of the single section
of busduct to be examined}

4. starting frequency [Hz] {The lowest frequency of interest in the analysis}

5. inner busbar coating conductivity [S!m]

6. inner busbar conductivity [S/m]

7. inner busbar coating relative permeability

8. inner busbar relative permeabillty

9. inner busbar coating thickness [m] {in the case where no coating is applied, this value
would be entered as O}

10. outer grounded enclosure coating conductivity [S/m]

11. outer grounded enclosure conductivity [S/m]

)

12. outer grounded enclosure coating relative prrmeability

13. outer grounded enclosure relative permeability

14. outer grounded enclosure coating thickness [m] {in the case where no coating is
applied, this value would be entered as O}

15. inner busbar radius [m] {important in the determination of the external impedance
terms}

16. outer grounded enclosure inner radius [m] {must be the inside radius of the enclosure
as this i' .ae surface into which the fields penetrate]

(The following input data can be entered interactively, and pertains to the time domain
analysis of a single section of busduct, Note the definition of the input waveform in order
to Record with the periodic nature of the Fourier technique}

17. line length [m] {note that this is the length of a continuous section of duct over which
the response is to be determined in the time domain}
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18. time between pulses [sJ {refer to appendix 7}

19. pulse duration [s] {refer to appendix 7}

20. magnttude ofpulse [kV]

21. frequency "component limi
analysis}

j the harmonic content of the frequency domain

22 time component limit {sets the number of time domain saroples in the calculations}

23. transmission coefficient {if the is a mismatch between the measuring circuit and tne
system under test, this frequency independent coefficient corrects the results for the
influence of the mismatch}

The program Skin is simple to run, and executes accurately and efficiently. A more detailed
description of its operation is to be found in chapter 5. The program is listed below. Irrelevant
sections of code have been deleted. The choice of variable name and the nature of the language
Pascal ensure that the code is easily understood. Indeed, the form of all input and output files
is quickly established. by glancing st the relevant procedures.

98



Appendix 6 : Consideration of the BesselFunction Solution
In order to accurately (and absolutely correctly) solve for the internal impedance term (ie the
skin effect impedance) of a co-axial system, it is necessary to define the system in cylindrical
co-ordinates. This generates equations which may be solved in terms of modified Bessel
functions for the busbar, and modified Hankel functions for the outer grounded enclosure (Ramo,
1967). In order to establish methodically the accuracy of the planar approximation in the
application suggested in this work, the inner busbar wes defined in cylindrical co-ordinates in
the case where no coating was applied. This produces a "Bessel" type equation solvable in Bessel
functions. Also, the results of this analysis were compared to those obtained from the planar
model in order to:

• Determine the lower frequency limit of accuracy of the planar approximation

• Develop a correction factor in order to extend the lower range of accuracy of the planar
model '

While the actual analysis is tedious, the pertinent results will be tabulated, conclusions drawn
and comparisons made with well established published results. Thus in order to compare the
performance of the planar model at different frequencies for a solid busbar, we use as a parameter
the ratio of busbar radius to depth of penetration as recommended by Ramo (1967):

The equations for the uncoated case are well known, and are as follows: For the system defined
in cylindrical co-ordinates:

where: the symbols have their usual significance (Reiten, 196:5).

Fer the system defined in planar co-ordinates:

All the calculations were conducted for a BBC size BG2 busduct, with rj = 55mm. This size
was selected as it represents the realistic smallest radius of interest in this work. For the various
values of ria the magnitude of the ratio of current density evaluated at some radius, r, to that
at the surface is determined (refer tofigure 6.1):
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Figure 6.1 : A solid busbar defining the variable r,
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Also evaluated is the angle of the ratio of the current density evaluated at radius r to the current
density at the surface:
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Figure 6.2 : Comparison of plaaar and bessel solution for i= 1, f = 2.39 Hz and 8::::O,OSSm.
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Figure 6.3 : Comparison of planar and bessel solution for ~ == 2, f = 9,56 Hz and 8 = 0, 028Ill.
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Figure 6.4: Comparison of planar and bessel solution fori= 3, f= 21,53 Hz and 15~::O,018m.
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Figure 6.5: Comparison ofp1anar and bessel solution for~=4. f= 38,27 Hz and8=O,014m.
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Figure 6.6: Comparison ofpIanar and bessel solution fori:.: 5, f= 59,76 Hz and 3=O,OlIm.
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Figure 6.7 : Comparison of planar and bessel solution for i= 6, f = 86,10 Hz and a = O,OO9m.
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Figure 6.8: Comparison of planar and bessel solution for~=7, f= 117,20 Hz and o=O,OO8m.

From the comparisons between the Bessel solutions and the planar approximations shown in
figures 62 through 6.9, it is easily shown that the maximum difference between the two is 10%
at 11, frequency of 35Hz. Consequently, if an error of 10% can be tolerated, the planar solution
can be safely used down to 35Hz. At 35Hz. 0= 14$4mm. The ratio of f'j to 0 is then 3,83. Here
the percentage error is defined in terms of the value at the surface, ie:
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Figure 6.9 : Comparison of planar and bessel solution for i:: 8, f = 153,07 Hz and a=O,OO7m.

