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ABSTRACT

Particularly at the higher systemvﬁt:[%es, gertain faulis have been attributed to VFTs, This work
presents a full frequency domain ematical model of the effects likely to be introduced by
the application of a thin ferromagnetic coating to ihe surfaces of the busbars as a means of
attenuating these transients. Experirnental verification ;hows the model to perform accurately
as an analysis tool for a continuous coated co-axial system. While a comparison between the
model developed he & (based on a planar conductor) and the very accurate Bessel function
solution is presented, it mmst be remembered that it is not feasible o include the effects of
coatings in the 1atter 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 shcwn 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 travelling wave model for VFTs in GIS. The
Fourier technique is used to n.ove between the frequency and time domains. Laboratory results
obtained at high voltage show that this technique will introduce both risetirne increase and peak
magnitude attenuation of VFTs. 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 sirategy 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
thatl?:&.tensive metallurgical experimentation remains before this technique may be economically
app. '

.
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Preface

SF ¢ was first synthesized from fluorine and suiphur in 1900 by H Moissan and P Lebeau. The
first comprehensive investigations into the electrical behaviour of 5F; 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 censury it has found extensive use in metal-clad subs ations up to
765KV . SF; enjoys two unique characteristics that make it an ideal gas for use in GIS :

‘«  Its highelectrical insulation strength
v [y excellent arc quanching behaviour.,

While many researchers have developzd gasses which are superior in either one of these two
aspects. there is still no gas which combines these two attributes as well as SF; does, The
attachr:ent properties of SFg are responsible for its high insulation level, while its relatively
low ratic of the quantum energy for dissociation (production of constitueni 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 SF; make it a
good high voltage insulator with a critical field of 89kVimm.MPa (this compared to a value for
air of 23,5). It should also be borne - mind that the insulating ability of a gas decreases with
de}creasing pressure. Thus che comtrolled environment of GIS seemed to offer a very favourable
solution. '

Aswith all deveioping technologies, a number of unanticipatedproblems have been erivuimiered
in applications making use of the gas - particularly in high voltage gas insulated systems (GIS).
One class of problems in particular - those associated with the very high frequency transients
generated during the operation of a disconnector 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,
if the 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 technigue Is to apply a frequency dependent conductive coating to the busbars.
While this will not udversely dffect normal system operation, it will ensure the attenuation of
frequency components of the waveform in the MHz range.

Throughout this thesw: 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 s e of the enclosure with respect to ground that is of importance.
Further, reference is to "Very Fost Transients (VFTs)" instead of "Very Fast Transient
Overvoltages (VFTOs)", as the disconnector generated transients of concern in this work need
not necessarily be over voliages. The noun "disconnector” is used to refer 1o the disconnector
switch, and the abbreviation "GIS” is used to refer 10 a "Gas Insulated System" as opposed to
Gas Insulated Switchgear. In all instances abbreviations are in the singular, with a plural "'s”
added when necessary. ' _

A word used frequently in this thesis is "degradation”, specifically with reference to the increase
in rise time that occurs as the initial surges of a VFT travel within the system. Much the same
way that a mountain slepe Is degraded over time - that is made more gentle by the actions of
nature - 5o 100 this term is used in this text.
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Chapter 1 : Introduction

1.1 Background

While SF, technology enjoys a highly respected service record throughout the world (Banfai,
- 1988; Dower, 1988; Esmeraldo, 1988; Frantz et al, 1990; Kawadu 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 (Alvinson 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 Comunission) in the Republic of South Africa,
elected to use SF,; GIS for very stan reasons:

, Aesthetic and environmental considerations

+  Perceived increased reliability, and reduced maintenance costs
+  Increased persounel safety |

»  Improved installation security

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

ESKOM is the main supplier of ¢! ity in Southern Africa, being responsible for
approximately 95% of the generating caj.«city on the subcontinent. The supply system is large
by any standards, with over 170 000km of transmission line - including 18 000km energised
at voltage between 220 and 400kV. It also has 100km at £533kV DC, and about 900km at
gisgég An excellent summary of the electricity supply in Sonthern Africa is given by Norman

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 aititude of up to
1 800m. In many respects the associated problems are comparable to those of a 1 000kV system
operating at sea level, One of these stations s also located where very high lightning activity
occtrs, with a maximum lightning flash density of 10 flashes per square km per year.

. Thus, althongh Southern Africa is a fairly late developer in the use of this technology, it is

evident that she is now a world Ieader in its use. As elsewhere, there is an increasing awareness

of the associated problems, including those relu:ed to the operation of a disconnector switch.

Disconnector induced failures may be broadly classified into two types:

«  Failuresthatare time correlated with the operation of a disconnector (including flashovers
to ground at the switch as well as in adjacent sections of busduct, and maifunctions related
to electromagnetic interference (EMI))

+  Equipment failure as a result of the repeated impingement of VFTSs upon it.

It is often exceedingly difficult 10 relate the latter to VETs as it is a long-term effect. It would

be unwise, however, to ignore this effect. '



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 (op 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 VFT may be defined in terms of:
»  Iis high frequency content
. Its peak magnitude (after reflections)

While very high frequency oscillations may contribute to the low breakdown voltages observed
under VFT stimulation, it will also bu shown that, in any GIS configuration, the peak magnitnde
is affected by the high frequency content (in particular, that associated with the initial rising
edge of the VFT). Iy 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 faultis eliminated by the use of a switch with 2 more homogeneous inter-contact
field configuration. The resulting inter-contact breakdown is more rapid, but the coating will
control the severity of the ensuing VFT,

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 ¢t al, 1982; Boggs et
al, 1984). Those failures that have occured are generally in or very near to the disconnector
vessel, within the region exposed to trapped charge, and subject to the highest transient voitage.
In order to reduce the apped charge, preference is given to slow-operating disconnector
switches. However, while the magnitude of the resulting VFTs may be low, a large number
are generated. The long-term effects of the VFTs 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 siressed 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/dt of the VFTs. Any indication that
flashovers within the gas may also be reduced is considered tc be a bonus! This fact should be
viewed in the light of recent reports noting the decreased breakdown voltage recorded under
VFT stimulation in certain systems (Boeck, 1986). Such systerss may be considered repre-
sentative of many industrial GISs. Pertinent observations reiate to the fact that the probability
of a flashover increases not only with peak magnitude and the degree of field inhomogeneity,
but alsc with the oscillating frequency.

The effect of coatings upon the high frequency content of VFTs 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.



Chapter 2 : Problems Associated with VFTs
2.1 Backgreund

SF, has been extensively used in high voltagé 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 VFTs resulting from the operation
of a disconnector. The previous lack of interest in these VFT's was due largely to the fact that
at lower than 300kV, no problems within GIS could be comrelated with the operation of dis-
connectors (Alvinson 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 UHYV so as to ensure freedom from low

probability failures to ground during riormal 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 ¢t al, 1982; Kynastet 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 VFTs may pose a
problem (Reynders, 1987a).