[%]

A further very important consideration is the fact that the trans' ...on for the DC value of resistance,
Rd, to the higher frequency value given by the real part of z(r) is not automatically defined by
the planar solution. It is defined in the cylindrical solution. Inorder to extend the low frequency
range of the planar model, Ramo (1967) suggests a correction equation of the form:

(
,.,.)4

9t{z(s)} =Rd + 1148 i
They obtain this result from a series expansion of the correct results. However, a more accurate
and conveniently found solution is of the following form:
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9t{Z (S)} Bessel=~.Rd +9t{Z(S)}planar

where : ~ is a correction factor determined from the results tabulated below. The table was,
as before, produced for a BBC size BG2 busduct. At 10Hz the error is minimal, but
below that the correction is no longer adequate. In order to bound the error to within
5%, this correction is included in the model for all frequencies up to :100Hz. No
correction for the imaginary component has been considered.

The planar solution equations are easily obtained from chapter 4, while the following equation
(Ramo, 1967) was used to determine the internal resistance term for the cylindrically defined
system:

where: The symbols have their usual significance (ReIton, 1965).

Table 6.1 : Tabulated comparison between the real component predicted by the planar solution and the Bessel
solution leading to the determination of a suitable correction factor.

Rsw" Frequency Skin depth R...." 9t{z(s)i Correction

T Hz (O)m J.Iil.m-1 (R,_) rrctor

f.1.{l.m-1
~

...
1,000 0 00 - 3,006 0,000
1,021 1 0,085 3,069 0,972 0,698
UI10 2 0,060 3,035 1,375 0,552
1,102 5 0,038 3,314 2,173 0,380
1.162 7 0,032 3,494 2,572 0,307-~ --1,249 9 0,028 3,753 2,916 0,278
1,283 10 0,027 3,856 3,073 0,260
1,510 15 0,022 4,539 3,765 {),257
1,711 ,20 0,019 5,142 4,346 0,265
2,047 30 0,016 6,153 5,374 0,276
2,317 40 0,013 6,964 6,147 0,272_.
2,555 50 0,012 7,681 6,873 0,269
2,966 70 0,010 8,917 8,132 0,261
3,500 100 0,009 10,52 9,720 0,26$
4,225 ISO o,ocn 12,70 11,90 0,266
4,830 200 0,006 14,52 13,75 0,256
5,369 250 0,005 16,41 15,37 Ot25~

6,307 350 0,005 18,96 18,18 0,259
7,116 450 0,004 21,39 20,6] 0,256

~'j ».

With reference to table 6.1, and for satisfactory results, a value of ~=0, 256 is suggested.
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While the above has only accounted for the uncoated busbar of a busduct, the influence of the
outer grounded enclosure is easily incorporated (assuming it to be made from the same uncoated
material). If we denote 9t{Z(S)hUSb&r by R;. and 9t{z(s)} Ol!lergroundedeoclol;ure by Rg, then:

It should furthermore be stressed that. for this analysis, it is not important to account for the
coating material, as the coating should only being to exert its influence at frequencies in the kHz
range. The substrate material dominates the impedance charac.eristics of the system at the lower
frequencies. The inclusion of the correction factor ~allows us to use this model to very accurately
characterise typical high voltage busducts in the frequency domain. It also allows us the
knowledge that the time domain simulation, limited in its lowest frequency by our choice of
repetition frequency, gives an accurate indication of the system response for the frequencies of
interest.
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Appendix 7 ~'''_:.tneDomain Definition Used in the Fourier Technique
It is certainly not the purpose of this appendix to discuss the Fourier transform; instead it is
important to define the parameters used during the running of the program Skin. It is also
important to' note our decision to define the rising edge (of both the pulse and the surge) as a
sinusoidal half cycle, In our experience this closely matched the rising edge of the transients
recorded in the laboratory. The S irge defined in this appendix is also used in the travelling wave
model discussed in a later chapter,

In both waveforms:

• 7',represents the risetime of the waveform, this being a half cycle of the defining sinusoid.

• T; represents the time between the rising edges of the pulses of surges. This time defines
the fundamental frequency of the periodic waveform used in the time domain analysis.

For the surge waveform only:

• Td represents the duration of the surge voltage. T" 'is an important consideration, as in
the travelling wave model the time interval during which observations are to he made, the
surge must remain at its peak value. Inorder to define the negative surge also used in the
travelling wave model, the constants defining the surge become negativ !:.

M
o
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~~.. ~~~~.-----------------------~
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t

Figure 7.1 : Definition of the pulse used in the model, particularly for the Fourier time domain deflnition,
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Figure 7.2 : Definition of the surge used in the model, particularly for the Fourier time domain definition.
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Appendix 8 : Low Voltage Experlmental Results
A number of experiments were conducted on scaled down laboratory test rigs. The details of
the rigs are to be;found in chapter 4.The test rigs had the following -timensions:

• All aluminium system:

ri =5,18mm

rg=22,2mm

• AU mild steel system:

r, =5,13mm

rg=22,lmm

• Copper busbar (the aluminium grounded enclosure of the all aluminium systems was used
for the copper system):

ri = 6, Llmm

The physical attributes of the materials used were determined as described in appendix 12. In
all the experiments the same experimental equipmet It and procedure was used:

• Oscilloscope: Tektronix 7834 storage oscilloscope with 400lVlHzframe bandwidth.

• High impedance input amplifier :Tektronix 7A16 with 200MHz bandwidth.