It is clearly shown in figure I that only in UHYV systems are VETs expected to exceed the rated
lightning impulse withstand level (LIWL). Lightning events are relatively rare, while in the
order of 10°-10° disconnector operation may be recorded at 2 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 VFTs occur at voltages well below the LIWL,
they can hardly be controlled by surge arresters, Indeed, damage to surge arresiers at con-
{Srsltsit)mal substations due to repeated VFT application has been reported (Nishiwaki et al,

The fact that these phenomena are receiving increasing attention relates not only to the use of
high operating voltages, but more specificaily to the increased need forreliable system operation
associated with those systems, More power is being committed {0 a single line,

Recent analysis conducied 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 al (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.

Itis important to examine some of the reasons why faults occur. More specifically, factors that
nave contributed to the presentlevel of interest in VFTs having beenreached will be overviewed.

G



T e e i i ot tp Tt e b, et

ukvI4

— VFT overvoltage level

«, o Rated fightning impuise withstand levels
—— Highest sxpacted lightning overvoltages

Ke225
OOVA

K=15
/E

00 -

] I -
0 500 1000 1500 U kY]
Highast voitage for equipment

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

First, the recording of VFTs will be discussed. There is no doubt that it is of great important
to be able to accurately measure the relevant frequencies of VFTs, and to be able o explain
the origin of those components. Thereafter, the broad topic of faults will be covered. This topic
will be crudely divided into an examiration of the high frequency content of VFTs, and a
discussion of the insulating behaviour of the gas. While the last-mentioned relates in many
respects to the peak magnitude of the VFT, 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 VFTs accurately. The importance of sufficient bandwidth, cotrect screening, and
properly designed voltage dividers cannot be sufficiently siressed. 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 VETs. It is well known, for example,
that filtering will reduce the apparent peak magnitude of a VIFT. Also, the response time of the
divider is crucial. Well known equations govern its design, and competent examples can be
fairly easily constructed (Jandrell, 1985). It was caly in 1982 shat researchers began to stress
the importance of the very fast rising edge (2-- 12ns). Curiously, also, the measurements
reporied 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 theextent that they considered the Fourier analysis a useful tool (Reynders, 1987(b); Jandrell,
;9{57; Aron, 1987). Table I notes some of these observations. It does not pretend to be
austive, :



Table 1 : Causes of transient voltages in various frequency ranges.
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2.3 Faults

- Faults ascribed to VFTs relate to two distinct features:
s The high frequency content



o e B e NG s T

¢ The peak magn.iude 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 2 VFT. 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 |

»  Thedifference in peak magnitude does not become progressively larger

*  The displacement in time between the mspondmg 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 VFTs.

voltage [kV]

Figare 2 ; meﬁectofﬂwunualmeumemdwpeakmmmdeufawr The regulting reduction in high
frequencyconmtisalsoev:dem.Nme. however, that theve is no evidence of an i shift between
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A further, consideration relat.s to breakdowns recorded within an industrial SF insulated
systems at voltages well below those anticipated (Reynders, 19872). The implications of this
are that even at systems operating at well below the UHV level (zefer 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, Jandreil 1988):

. Breakdowns (as noted above)

. The TEV {(specifically the EMI radiated, and the influence on personnel (sparki~g
between parts)) _ '

¢ Damagt to line equipment (& long term effect, particularly with regards to equipment
having coils where a non-linear siress distribution may occur)

2.3.1 The Frequency Content of VETs.

Since the proposed technigue is reliant upon the skin effect, itis of particular concern to study
the origin of the highest frequency component of VFTs, and to note how this may effect the
system integrity.

It is well known that field inhiomogeneity r=sults in prolonged breakdown times, which is
indicative of a leader-type breakdown mecnanism. A further influencing factor on the
breakdown voltage is the dominant frequency assc:iated with the VFT 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 cut in the Fourier analyses conducted by Reynders
(1987b) and Boeck (1989). In their analyses, they suppressed the PC component of the
sampled transient and thus produced a very clear indication of the relevant frequency com-
penents. Refer to figure 3. A typical VFT is shown in figure 4. .

|
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Figure 3 : High frequency content of a typical disconnect transient (Reynders, 1987h).

Very little effort to date has been directed towards understanding the underlying physics of
dielectric performance under VFT conditions. In particaiar, it is important to observe the
effect of the oscillatory nature of 2 VFT upon breakdown voltage. It has been argued that a
sirong relationship may exist between this oscillation and the breakdown voltage in SF;, This
process is described by Luxa et al (1988).



Fi; 4 : A VFT recorded in the Wermner von Siemens High Vialtage Test Facility at the University of the
itwatersrand. The dimensions of the test vessel in which this VFT was recorded are discussed elsewhere
(Reynders, 1986), Scales: 20ns per large division; 90,8V par large division. :

It thus appears clear that the dominant frequencies of the fransie  are important aspects
governing the insulating behaviour of the gas. In particular the configuration induced oscil-
lation has an important effect upon the breal.down 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 sewverity.

2.3.2 The Influence of VFTSs on Insulation

While increasing the knowledge base of the processes involved in breakdown in S8Fgis an
on-going process, many years of collective research has lead a number of researchers to the
conclusion thas, in accordance with the upturning trend of the lightning impulse voltage-time
(V-t) curve with decreasing front rise tisnes, all VFT flashover values must be abave the LIWL,
(Alvinson et al, 1988). The upturning end is, of course, due mainly to the statistical and
formative time lags for development of the breakdown channel. Negative polarity VFTs
produce breakdown at slightly higher values than positive VFT's, and after Ionger times. Thus
SF, gas itself is an excellent insulant under VFT conditions. Concern, however, must be with
. the performance of the gas when it is pressurised within an industrial GIS.
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Whiie the breakdown time (Toepler’s spark equation) and the breakdown voltage for a
homogeneous field configuration (eg coaxial) can be accurately predicted, (in an indusirial
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 ai, 1986; Luxa et
al, 1988; Reynders, 1986; Reynders, 1987a). Indeed, in severe cases the V-t curve exhibits a
down-turning trend with decreasing time to breakdown. Solid insulation (of coupled equip-
meant) is most profoundly affected by the steepness (dV/dt) of the VFT (Thione, 1984).

Considering first the breakdowns it the gas, the most coramon fault is the breakout of an arc
to ground at the disconnector. Table 2, compiled from 2 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 VFTs.
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Table 2 : Comimonly reported faults ascribed to VFTs. Pamcular , the concen for faults to ground at the
disconnector is ofimportance. Often, however, techniques o redusing the frequency of these faults implies that
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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 oceur unexpectedly and remain unexplained (Fajimoto 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 VFT, and hence system reliability. To date, disconnector
generated VFTs are still a more common cause of failure than externally generated surges.
While experier.ce is generally good, it is becoming increasingly accepted that VFTs do present
a problem, Not only are problems being encountered, but, more importanily, 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 (Weck, 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 VFTs 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 VIiTs. _

The importance of frequency - upon the peak magnitude of the VFT, the insulating behaviour
of the gas, and upon the performance of solid insulation: and coupied equipment - has been
stressed. In the light of the discussion contained in this chapter, it is clsar that any reduction
in: the frequency content of a VFT musi lve a positive influeiice upon the reliability of the
system. Furthermore, this technique allcws 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 Cou irolling VFTs

3.1 Introduction

There are two aspects to VET fault control:

. Attenuating or coniroiling the VFT itself

. Design of the system to ensure integrity under the influence bf VFTs

There is no doubt that, to date, the latter option has been followed, although it is likely thata
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 be 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 VFT:

«  Filtering |

e 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, Nobs that it is not feasible to entert~in
the thought that the oscillatory frequeucy (at a point) can be filtered out directly, This can oru,

be achieved by filtering of the rising edge (as we saw i the previous chapier). 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 filicting technique can do), the

filters should be as close to the disconnector as possible, as their effect is only felt as the surge
passes. Since a low pass filter wouid have to present a high series impadance to the high
frequencies in order to block them, high voltages would necessarily be developed. Such filters
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. Alsc, it must be roted 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, 0.5pu may well oceur on the other, Further, therefore, no reduction in the 4V/dt
of the rising edge will occur, but certainly the peak magnitude of the VFT will be controlied.
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

13
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»  In adjacent sections, remote from the disconnector

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

Disconnector switch

_ Figure5: Thearc current formed during spack formation ata disconnector switch isa function of the characteristic
impedances of the supply and load sides of the switch, where the 50 Hz supply voltage is given by U,

Disconnector operation typically involves slow-moving contacts, which switch small
capacitive charging currents on no Ioad. This results in numerous discharges, restrikings of the
disconnector, which occurrepetitively. The sequence of restrikes is determined by the electrode
gap-dependent breakdown voltage, Vg (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:

*  Vpp - which, due to the slow action of the disconnector, is typically a peak voltage
o  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 Z,) at the internal discontinuities, and generate time and
position dependent overvoltages. Thus the specific configuration of the GIS dictates the peak
overvoitage attained at any particular location for any particular disconnector. While it is not
inc inceivable that judicious design can alleviate many of the problems, this is unrealistic, since
todesign to such constraints will drastically alter the physical ditmensions of the various secticns
of GIS (remember that there is little Ioss). The length of the G1S 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,

14
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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 prithe importance to
understand the sequence of spark development (Edlinger et al, 1984):

. At time zero, wherever the f{irst 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 kas 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 channe] therefore stimulates the transient event.
For homogeneous fields, this breakdown time is accurateiy predicted by Toepler’s spark law.
This gives the time T, During T,, 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 iargely 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 SF; - a
streamer-like phenomena - is reportsd; whereas in an inhomogeneous field, leader-like
propagation can be observed (Edlinger et 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 for operational integrity, Indeed, all reported technigues
forachieving operational integrity relate directly to the fieid 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 i1 an area of lower radial field intensity becaunse 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
VFTs being formed, thus shifting the weakmess of the system away from the disconnector.
‘While this is a sonnd 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-
connectyr, it is more sound to do this, and then to examine techniques of controlling the VFT's
thus generated. It is believed that the proposed technique offers a solution.

Intwo papers by Boeck (1987; 1989), the major attributes of VFTs are discussed, with particular
regard to the influence various system parameters have on the form of the fransient, and the
eftects of GIS configurations.

3.4 Areas of research hoped to reduce the detrimental influence of VFTs

A definitive recent paper orn 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-

nectors
. Methods for calenlating the magnitude of internally generated transients

. 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 '

1t 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 faulis should be a
priority reached in any way. In this research we concentrate on the high frequency components,
arguing that their vemoval will result in a better system.

It is thus well understood and accepted that VFTs only result in breakdown under inho-
mogeneous field conditions in ideal industrial systems. Thus a valid controlling technigue on
breakdowns is to ensure that the system is ideail 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 predominanily the peak magnitede that is of conseguence in these con-
siderations, which it has been shown is closely related to the high frequency content of the
VFT (particularly the rising edge).

As system faults caused by VFTs 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 techniGue 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 2 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
The objertive of a mathematical 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 the model should: serve the purpose of actually kelping 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 transrmission lines have been established in the past, the model to be
developed here is unique in a number of ways:

»  Trallows for separate physical characteristics of the two conductors in the system, It thus
fully accounts for the outer grounded enclosure

»  Trallows for different coatings to be independently applied to the two condactors 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 of GIS, will be discussed in full. Indeed, the unique atiributes 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
w:g bandwidths are required, however, the tendency has been o 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 skightly different in the important
frequencies involved, the very wide was deemed necessary.

While many of the existing models are even applicable to ihis 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 the 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-axizl cables)
attenuated signals far more than ani.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 kigh 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 modei to the high frequency
region, it performs accurately at those frequencies. This is evident when ii 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 obtaired 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 some cables

departed from the well known skin effect Vf law, the analysis was readily expanded and
g;lha}nced to form & useful basis for the mode! developed for use in the work presented in this
esis.

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 particnlarly
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 ~in
erred, and his new technique is only valid for loss-less and distortionless lines (Haack, 1971),

In 1969, Herman W Jommel (regarded by many 1o be the father of modern-day computer
simulation of transmission lines) presented a paper in which he specifically examined digi.al
computer simulation of eleciromagnetic transients in single- and muiti- phase networks. The
useful features of his program are the inclusion of ron-linearities, any number of switchings

ing the transients, non-zero initial conditions, and great flexibility in specifying voltage and
current excitations of various waveforms (Dommel, 1969).

Domme] assumed all lines to be lossless, vut showed that they could be easily approximated
very accurately in other ways. Although the method used by Domumel in this program is
applicable 10 lossy lines, the ordinary differsntial equations it produces are not directly inte-
grable (Branin, 1967). Further, ai 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
effectapproximation was used (Nahman, 1972). The effect of coatings, however, wasexcluded.
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. Wh;lﬁéhey 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, infermation can only be found for
the end of a line, and one can learn nothing about the waveform disiribution 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 e not considered (although it would be possibie 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 wtilised 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 mackines. In
these machines, however, the frequencies are low, and there are no coatings. For exceedingly
thin coatings the top slice (as defined 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 trensient 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 frequenc domain resulte. and that the actual transient
event (or ransient 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 form 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, that in fact only Chu-Sun Yen, Fazarinc and Wheeler consider
the truly transient case. Nahman and Holt use the technique utilised in the model to be presented
here, but attempt to modify the steady state solution in order to obtain a pseudo-iransient result.
However, it should be remembered that such a sclution 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. Tt must further be noted that once pertodicity 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 nnder consideration was clearly fre-
quency dependent. A full frequency domain model would t~  allow a study of the parameters
of importance in this technique. In order to gain an impres. vn 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 i 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 it will 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-knowi: equation defining the depth of penetration (skin
depth) of an electric field into a conductor:

1

Va0

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

H=

A perfect conductor has infinite conductivity, which implies 8 = 0. Thus resisiive loss within
the conductors is zero. Dielectric loss, however, inay still occur. For a perfect dielectric, the
loss tangent is:

S _o
e

where:  the symbols have their usual meanings,

However, as conductors are imperfect, the electric field will penetrate them. (Indeed, where
the dielectric medium i3 a gas such as SF, conductor losses are dominant, and dielectric losses
are negligible and may thus be ignored.} The ficlds therefore do not travel unimpeded, and
various loss mechanisms come into piay. 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.
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The concept of an "internal” impedance effect further suggests that these impédances are not
sonstant under all conditions, 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 externsl 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.