• Time base: Tektronix 7B85 with 400MHz bandwidth.

• 50n termination: Tektronix 011-0049-01, 2W.

• Pulse generator: Hewlett Packard 8004A, repetition rate of O,909MHz and pulse width
of8ns.

• High impedance probe : Tektronix P6106 with a lOMHz bandwidth. This probe was
inadequate, and disallowed accurate recordings being made for the pulse under con-
sideration in these experiments.

In order to overcome the mismatch between the 50n measuring circuit and the test rig, the
overall transfer coefficient between the source and the scope was determined and incorporated
in the simulation in order to account for the reflections at the discontinuities. It is thus necessary
to account for the initial reflection of the pulse as it reaches the test rig. A determined portion
appears on the scope, and another determined portion travels intc the rig. The returned pulse
then again reaches the source end, and a further determined portion appears on the scope. If all
the characteristic impedances of the system are known, it is a simple matter to calculate the
overall transfer coefficient. See figure 8.1, where an example is considered.

In order to determine the characteristic impedance of the test rig, the well known frequency
independent equation for a co-axial system was used:
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pulse generator 0 0
6m

880

oscilloscope D 0 0

Figure 8.1 : The test circuit used, indicating the various characteristic impedances.

In all these cases, the test rig was 6m long. This implies that the pulse would travel for 12m
within the test rig. Predictions in the time domain were thus based on a 12 m length of duct. It
should be noted that, because of the low voltages usee; in these experiments, a low field value
of l-LR of 50 was used in the study to the nickel coated copper busbar (Seshadri, 1971). The results
of the predictions and the records may be found in chapter 4. In that chapter, the results are
shown corrected for the transfer coefficient. The figures 82 and 8.3 show the predicted results
without the transfer coefficient accounted for in the case of the copper system. Plots for both
the coated and uncoated cases are shown.
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De"cr1p·'.l<lD: Time dcmai n plot of cu bar w1th1n Al arounded
shield, r'l = 6.1Le-3, rg: 2.21e-2. Plot shows actual response
W1thln th~ length of Bus Duct.

Inner Bu~ CondUctivity 5,8e7 S/m
tnner Bus ReI Perm: 1
outer Shield conductivity 3.54e7 S/m
cuter Shield ReI Perm: t
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Figure 8.2 : Uncoated case with system characteristics as described in the figure.

A further experiment was conducted using a length of RG-58 e/U co-axial cable. Recall from
appendix 6 that the physical dimensions of the system under consideration, particularly the ratio
of rio, has a marked influence upon the accuracy of the model.

Using a Mitutoyo micrometer (senal no 5244529) the dimensions shown in figure 8.4 were
found to apply to the cable:
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Description: Time domain plot of cu bar wlthln. Al grounded
sru e t d, rl: 6,lle-3, rg : a.ale-2• lacltel Coallng is applied to
the cu bar. Plot shows actual response wlthtn the len€th of Bus
Duct.
Inner Bus Coating Conductivity: 1,4e7 S/m

Inncr Bus Conductivity: S,8e7 S/m

inner-Bus Coat Rei Perm: 50 ( low field)

Inner Bus Rei Perm: 1
Coating ThicKness : aoe-6 m
Outer Shield Conductivity: 3.54e7 S/m

Outer Shield RcI Perm: 1
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Figure 8.3 : Coated case with system characteristics as described in the figure.

Furthermore:

• Dielectric is polyethelene, ER =2, 3

• Conductors are copper, with o = 5,7 X 107S.m?

Furthermore, each filament is O,174mm thick, and each is tinned•
."

The model developed in this work cannot account for each individual filament. Instead, we
assume a solid copper conductor coated with a lOjLlllayer of tin It should be further stressed
that the coating thickness was not measured. Instead it was determined from published data on
the frequency domain performance of the cable (refer to figure 85}. Furthermore, predictions
of the pulse attenuation were made over a range of coating thicknesses.
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Figure 8.4 : Representation of a typical co-axial conductor.
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Figure 8.5: Frequency domain performance ofRO 58 C-U cable.

On this assumption, it is easy to determine the skin depth for the two materials of interest at
lOMHz (approximately the repetition frequency of the pulse generator):

• In tin it is 53J.UD,ie less than 5,5% of the inner diameter
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• In copper, the skin depth is 21Jlm, lese than that for the tin

Furthermore, with the correction factor introduced in appendix 6, we conclude that the model
should produce valid results. Recall that in appendix 6 it was shown that a correction factor
could easily be introduced to extend the accuracy of the model down to approximately 10Hz.
At 10Hz, the ration of r;fa is 2. This implies a skin depth of 25% of the inner diameter! Thus
we concluue that the model should be adequate. The experiment showed. -55% returned on the
oscilloscope. This is shown in figure 8.6.

Figure 8.6: Photographic record of pulse response of a length ofRG 58 e/U cable. Scales: IOns per large division;
400m V per large division.

This implies that -83% of the original pulse was returned after corrections for the transfer
coefficient have been made. The table below shows the predicted returns for varying coating
thicknesses.

While there a numerous loss mechanisms not accounted for by this model in the case of RG 58
eIU cable, '.t is gratifying to see such close agreement between predicted and recorded results
in all cases.