Rd, Ld !
‘_ ¢ /V\r 0 -I_ -—8
vT Ccd GQd
—op—tb 1o .
Ry I

Figure ¢ ; Lumped psrameter representation of a transmission line.

The current flow is affected by a distributed series inductance (Ld) representing the back
induced voitage effects of the magnetic flux surrounding the conductors, and a series loss
resistance (Rd = Rd, + Rd,); the voltage between the conductors acis across a disributed shunt
capacitance and conductance, In general, Rd; and Rd, would contribute equally to the voltage
drop along the fine, The series inductance, with Ld, is only defined for the inner conductor.
{As 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 vbltage busduct. The medium between the conductors is
characterised in terms of:

permiittivity

E=EEp=§, because g=1
and permeability

L=l He =1, because Mp=1

conductor 1

conductor 2
e

S xim]

Figure 7 : Representation of a typical busdnct, showing the transient current flowing o the outer surface of the
busbar and the inner surface of the groundex enclosure, The numbeting of the conductors is in accordance with
the nomenclature used in this thesis.

Fromfigure 7 itisclear that conductor 1 and conductor 2 will notofferexactly equal impedance
to the flow of energy. More specifically, they will not cause identical power losses. Both
conductors must contribute o the effective impedance of the transmisston ling, Care must
therefore be exercised when incorporating the loss elements of the twa conductors, and it
must be remembored that the effective series impedance mus: be given by the sum of the
series impedances of each conductor. This should under no circumstances be mistakenly
censtmed to imply that the eleci aragnetic wave trwels at "differing speeds” in ihe two
conduct rs. This is not true, as the velocity of propagation is a function of the characteristics
of the entire system (two conductors), and is  function of B{S(y)} . (B, the phase shift factor,
is the imagiaary componeat of v, the propagation factor.) This is an important consideration
in the foltowing analysis, and serves adequately to illustrate that the contributinn to loss from
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each conductormust be accounted for individually. Consecuently, it must be noted throughout
this analgsis, that any series term inclndes the surn of the terms associated with each of the
two conductors. -

4.4.2 The Transfer Function of a Transmissior: Line

Kirchoff's voltage and current laws to the circuit shown in figure 8, hence defining the series
impedance per unit length of the line as:

ity Rdy.&x  LdAx i(x +A x,t)
@ »——A\—T0 l L—»—c——--4---c
?v(x,r) _ T = Od. & Ted AxT (x +xp)
9 AN—— J
Rd. b

Figure 8 : An infinitesimal length of transmission ling, showing the paramaters associated with each of the two
conductors, It is assumed that the conductors are operating under balanged conditions, where Rd Ld.Cd and Gd
ate the parameter values per ynit length.

Zd = (Rd, +Rd,) + j&(’d) (1)

Jimilarly the shunt admittance per unit length may be defined as:
Yd =Gd +jo- Cd 2)
From equations (1} and (2) the propagation factor, ¥, may se defined:

y=VZd -Yd

=0o+/p

wher:: o =%R(y) = attenuation factor (the Real part of .
8 = 3(y) = phase shift factor (the Imaginary part of ).

Hence, i + can be found for a transmission line, then the trensfer function for any voltage, E,
along the line in either dirsction can also be found.

It is further important to note exactly what the parameters in figure 8 represent: -
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Ld = external inductance per unit length in other words, this term is merely based upon
the total curreat flow within the conductor) .

Cd = external capacitance per unit length '

Gd = shunt conductance between condutors

Rd =0C series ohmic resistance per unit length

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

Eg(s) _ xn
Ep(s)

where:  sis the Laplace transform complex variable, which reduces to the familiar steady
state variable j& when s is coufined to the real frequency axis.

+s), aud 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 I.ength of a Trans-
mission Line

It has been estab:. ».¢d that the impedance of a ransmission line incorporates an "external”
and an "internal" component. The internal terms are due to fields penetrating the imperfect
conductors, and thus account for losses, In fact, when the dielectric 1s considered Jossless, the
internal impedance terms exclusively account for the loss, It is clear that losses may only be
fully accounted for by surnming the internal impedance terms of the two conductors (innex
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). It is 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 trequency dependent trans-
mission line must be given by equation (3) below:

Zd =Rd + jo - Ld +z(s) 3
where:  z(s) is the internal impedance per unit length.
Rd is the value of z at @ =0.

Remember also that by definition the characieristic impedance of a transmission line, Z, is
given by: - '
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Z,= Yd

‘Which, under lossless conditions, reduces to:

’Ld
Z,= d

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 ©=(). For ali 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:

{outsr grounded anclostire)

Figure 9 : Détnil of a short section of busduct, shm;illl:lg the busbar and outer grounded enclosurs, as well as the
?mpglsgdmaﬁngs.Numbe:ingusedintlﬁsﬁgure ill be retained throughout the discussion. The figure is not
o scale,

Note from the figure that conductor 2 (for both the inner and the outer conductor) represents
the original busbar and outer grounded enclosure, Conductor 1 is, in both cases, the coating.
Recall that it has been stated that all four of these materials may be independently defined.
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Use is made in the analysis of simplifications that can apply due to the physical dimensions
of the system. For this analysis, the system is reduced to that shown in figure 10. Concem 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,

busbar

' inmar conducior 2

JE inner copductor 1
_ ouler groundad enclosure

:
oulsr concictor 1
A

oiar conduchor 2

Figure 10 ; Paratlel plate epproximation of a co-axial section of basduct, showing the coafings,

Note that ;r_" = current density vector, having direction of current, i. (and that Ohm’s Law
states that J = GE).

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

»  Conduction current is given by Ohm’s Law, T=cE
«  The free charge term, p, is zero
» = (loss tangent) » 1 (Recall that we are assuming sinusoidal conditions)

¥rom figure 10, a rectanguiar co-ordinate system may be used.

Prior to the development of the modsl, it is 1mporl:9.nt 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)

A Ey
=‘_I,

where: E,, 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.