Shown infigure 8.7 is the frequency domain performance of a hypothetical transmission line.
This is included as it also shows the predicted performance based on a high frequency model
(Nahman, 1962). As expected, the high frequency model and the model presented in this work
converge at the higher frequencies indicating both the wide bandwidth and the accuracy of the
mode here presented.
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Table 8.1 : Predicted pulse response of RG 58 elU cable for differing coating thickness,
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Figure 8.7: Comparison between the predicted and published performance ofa hypothetical cable (Nahmal'i,1962).

For completeness, the frequency domain performance of the coated system (the response of
which is depicted injigure 83) is shown in figure 8.8.
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Figure 3.8 : Frequency domain characteristic of the system described in the figure.
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Appendix 9 : Theoretical Analysis of SF6 Busducts
This appendix discusses the attenuation of high frequency transients in co-axial SF6 insulated
busducts. Emphasis is placed upon the theoretical predictions of the performance of such a
system. A model described in chapter 4 is used to generate the predictions. Th- results show a
dramatic effect, but utilise unrealistic values of J.LR' The saturation effects were ignored, and
permeability values were selected to be the highest possible for the materials selected.

Figure 9.1 shows the predicted time domain response of a BG-2 size aluminium system to a
representative pulse. Also in this figure is the response that would result if the same system were
constructed entirely from a ferromagnetic material with a relative permeability of 1500. It should
be noted that in all these figures, the time domain response is given for 15 m of busduct; and
the attenuation is given per 100 m.
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Figure 9.1 : Time domain response for a completely aluminium, and a completely steel system.

The entire manufacture of either one or both of the conductors from such a ferromagnetic material
is undesirable. Not only would this increase the physical weight of me system - it would also
mean that the power frequency voltages would be accordingly attenuated. This detracts from
the objectives of this work.
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Figure 9.2 : The attenuation characteristics of a typical high voltage system, showing the effect of applying a
ferromagnetic coating with a relative permeability of 1500 to the inner conductor only.

Figure 92 shows the attenuation characteristics of the BG-2 system, It also shows the effect
introduced by coating the inner conductor with different thicknesses of a fClr uagnetic material.
A representative time domain response is shown uifigure 93. From this fig, .J.C, it may be seen
that an attenuation of approximately 10% is introduced over 15m. An attenuation of 15% is
introduced if a material with value of J.iR =3000 is used instead. This effect is shown infigure
9.4.The attenuation characteristic of such a system is shown uifigure 95. Once again, the lower
frequency transmission characteristics have not been affected.
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value of JlR = 3000 instead of JlR =: 1500. The effect of permeability is significant.

Figure 9.6 shows the effect of coating only the inner bus bar with a conductive material with a
IlR value of 30 ~. The result is dramatic, but unrealistic. The objectives of a metallurgical
survey should thus be to develop a material that would have as high a permeability value as
possible at the highfields expected under transient conditions. Furthermore, the material should
be conductive inorder to more successfully constrain the increased attenuation characteristics
to the high frequency range. This implies the importance of being able \oJ use a thin coating of
the material, and at the Same time ensuring that the 50Hz fields penetrate well beyond the coating
thickness, ensuring that the majority of the current flows within the aluminium substrate (busbar).
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Figure 9.5 : Attenuation characteristic for a system coated with a O,lmm coating of a material with a relative
permeability of 3000. •

It is important to realise from this discussion that the following observations apply to this type
(ie busbar coating) of controlling technique:

• Any material with the characteristics of a dielectric that is used as a coating will introduce
an increased attenuation to the 50Hz fields. Bearing in mind the fact that ideally power is
transmitted exclusively within the fields generated between two perfect conductor, the
dielectric is exclusively responsible for losses. We don not have prefect conductors,
however, and the fields penetrate the conductor material. In a gas insulated system, the
losses are almost entirely within the conductors. Thus a conductive coating can be well
utilised to take full advantage of the frequency dependent penetration of the fields. The
frequency domain characteristics presented in this appendix adequately demonstrate the
dominance of the substrate transmission characteristic at the lower frequencies, Further-
more, it is advantageous that the transmission is at a relatively pure 50Hz, with few higher
frequency harmonics present
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Figure 9.6 : Attenuation over 15m due to a highly permeable coating. The value of relative permeability used in
this simulation is, of course, unrealistic, It does however emphasis both the effect of the parameter, and the ease
with which its importance Carl be over-estimated. The significance of the magnetic field intensity had not been
fully appreciated during the early stages of this work. Similarly, the enhancing effects of the transient skin effect
within a ferromagnetic were initially not fully appreciated during the final stages of this work.

• Researchers claiming dramatic attenuation like those presented here have not accounted
for the high fields present under transient conditions. Care must also be taken to fully
understand attenuations introduced by ferrimagnetic materials with high values of per-
mittivity. They fall within the gambit of materials in the point above
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Appendix 10 : The Effects of Magnetic FieTI©lIntensity
This appendix is included for completeness. Its importance, however, should not be under-es-
timated, as it is from the careful study of predictions like these in which the various parameters
are changed and the effects noted, that a true appreciation of the technique is gained. From
numerous simulation studies like these it is possible to put limits to the material characteristics
that are of importance to the effectiveness of the technique. There can be no doubt that
experimentation alone would never have provided the information made available by the
simulation method. The reasons for this are numerous, but some of the more important are:

" The magnetic field intensity during experimentation is difficult to control

• The permeability value is not a measurable quantity

• It was financially unjustifiable to fabricate the numerous variations of the test system USed

It proved far more viable, for example, to conduct a simulation, and then, bv examining the
experimental results, determine the value of permeability that would have resulted in the
observed effects. It was this philosophy that lead to the appreciation of saturation effects WIthin
the materials. It similarly lead to the appreciation of the advantageous effects of transient field
penetration within a ferromagnetic material.