Itis the volt drop along the conductor surface that defines the transmission characteristics of
a set of conductors,

For the simation depicted 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):

a7, @
—=jonl, | |

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 #), 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 diz*ribution equations must be found for both media and matched at the
boundary between the iwo. (Refer also to appendix 4.) The solution in either material is of
the form of 4-4 (equation 4 of appendix 4). Subscript I refers to the coating material, and
subscript 2 to the substrate, Hence:
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Figure 11 ; A bleck of coated material, whese the coating and the substrate have difterent electrical properties.

T =Ce " +D%™

=( sinh(t,x)+D cosh(tx) &)

where: 1 =(+] anu,a, {refer 1o appendix 4)

Clearly there may be no positive expenential 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.

J,=Be™ . ©

wherezl 'cz=(1+j)'~,}1|;fu¢6,

For both materials, from Ohm’s law:
=5 : (7
and:
_ 1 dE, odE,
= i dx e dr ®

Hence, from eguations (5) and (6) we may define the eleciric and magnetic fields in the two
materials, by using (7) and (8):
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Ea=oe™ B, =(—:—(c sinh(t,x) + D cosh(t,r))
2 1
B .

Hy, =—1—2 ez H, =%(C cosh(t,x)+ D sinh(z,x))

Since tangential electric and magnetic fields are continuous over a boundary, we may evaluate
the constants: ie E, =E,, and H,=H, atx=d.

sieh(t,d) + ( )cosh(‘l:ld)
cosh(';ld)+( )smh(-;ld) )]

=

Ao

Making use of the fact that 7 and i are mutually perpendicular:

—

j:EXH

where: 7 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):
J=-H,)

Pt

Thus from the definition of surface impedance:

- -;,‘;(c sinh(t,x) + D cosh(tx))

z= Su| - 10
s Hyl x 30 %(CCOS]’I.(T[X)"‘D Sillh(’ﬁx)) ex0 ( )

Therefore, from (9) and (10):

% smh('l:ld)+( )cosh(ﬂ:,d)

%=, cosh(‘:ld)+( )smh(‘r,d)
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Substituting for 7, and 1,, the equation may be reduced to:

by . sinh(\o1t; 4Vs) +\! %wsh(ﬁ dls)

ZS'= {f—

St | cosh(Vorp ds) +-\/§',i—’s_inh(\!c,u, avs)

- Substituting for the steady state value of s (ie 5 = jm):

sinh((1 + j 1ok d Vi) +'\’§,‘p—:cosh((1 + NG, AN
cosh((1 + NGV + 4 o 2 sin ({1 + /o V)

Z=@s\ 5

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

K; =\l;G;
2= 58, DM Y i,
: o cosh(K,d\E)-i-(%%ﬂ sinh(K,ds)

(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 conduGied 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 4; (refer to figure 12).
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W z(longthj

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

let:
Ty = JOM,Hp, Oy
T = JOH e O

For the coating, thickness d;, the general solution is well known:

Ty =AL " +Be |
. ¢f 5)
=A sinh(t,x) + B cosh(t,x)
For the busbar itself:
J,=Ce™ - (6
For both materials:
7, .
E =7 of (D
u .
Hy=pmr d®

31



Once aguin, becaﬁse tﬁugential electric and magnetic fields are continnous across the
boundary, the following boundary conditions apply:

F,= E'ﬂlxwd; H, =H,] xmd,
and:

I=~H,)

=l

Hence it may be shown that, for the inner conductqr, coated with a. material of thickness d;:

L ¢f(10)

In accordance withﬁglure 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 mner conductor:
Zs(s) |
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  torefer to the coating and subscript 2 to refer to the substrate.)
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It is accepted in iransmission 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 unitlength andmdth by the cot:ductor
width. Furthermore, the internal impedance is the sum of the contributions of the inner and
outer conductors (as nuted earlier): _

where :

v 2(s) =z(s)+z,(8)

(due to effectively placing in parailel the number of internal impedance terms per
- unit square)

) =Zs.-(ar)

ZW;

_Zsls)
e

Zsg(s)

2nr,

_Z(s)
2y

z,(8)=

and:
K,y | ¢inn(Rd\s) +[ """)cosh(x,,dﬂ
Gan cosh(K,dwl')+( ""“)smh(x,.ldd?)_

Zgls)=

ml_ sinh(K 4, Vs \!_)+( “““)cosh(x A, Vs)
%1 | cosh(K,d, Vs \F)+( = "Jsmh(K,ld V)

z.?g (3 ) =

z(s)is thus the internal impedance of a co-axial system in £)/m. Itis now pertinent tointroduce
one further level of reduction prior to establlshmg the propagation factor of the system
incorporating the skis. effect: '

Z(S) ___‘K,'fJS_ 1j1 ""A;enai
27007 | 1 +Ae™

3]{— 1 ""A 8.-3'. !
21(0',1 Fgi 1+ A 8-8,4-
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We can now define the impedance (Zd(s)) and admittance (4" - ™ per unit length of a co-axial
busduct with the conduciors coated with a conductive materis,

Zd(s)=Rd+s-L3+z(s) [Qm] Yd(s)=Gd+s-Cd {Sim]
and: | (12)

Ld“% ;'-‘-] [Him] Cd=%ﬁ(ﬁ] [Fim)

fil i

where . & is the relative permittivity of the mediom between the conductors.

 Gd is the conductance per unit length between the conductors. For a gaseous
dielectric such as SF, 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 gppendix &, 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.
Tts 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 charareristics of the conductor materials - in
contrast %0 the term z(s).

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

-y(s) = Zd(S) . Yd(S)
=VRd+5 -Ld+2(s)) (s - Cd)

and

R{YE)} =a  [Neperim) S{¥e)} =P  [radiansim]
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Therefnre, in texms 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 ﬂmﬁm‘ characteristic of any length of ow now defined co-axial system. The
propagation iactor 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 o the next
equa?;gn. it is, however, obvious that s solution is utilised in the program Skin discussed in
appendix 5. ' _ _

K, 1—Ae”™ .
¥ 21;5;1{ = q:”fx -Cd) (13)

| 1+A,e™

Thus the term z(s) can be used to account for both the simple skin effect, and the effect
introduced by the application of varicus 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 fourmaterials may have differing
properties, and it is these properties that define ultirzately the characteristic impedance of the
system. _

Cne final point to note is that equation (13) mst be programmed in order to accuritely model
four distinct cases ((13) being for the most general case):

. Both conductors coated

. Inner conductor only coated

«  Outer conductor only ccated

’ 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 requited data afl 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, Rd represents the internal impedance term for the special case - DC. The
transition from:Rd to the real component of z(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 ¢ppendix 6);

Sx(o)} = Lt er( S per(3)-pef(Sper(Z)) rg
| e el

where :  the symbols have their usual significance (Relton, 1965).
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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 {r; = 55 x 10™m,r, =200 % 107m) is pradueed at 50
Hz. This error has decreased to less than 5% at 250 Hz. In fact, the accuracy of the planar
model of & coaxial system is a function of the ratio of the busbar radius (r;) 1o 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).
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Figure 13: Comparison of planar and bessel sotution for 3= 5, £= 59,76 Hz and 3=0, 01 1m.
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Since the model relies for its validity upon the establishment of TEM mode waves, the highest
usefunl ﬁeq‘}lngncyis also set by the dimensions of the busduct. I the same high voltage busduct,
first order TE mode waves would occur above 375 MHz, From the solution defined inequation

(14} a correction factor, £, to be incorporated intp Rd may be determined. This optimises the
accuracy of the planar solution. The correction factor { is found from:

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 10 introduce significant inaccuracies. Furthermore, errors
associated with the transition from the DC resistance value, Rd, 1o the real component of z(s)
are easily accounted for in the manner discussed above and in appendix 6.

4.5 Experimental Verification of the Model

The model was experimentally tested in the time domain neing scaled down test ducts. Scaled
down systems were used:

+  Toenhance the expected attenuating effects

+ Toallowa relativelg;clgng length of duct with ro discontinuities to be used in order to
both enhance the effect and avoid reflections not accouned _for in the simulation

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

The initial tests were conducted by considering the response of the system to & 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 in figure 14, This effect is
explained pictortally in figure 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 capacmve impedance
for very shott time periods.

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 VFTs,
and it was thus important to inshude a5 the first example the time domain performance of such
a pulse, The Fourier series of the puise 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 S0Q
measuring circuit with & 400MHz bandwidth, The same experimental set-up was used in ell
the experiments, and is represented in figure 16.
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' fost duct

osoifloscope

gnggl'ltfle 16 : The experimenial set-up used in order to vesify the operation of the model. The test duct was 6m in

The simuiation 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-

. Prediction of the performance of a scaled down busduct fabricas2d entirely from mild
steel

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

. Prediction of the performance of a scaled down busduct with a copper busbar coated with
a 20um layer of nickel and an aluminium grounded enclosure

The physical dimensionig and parameters of all the tested systems are included in gppendix 8,
and noted on the theoretical prediction plotsin that 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 third experiment 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 ontlined above. However, the
resnlts, which demonstrated clearly the accuracy of the model, also Iead to the identification
of a number of important considerations, which wili be more thoroughly dealt with later, The
results and the corresponding predictions are tabulated in sable 3. Itis clear that the model is
sufficiently accurate to allow a theoretical study of the effects of coated busbars on the
attenuation of VFTs.
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As mentioned previously, there is a misniatch between the generator and the system under test.
However, this is easily accounted for. While the characteristic imapedance of the system undet
test was simply calcuiated (ignoring frequency dependent effects), the correctness of the value
used in the assumptions was verified by terminating the system under test with a radially
arranged resistcr network of precisely that value, Furthermore, as a short circuit tecmination
gives a more defined (bot inverted) 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 capturad on a single display
with sufficient resolution and greater significant accuracy than the inveried response, The
photographic record of the results for these iests is shown in figure 17, Also shown are the
predicted responses, as well as the corresponding frequency domain transfer characterigtic for
the system, In examining these, care tust 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 fabncated
entirely from alum:mum Scales: 10ns per large division; 400mV per large division.

Figure 17b ; Photographic record of pulse attsnpation within 2 12 m length of scaled down busduct fabricated
entirely from mild steel. Scales: 10ns per levge division; 400mV per large divisica,
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Time Domain Response of 12m Test Rig
Pict of Voltage vy Time { ns )

1007 .
] ﬂ\ input representative pulse
_ 4 _ pulse attenuated by aluminium duct
g . | |
'é; ' pulse attenuated by miid steel duct
= 50 —
g . h \
TR w » w
| ‘ time [ns)
Output of program SKIN

Figure 17c : Predicted ulseattmuauonmﬂlmammlmgmﬂdsmelanda12mlougaluunmumsystem bor
both gystemsr, = Smmandr-22.5mm.

Figure 17d : Pholographic record of pulse astenuation within 2 12 m length of scaled busduct, Busbar fabricated
from copper, o=5,8%10°[S/m]). Outer grounded enclosure fabricated entirely from sluminium,
6= 3,54 % 10"[S/m). 1= 6,11 mm, r, = 22,1 mm, Scales: 10ns per large division; 400mV per large division.
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Figure 17e : Puise atienuatior within 2 12 m length of scaled busduct, Busbar fabricated from copper,
o = 5,8 x 10°[S/m]. Outer grounded enclosure fabricated from aluminium, o= 3,54 x 10°[S/m]. ;= 6,11 mm, T

=22,1 mm.

Figure 17F : Photographic record of pulse attenuation within a 12 m longth of scaled busduct. Busbar fabricated
from coppzes, & = 5,8 % 167[S/m]. Busbar coated with a 20pm layer of nickel, o= 1,4 x 10[S/m], [, = 50. Outer

grounded enclosure fabricated from aluminium, &=3,54 X 10°[$/m]. r; = 6,11 mm, r, = 22,1 mm. Scales: 10n3
per large division; 400mV per large division.
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Figure 17g ; Pulse attenuation within a 12 m Iength of scaled busduct. Busbar fabricated from copper,
o =5,8 x10°[$/m). Busbar coated with a 20jun layer of nickel, 6=1,4 x 10°[S/m], K = 50. Outer grounded
enclosure fabricated from alumininm, 6= 3, 54 X 10°(S/m]. r;= 6,11 mm, r, = 22,1 em.

The assessment of the results, and particular the conclusion drawn from the initial results with
ferromagnetic material, made it clear that the effect of permeubility was vital. Thus, since it is
used 25 g constant in the model, its choice i¢ important. It must be remembered that a ferro-
magnetic has an initial permeability (jz =t;, Rayleigh region), a maximum permeability
{(Up = M), and a high field permeability (11 =), a8 shown in figure 18.

za high field permeability (e =)
/ (domain wall rotation)

- maximum permeability (5 = fy)
(irreversible domain wall displacements)

smf

Magnetic Fiux Density

initial permeability (i = i)
i (reversible domain wall displacements)
Mageetlc Figld Strangth Hiadm]

' Figure 18 ; Virgin B-H curve of a typical forromagnetic. The figure shows the definition of y;, 1, and py.




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 VFT, 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 r; =55mm, 7, =200mm. A length of
15m was selected as a suitable example as t.is was considered to be fairly representative of
the distance between a disconnector and the SF, substation outer wall (Edlinger et al, 1984).

5.2 Formation of a VFT.

It must be poted that VFT's are made up from the time domain sum of nuraerous surge voltages
that have been transmitted through the system from the disconnector switch to the observation
point as suggested in figure 19.

incident wave  observation point open circuit

— g

Figure 19 ; The addition of the time domain components in order to build up the VFT recorded at a particular -

point in a GIS.