The predictions are shown for various systems with the dimensions of the BBC BG-2 size
busduct. On each file is included a description of the physical system under consideration, thus
each file has printed on it the permeability and conductivity of the coatings used. For each system
under consideration, the frequency domain characteristic of the system is shown, followed by
the time domain pulse response. Particularly the effect of permeability is shown. The effect of
coating thickness is also evident, especially in the frequency domain where it is very graphicalJy
portrayed.

\ '\\
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Figure 10.1 ; Time domain response, Uncoated case.
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Figure 10.2 : Frequency domain performance, Uncoated case.
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Figure 10.3 :Time domain response. Uncoated case.
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Figure 10.4 :Frequency domain performance. Uncoated case,
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Description : Fre~~ency domain plot o~ typical 132 kV Bus Duct,
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Figure 10.6 ; Frequency domain performance. Uncoated case.
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Description: Time domain plot of tYPical 132 ~V Bus Duct. with
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Figure 10.7 : Time domain response. Uncoated case.
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Figure 10.11 : Time domain response. Coated case.
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Figure 10.12 : Frequency domain performance. Coated case.
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Figure 10.13 : Time domain response. Coated case.
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Description: Frequency domain plot of typlcal 132 kV Bus Duct,
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Figure 10.16 ~Frequency domain performance. Coated case.
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Appendix 11 : Physical Attributes of Four Materials Considered for Use in
this Application

This appendix documents the physical characteristics of four sample materials considered for
use in this application. The percentage composition was obtained from the manufacturer, or
detailed by the metallurgist for the manufacturer. The permeabilities and conductivities were
determined as detailed in appendix 12.

Sample 1

Percentage composition:

C 0,070; Ni 59,35; Mn 0,71; Si 0,15;

Cu 0,06; S 0,005; P 0,007; Fe Balance

Conductivity:

2,697 X 106 [S/m]

Permeability:

B[T]

2

-30000

H[Atlmj-r---r---.---.--~~---~---r---.--~~
30000

·2

Figure 11.1 : B-H curve for sample 1.
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Sample 2

Percentage composition:

C 0,102; Cr 29,95; Ni 9,73; Mn 1,95; Si 0,40;

P 0,022; S 0,0011; Mo 0,09; Fe Balance

Conductivity:

1,145 X 106 [S/m]

Permeability:

-r--~--~---T--7++-~--~--~--~~H~V~
30000

-2

Figure 11.2 : B-H curve for sample 2.
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Sample 3

Percentage composition:

C 0,03; N 0,03; Ni 1,5; Mn 1,5; Si 1,0; P 0,03;

S O~03; Cr (11.,°-12,0); tt 4· (C+N); Fe Balance

Conductivity:

1,759 X 106 [S/m]

Permeability:

8[T]

2

H{Atlm)....
·30000 30000

·2

Figure 11.3 : B·H curve for sample 3.
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Sample 4

Percentage composition:

Cr 5; Co 4...}; Fe 55

Conductivity:

Permeability:

-30000

Figure 11.4 : B-H curve for sample 4.

8[T]

. 2

-2

\

H[Atlm)
,PO

,~DOOO
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Appendix 12 : Methods of Determining Material Characteristics
This appendix briefly outlines the techniques used to establish the conductivity and permeability
of the four samples considered from a theoretical perspective for use in this application. It must
be noted that the techniques were simple and established. The conductivity was determined by
running a known smooth DC current through the sample, while the permeability was determined
with the aid of a Koepsel permeameter.

For both these measurements, the same sample of material was used, the physical dimensions
of the samples being determined by the capabilities of the permeameter. Samples 1 and 2 were
in the form of 5:mm long rods of300mm length, while samples 3 and 4 were in the form of 5mm
by 5mm square cross-section rods of 300mm length, as depicted in figure 12, 1

[/\)11) E C·C
<_.e .. (.J J-

Figure 12.1 : During preparation of the samples, care was taken not to heat the metal foh"lnecessarily,Three samples
of each material were prepared, and in the case of 3CR12 (sample 3) tests were conducted both with and across
the rolling direction. Little difference was detected.
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In the determination of the conductivity, lOA was permitted to flow through the samples,
Measurements were made at 25°C. Measurements were made within 30 seconds of the current
application. Prior to current application, the current was run through an identical sample, but
no measurement was made on that sample. The current was adjusted on the identical sample in
order to minimise changes in t'lte circuit while the sample under test was in circuit. While current
was injected at the ends of the sample, the voltage was made over a 250 and a 150mm length.
This was so as to ensure that the current was evenly distributed over the entire cross-section of
the sample over the length over which the measurement was made.