While the travelling wave phenomena will be more formally discussed in chaprer 6, it is
pertinent to briefly outline the formation of 8 VIFT:

The incident surge shown in figure 19 is one of the two surges developed by the operation of
a disconnector, s;ir.:cfropagates 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 constitate
a single "path" between ihe source and observation point for this system.) The surge continues
to prapagate, and would then be reflected at the open circuit, whereupon it passes the observation
point ravelling in the opposite direction (in this case) and is recorded for the second time.
(Again, the travel from the source o 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 VFT gver this short time interval.

Consequently, the nett attenuation of any observed VFT is clearly dependent on the sum of the
effects introdiced to the componental surges - not to any gross effect introduced to the VFT
as an entity. Atiention was therefore paid o the transmission of a surge voltage along the duct.

As was noted in chapter 3, the highest frequency component associated with a VFT is due to
the rising edge of the voltage surgs. The high frequency content of a typical VFT is therefore
significant. This is illustrated in figure 20, which is a copy of figure 2 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 kmown to contribute significantly to the peak
magnitude of VFTs (Boeck, 1987). This effect is shown in figure 21.

A
1.0 1
50.8
§ oo
2
§0.4
0.2 1 : )
N O R O I
0 15 35 45 B0 75 60 105 120 135 fiMHz]

Fraquancy

Figie 20 : Harmonic content of a typical VFT with a fundamental oscillation frequency of 15 MHz. The DC
component has been suppressed in the analysis (Reyndus. 1987b).

ol

voltage transformer
vr

Figure 21 : Reflection off a voltage transformer, showing the disﬁhctive pulse-like nane of the reflecied surge.
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5.3 Theoretical Sty
Consequently, the objective of this theoretical study was to:

»  Observe the effects of coatings upon tie risetime of a surge and the peak magnitude of
a pulse

. Gain an understanding of the elative effects of varions matzrial parameters upon the
attenuation

»  Draw conclusions pertaining to optimum coating characteristics

Recall that for this study, all the parameters shown in figure 22 below may be controlled, as
may the length of the duct for the time domain study. Furthermore, since J, is used as a constant
within the program, its choice is important, and motivates the use of a range of 1, values in
the study. ' .

outer gro-nded enclosure
(u-gz! 633) . i )
(I-lgll Ggl) iy ‘
Y
TR Y A 4
(s 02 !
L] 5,
SF; dietectric N inner buslsar
0 anngs

Figure 22: Cross-sectional representation of the busduct with coatings, clearly indicating all the variables accepted
byﬂt!: det}l. 'Igégsigg}'ealmm to define the variables used in this thesis, Particalar attention should be paid
to the nse of su .

5.3.1 Predicted Performance

The two most important frequency ranges asscciated with disconnect transients are evident
from figure 23. The higher frequency range is devsrmined by the initial step, a characteristic
of the mechanism of treakdown in the gap. Hence this range typically fulis 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 siower damped osciliation,
because itis a functiun of system configuration, cannot be directly atfected by this technigue.
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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 ! SMHz for the system in which the transient of the above figure was recorded, Although
these transients are also known to cause oscillations of frequencies below a few hundred kHz
and well above 100Mhz (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 featires, _

Figure 23 : A VFT recorded in the Wemer von Siemens Test Facility at the University of the Witwatersrand
clearly showing two distinet frequency components. The Ezstem in which this VFT wasrecorded is identical to
that used in figure 4. Scales: 40ns per large division; 90,8kV per large division,

The frequency domain performance of three typical high voltage busducts is shown in figure
24, gﬁgre thg busbars and grounded enclosmur;s are tg‘abﬁcatgde from uncoated alumigigum.
Figure 25 considers the frequency response when the bushar and outer grounded enclosure
are coated with a 50um layer of a staiilcss steel, 3CR12. In generating this plot, 4 value of
Mz = 1000 (jty)has been used. Refertofigure 18, wherey,, y,, and is 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 regponse for the aluminium system. (The physical
parameters of these materials are to be found in table 4.)
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Attanuation

Figure 24 : Attenvation characteristic of three common high voltage busducts,
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Figure 25 ; Attenuation characteristic of a busduct with a 50pm thick skin of 3CR12 applied, A value of
Mg = My = 1000 has been used. The apper 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 from figure 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 all 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 becormes important to consider
arange of |, values, as no ransient model has yet been developed that accurately accounts
for all the effects introduced by a ferrornagnetic, The importance of this study is thus o
carefully analyse the effects of these controllabie 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-
gideration is given to values of [1,.

Table 4 : Fexcentage attenuation of a representative pulse for different materials and different fiek! intensities,

e R o
Matsrial
A — _. o
Comor cecld oo 660} ]
Pernmalloy 10 1200 40 20%10° 6 65 41 398
Nicket 14x10" 1o 200 600 123 13 13 ip
M Sisl 1x107 120 &0 00 7] T 16 37 63
P froa 110 10000 650 2005 10° 15 34 as 451
Sapenaslioy LEn10" 00%10* Ha - 13 a3 56
Vausium Perrmsiur LuxIn &0 ™ 4500 n 55 64 142
Alporm Tx a0 MHa m 109 up s 1
0RI2 1LEx10Y 400 1 4000 6 69 108
Hypothstical Matariake ] ]
[ ' 200 1o . 33000 =]
&} 200 10000 560 3550 we 951 - 4
te) Trip? 12 550 2000 549 60 134 ap |
11 120 !
[ * ! 50 2000 4590 % . 64,2 203

Consider a 275kV three phase system. If the initial surge reaches 0,3pu, this would imply an
initial surge of magnitude §7kV travelling within the duct. With a 752 surge impedance, a
peak transient current of 0,9kA would occur. Hence the initial step could initiate a peak
magnetic field intensity of 2600A - m™ at the surface of the inner busbar. This value is then

used to determine the high ficld permeability value of |1, for the pulse attennation evaluation.
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Figure 26 : Pulse attenuation with a skin of 3CR12 stainless steel 50 thick. Duct dimensions : r; = 55mm, r,
= 200mm, length = 15m.