The Koepsel apparatus is intended for the commercial determination of the normal hysteresis
curve of ferromagnetic materials with the dimensions stipulated above. The tests are easily
conducted and the results are accurate. It must be noted that the instrument was first set so that
the earth's magnetic field had no effect upon its operation. Tabulated results, as well as
instrumentation details, are available on request.
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Appendix 13 : Magnetic Field Intensity within a Typical Busduct
If we were to consider a typica1132kV busduct, the per phase voltage is:

76, 21kV

= 1,Opu

Hence an initial surge rising to a peak value of O,7pu (say) attains a voltage level of:

53,9kV

With a 7S!:l (realistic) characteristic impedance. this implies an initial surge current of:

718,6A

Thus, with a busbar diameter of 110mm, the busbar surface field intensity is:

H=2080 [Nm]

:. 4xH=8320 [Aim]

The selection of four times the expected magnetic field intensity is arbitrary, but nevertheless
allows us to examine the operation of the technique under excessively high field intensities.
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Appendix 14 : Theoretical Examination of the Effectiveness of the Four
Samples

This appendix does not pretend to be an extremely detailed examination of the performance of
the four samples. Rather it serves to allow comparison of the performance, and aid in the
understanding of the combined effects of the conductivities and.permeabilities of the materials.
It also shows the dramatic u.ifference between soft and hard magnetic materials. It also
emphasises the importance of field intensity on the performance of the material, and shows a
curious effect in sample 4, where the high field attenuation is higher due to the form of the B-H
curve. Unfortunately this effect is.countered by the generally poor performance of this sample,
A similar argument may be applied to sample 2, which is a harder material - the difference:
between high and low field performance is smaller than for the other samples, but the per-
fonnance is in general poorer. The surge response is included for completeness, but is only
really of user in samples 3 and 4 where the effect is clear and insignificant respectively.

Particular note should be taken of the frequency domain performance, and the pulse attenuation,
While the graphic display is rather poor, the pulse attenuation was printed out from within the
simulation for each test.
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Performance Records 1~ ~ Four Samples
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Figure 14.2
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Figure 14.3
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Figure 14.5
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Figure 14.8
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Appendix 15 : Consideration of Reflection and Transmissien Coefficients
This appendix serves to explain the determination of the frequency dependent reflection and
transmission. coefficients, p(f)and 'C(f). In general, any discontinuity in a SF6 vessel may have
a spacer located at it. For the purposes of this model, spacers are simply modelled as capacitors
for the transient conditions. It is well known that if a discontinuity is short (with respect to the
wavelength of the signal), then the input impedance of the discontinuity appear; to be that of
the load. Consequently a spacer, being very short even at frequencies of up to 120MHz, should
by rights appear to be the characteristic impedance of the busduct connected on the other side.
This is evident from the equation:

Z ::.:2 ._ZL_+_2_0_tanh_(...;_'JX_)
x ° Zo +ZL tanh(yx)

where; the symbols have their usual meanings, and the nomenclature is shown infigure 15.1.

..... r,

• -1I

z, Vx Zo z,

I

I•I
.... 0

X

Figure 15.1 : 101l0timpedance of a transmission line terminated in a load impedance.

Under trausient conditions, however, the frequency components making up the waveform have
not in actual fact encountered the load, and consequently the impedance transfer equation does
not apply. For a similar reason the term "surge impedance" is more correctly applied. for char-
acteristic impedance under transient conditions.

While the analysis is in facttedious when frequency dependent effects are included, it is pertinent
here to note the definition of the reflection coefficient with and without a spacer at the dis-
continuity. Also note in the definition that the "direction" in which the particular wave is tra-
velling determines the reflection coefficients as they pertain to the characteristic impedances
201 and 202, Recall the well known equation:
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Z,,2-Z01
p, Z +Z02 01

Thus we can model the reflection coefficient for a wave moving from a line with characteristic
impedance 201 to a line with a characteristic impedance Z02 with a capacitor to ground at the
point of intersection as follows:

(202- 2(1) - Z01Z02 . S .C
p, (202+ZOl)+Zo~Z02 . S .C

where: s = jOJ

It can therefore be easily shown that:

and:

Similar equations may be found for the transmission coefficient. For the model, these equations
are generalised as functions of frequency and position in the system. This is more clearly seen
in the program itself. The program is thus of the most general form where a capacitor at each
discontinuity may be incorporated. Furthermore, in the program, for each discontinuity, the
transmission and reflection coefficients are determined for the 'left' and the 'right'side of the
discontinuity.
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Appendix 16 : Consideration of the Travelling Wave Model
The travelling wave model is packaged in three distinct parts:

• Determination of the "path array" for a given system. This portion of the software generates
a list of numbered nodes in the order inwhich the initial surges would encounter them.
This is achieved by searching through a linked list using pointers. The use of pointers is
specifically to reduce the permanently defined variables. Thus the technique of pointer
definitions rather than array definitions is more suitable for this application. Each ordered
number of nodes represents a "path" between the disconnector and the observation point.
The number of paths, as well as the number of nodes visited in a path are limited by the
software

• Determination of the transmission and reflection coe., .'lents as functions of frequency
for all the discontinuities

• Determination of the final time domain form of the transient at the observation point. Once
all the transfer functions are known, it is a simple and repetitive procedure to calculate
for each the time domain form of the surge occurring at the measuring point as a result of
the transfer along that particular path. Thus the third and final portion of the program uses
the data produced by the first two portions in order to complete the execution. It must be
remembered that our assumptions allow us to build up a single transfer characteristic for
each path by ad~g the transfer characteristics of all the distinctly defined features (paths
and discontinuities) along the way. Also, it must be recalled that two surges are generated
at the disconnector, travelling in opposite directions - a positive one and a negative one.
This must be carefully accounted for, as clearly each see distinctly different families of
paths. Once all transfer functions are accounted for, the final time domain waveform is
formed by summing the individually determined time domain components

A characteristic of this technique is that each time domain component may be lndiv idually
examined. This is clear from the description of the program operation. Also the establishment
of the valid paths will be recognised as being very similar in operation to a Bewley-Lattice-type
simulation, where the reflection matrix is established by accounting for all defined discon-
tinuities.

Let us now briefly stony the data and output fIlt s of this travelling wave model.

The form of the data file is simple. The fm:+ line of data is tl, .'xal number of discontinuities
in the vessel. Thereafter the discontinuities are entered in sequence in the following manner:

The discontinuity is number in the first line of data.
There are two directions from each discontinuity .left and right. Thus the next line of data pertains
to the direction from this discontinuity to the adjoining one. It must be noted uthis point the
there is no limit to the number of connected discontinuities, nor the number of directions. On
the same line in the data file are first the distance to the adjoining discontinuity, and then the
discontinuity number.

r 3.30 2

This indicates that there is a connection from this discontinuity to discontinuity number 2 on
the right.

l 0.84 3
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This indicates that there is a connection from this discontinuity to discontinuity number 3 on
the left.
Note that all dimensions for the description of the vessel are inmetres. Furthermore, there; OJ :.0
need to Jist the discontinuities in order, as the linked list is only established once all the dis-
continuities have been read in. Pointers to each adjoining discontinuity are then established.
The remaining nodes are entered iT, !J, similar fashion.

The following is the data descr
data file,

ae duct in figure 16.1, and clearly shows the form of the

voltage
transformer

t!i::connector capacitive
sl'dt::h divider

([]§I):::::::- =======~~ E~
I I I

q~ 150PF',' I 840 I~.~ ~_OO ~ ....I~ .'~
node no.Q) ® ®

(discontinuity)

2340 I
I I

2000 I
... ' 411 ...o CD

·O.Spu

Figure 16.1 : A simple busduet showing the origin of the two initial surges generated at the disconnector. The
defined nodes are numbered.

5 (* This is the number of discontinuities in the vessel *)

1
r

r3.302

2
1
r

13301
rO.643
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3
1
r

10.842
t2.344

4
1
r

12.343r2.005
5
1

12.004
This data is input into the program PathArray. This program produces a list of all the valid paths.
In order to do this, further data is input interactively. This includes listing upon request the
discontinuities at which no reflections occur, and the time interval of interest. By assuming that
transmission is at the speed of light, the program maintains a running total distance for each
path and terminates that path once the time of travel exceeds the observation time. All paths
terminating at the observation path within the specified time are written to the output file of this
program. As an example, consider an 80ns time interval. The file below is then generated by
the program, and indicates:

Firstly the time interval of interest. This is followedon the next line by the total number of paths.
Thereafter the paths are listed in numerical order, listing the nodes visited. It should be noted
that the two directions are accounted for in the first two nodes of the path. In the example below,
the direction changes at path 12.

8.0E·0008
18
1

3212121234

(* The time interval of interest lII)

2
32121234
3

3212123454
4

321234
5

32123454
6

321234543234
7

3234
8323454
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9323454321234
10

3234543234
11323454323454
1234
13
3454
14
3454321234
15

345432123454
1634543234
17

3454323454
18

34543234543234
The program Reflecco then prompts the user to define eac.i section of the system described
above. The physical details of each individual section (ie material and dimensional character-
istics) is requeste 1 in order to produce a file of reflection coefficients as functions of frequency.
For example, the reflection coefficients at discontinuity 2 in this example are given below for
128 frequency harmonics. The four columns are as fol1ows:

IHI LH

2 (* the number of this particular discontinuity *)
1.000 -0.044 0.077 -0.238 0.077 3.346
1.000 -0.088 0.082 -0.456 0.082 3.531
1.000 -0.132 0.090 -0.644 0.090 3.685
1.000 -0.176 0.100 -0.800 0.100 3.807
1.000 -0.220 0.112 -0.928 0.112 3.902
1.000 -0.263 0.125 -1.034 0.125 3.974
1.000 -0.307 0.139 -1.122 0.139 4.029
1.000 -0.351 0.153 -1.197 0.153 4.071
1.000 -0.395 0.167 -1.262 0.167 4.103
1.000 -0.439 0.182 -1.319 0.182 4.127
1.000 -0.483 0.196 -1.370 0.196 4.145
1.000 -0.527 0.211 -1.415 0.211 4.158
1.000 -0.571 0.226 -1.457 0.226 4.167
1.000 -0.615 0.241 -1.495 0.241 4.173
1.000 -0.659 0.255 -1.530 0.255 4.177
1.000 -0.702 0.270 -1.563 0.270 4.178
1.000 -0./46 0.281.' -1.594 0.284 4.178
1.000 -0.790 0.299 -1.623 0.299 4.176
1.000 -0.834 0.313 -1.651 0.313 4.173
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1.000 -0.878 0.327 -1.677 0.327 4,169
1.000 -0.922 0.341 -1.702 0.341 4.164
1.000 -0.966 0.354 -1.726 0.354 4.158
1.000 -1.010 0.368 -1.749 0.368 4.152
1.000 -1.054 0.381 -1.772 0.381 4.145
1.000 -1.098 0.394 -1.793 0.394 4.138
1.000 -1.141 0.407 -1.814 0.407 4.130
1.000 ·1.185 0.419 -1.834 0.419 4.123
1.000 -1.229 0.432 ..1.854 0.432 4.114
1.000 -1.273 0.444 -1.873 0.444 4.106
1.000 -1.317 0.456 -1.891 0.456 4.098
1.000 -1.361 0.467 -1.909 0.467 4.089
1.000 -1.405 0.479 -1.927 0.479 4.080
1.000 -1.449 0.490 -1.944 0.490 4.071
1.000 -1.493 0.501 -1.961 0.501 4.062
1.000 -1.537 0.512 -1.977 0.512 4.054
1.000 4.703 0.522 -1.993 0.522 4.045
1.000 4.659 0.533 -2.008 0.533 4.036
1.000 4.615 0.543 -2.024 0.543 4.027
1.000 4.571 0.552 -2.038 0.552 4.018
1.000 4.527 0.562 ·2.053 0.562 4.009
1.000 4.483 0.571 ··2.067 0.571 4.000
1.000 4.439 0.581 -2.081 0.581 3.991
1.000 4.395 0.590 -2.094 0.590 3.983
1.000 4,352 0.598 -2.108 0.598 3.974
1.000 4.308 0.607 -2.121 0.607 3.966
1.000 4.264 0.615 ...2.133 0.615 3.957
1.000 4.220 0,623 -2.146 0.623 3.949
1.000 4.176 0.631 -2.158 0.631 3.940
1.000 4.132 0.639 -2.170 0.639 3.932
1.000 4.088 0.647 -2.182 0.647 3.924
1.000 4.044 0.654-2.193 0.654 3.916
1.000 4.000 0.661 -2.205 0.661 3.908
1.000 3.956 0.668 -2.216 0.668 3.900
1.000 3.913 0.675 -2.227 0.675 3.892
1.000 3.869 0.682 -2.237 0.682 3.885
1.000 3.825 0.688 -2.248 0.688 3.877
1.000 3.781 0.695 -2.258 0.695 3.870
1.000 3.737 0.701 -2.268 0.701 3.862
1.000 3.693 0.707 -2.278 0.707 3.855
1.000 3.64~ 0.713 -2.287 0.713 3.848
1.000 3.605 0.718 -2.297 0.718 3.841
1.000 3.561 0.724 -2.306 0.724 3.834
1.000 3.517 0.729 -2.315 0.729 3.827
1.000 3.474 0.735 -2.324 0.735 3.820

The final part of the program, Transient, utilises all this data to form, for each path, the transfer
function. In other words, it incorporates all the values ofH (j), p(f), and 'C(f)(which is determined
from p(j) to form a total transfer function. This is done path by path.
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Appendix 17 : Overview of Varlcus Busbar Coating Techniques
Electroplating

Electroplating the final coating material onto the substrate is an attractive alternative since it
ensures that no residue of the oxide layer remains on the surface of the aluminium after coadng,
T.:lencea mechanically sound and electrically conducting bond is formed between the busbar
and the coating.However. the most suitable materials for use in this application are alloys, which
are exceedingly difficult to apply in this way (van Thoor, 1970).

Hot Dipping

Hot dipping is the process whereby the substrate is submerged in a bath of molten coating
material. Generally. this technique is most successfully applied if the metal to be coated melts
at a higher temperature than the coating material. Furthermore, it has been found that, after hot
dipping. aluminium/ferrous interfaces become exceedingly brittle due to the formation of an
aluminium iron intermetallic compound. Such coated substrates will not tolerate the slightest
bending without cracking (van Thoor, 1970).

Metal Spraying

The method considered most suitable for use in this application is that of metal spraying. In this
method, metal coatings are sprayed onto the cleaned and roughened substrate in the form of
molten metal droplets which congeal and bond immediately on impact. Advantages of this
technique include its simplicity and the fact that coating materials that melt at much higher
temperatures than the substrate may be used (van Thoor, 1970). In this way. a strong mechanical
bond between the substrate and coat is formed. Furthermore, this results in a less brittle product
than that formed by hot dipping. However, the coating does not alloy with the substrate, and in
the case of aluminium this may imply that a conductive bond is disallowed due to the oxide
layer on the substrate. A further consideration is the incompatibility of aluminium and most
stainless steels. Any reaction which may be formed between the substrate and the coating must
be carefully guarded against if this technique is to prove viable. Both these problems have
previously been overcome by first electroplating a thin (6 to 10J.Lm)layer of copper onto the
aluminium, and then plating a tin alloy onto the copper (Silveira, 1985). This then forms the
substrate for the metal spraying. Such a process would not detract from the effectiveness of the
technique, as the really important considerations (in terms of physical attributes) apply to the
ferromagnetic coating. The various substrate materials are non-ferrous, and enjoy similar
conductivities.

Although a tin alloy (typically alloyed with lead) has a far lower melting point than either the
copper or the coating material, the nature of the metal spraying technique is such that this will
not adversely affect the metals concerned.
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