However, such a pulse contains - amerous 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 indtial
surges determine the maximum dV/d: 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 ji; 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 50um thick skin of 3CR12
over a duet ength of 15m, Duct dimessions : r, = 55mm, 1, = 200mm.
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Table 5 ; Percentage degradation of the rising edge of a surge voliage for different materials and different fisid
intensities.
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5.3.2 Discussion of the Theoretical Investigation

From the preceding theoretical examination, anumber of factors have been found to influence
the attenuation introduced by any coating material. Some of these facters 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 relatiov.ship between B and H defines |. and this cannot as yet be expressed in
a suitably simple mathematical form. As very high currents, and hence high fieids are
generated under VFT conditions, particularly after the initial surges have been reflected a
number of times, it is important o 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, 5T. All enjoy good electrical conductivities of approximately one
third tilesvalue of typical electrical conductivity aluminium, A similar correlation is shown
in table 5. _

Ancther tmportant feature stemming from the magnetisation curve is the fact that a high
degree of hysteresis generaily implies a very reduced value of i, at high field intensities.
Furthenmore, 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 Y.
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Appendix 9 shows predictions made assuming a maximum value of permeability existed at
all times. Clearly these results are dramatic, but the effect of field intensity must be bomne
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,
butmore importantly, techniques employed during mannfacture 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 Freguency

The apparent permeability of a conducting ferromagnetic material is the vatue of permeability
that the material appears to have at high frequericies. It has been shown that, once corrections
have been made for the classical skin effect within the le, the actnal permeability is
found to still be at the value recorded af DC (Mallary, 1985). The mathematical model
presented bere accounts for changes in apparent permeability by virtue of the term z(s).
Furthermore, these changes are correctly predicted imrespective of coating thickness or
frequency. Generally, these are the only permeability changes ever considered. However, &
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 oxchange 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 effecis on relative permeability, this subject is stll open for investi-
gation. Tables 4 and 5 were gengerated ignoring these effects,

The Effects of the Factor jl;¢

A prominent and anticipated featore of the attenuations shown in tables 4 and 5 is the poor
performance of highly conductive materials at lower values of ;. 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 - s is clearly attributable to 2 combination effect of its high
field value of permeability and its lower conductivity, Similarly 3CR12 shows & good high
field performance,

The factor 41,6 is thus an fmportant 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, &:

1 .
e a

Asthe product KrO increases, so the skin depth decreases. This introduces increased loss at
the high frequencies.
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The perceniage atienuation of a 4 s risetime representative pulse is shown in figure 28.
Appendix 10 includes numerous plots depicting the sttenuation of a represiztesive pulse, and
also shows the frequency domain performance, from which the effect of coating thickness
is clear.

1003% ] l
»g // NT— d;=05mm |
§ T~ 4= 100um
50% ' i
I
% \ d; = 1pym
g
£ "/
os . _ y h
1o¥ 105 108 107 108 Me0 [S/m]

Figure 28 : Influence of the factor 1,¢ on the attenuation of a representative pulse - a graphical representation
of peak magnitude attenoation as a function of p,a.

It must be remembered that a family of similar curves exist for differing vaiues of i, as
indicates in figure 29. For the materials of interest, ¢ is a constant, and can be accurately
measured. Care must be exercised in the choice of |1, The higher the p, value, the greater
" the attenuation spread of the curve. The plot of figure 28 was produced using a ju, 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 su.ge voltage with a 4 ns risetime. As expectzd, 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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Figure 29 ; Graphical representatior of peak magnitude attenuation as a function of W, for various values of
permeability.

»  The reduction in attenuation at the high values of Y0 is defined in terms of the coat
characteristics, and can be seen to be independent of coat thickness. However, this
does imply that alony this region, reduced coat thickness must introduce reduced
attenuation

= The reduction in attenuation at the low valuos of peo is due to the combined effects
of coat characteristics and thickness. Implicit in this roll-off is the fact that the depth
of penciration for the coating material, as defined by the earlier equation, has become
far targer 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 o iniroduce 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
g; internal impedance of the busbar, but is to be accounted for in the external impe-
ce terms

«  Acomparison between the curves of figures 28 and 30 shows that, for any given coating
thickness, the maxiroum 10-90% increase in risetime occurs at higher j1,¢ values than
the maximumpulse attenuation. Noting fromequation (15) that the depth of penetration
3 is an inverse function of frequency f, implying that for any given coating thickness,
lower frequencies are only effectively restricted to the coating if the J1,6 values are
correspondingly higher. Hence the degradation of the rising edge of the voltage surge
is effectively mote dependent upon lower frequency effects than is the attenuation of
a representaiive pulse. It is important that these effects be noted, and that increased
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Figure 30 : Influence of the factor 1,0 on the risetime degradation - a graphical representation of increase in
initia{ risetime as a function of |G

attenuation be introduced at as low a frequency as feasible in order to ensure risetime
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 idertify a range of [y¢ values which would
produce meaningful results over a 15m length of busduct. For a 100pm thick coating layer,
and in order to introduce at least a 50% increase in the 10-90% risetime, this range extends
from 2 x 10° to 4 X 10°S/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 of W, 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 |, careful
. attention must be given to the conductivity of the material.

While it is clear that pulse attenuation will occur, as will risetime defradation of the initial
step, it is important to remember that this analysis is only applicable to a continuous single
length of busduct, Also the final "DC" vatue aitained by the surge generated by a- .isconnector
is not significantly affected. This is an important consideration in attempting to extrapolate too
frecly the results of this analysis 1o 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 1s draw certain valid conclusions pertaining to the VFT:
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«  Anincrease in the risctime of a surge voltage as a function of distance travelied in the
duct is expected

«  Anincreased time delay for any given distance travelled is expected in a coated system
in comparison to an aluminium system

e nogligible attentation

— [ncreased risatima -
{tme domain componant sagficncmasgan
adding imples peak . .
megnitude reduction} - i IMW"MEW"

Figure 31 : Reduction in the peak magnitude of a VFT brought about by sisetime increase of the initial sur,
mmEaveldistancewidlmﬂlesystem A secondary effect of the risetime attennation is therefore apeak magnitnde
decrease regnlting from the nature of the time domain development of the VFT.

Assugg  infigure 31, this may lead to a peak magnitude attenuation, and a decrease in
the dV/dt 0. «. - slope to the first and subsequent major peaks. This effect is dependent npon
the configuration of the system to a large extent.

5.5 The Consideration of Four Materials for Use as Coaiings

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 i the
aluminiuvm substrate, in this case the busbar, is of concern.

The characteristics of suitable coating materials have heen 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 will 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 techrnicue:

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

«  The coating material should not advemly 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 VFTs (the
very effect that this technique aims to controi). Refer to chapter <.

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

»  Hotdipping

*  Metal Spraying

These techniques are briefly discussed in_ap}:endix 17. As no =4 in that appendix, a combi-
nation may provide the most viable solution, with the final coau.g being metal sprayed onto
the prepared substrate.

5.5.2 The Four Materials

Based on the electrical and mechanical requirements of .. sating, four materials have been
selected for consideration. For the sake of clarity, they shali simply be referred to as samples
1 to 4. The percentage composition of each is shown in appendix 11, and is tabulated in rable
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 varions 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 advuatage of the lowest
conductivity value, but saturates the most rapidly, at less than 0, 5T.

The four B-H curves, superimposed upon each other, are shown in figure 32.
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Table 6 : The percentage composition of the four matenals,

Sumple 1

C 0,070; Ni 59,35, Mn 0,71; 8i 0.15;
Cu 0,06; § 0,005, P 0,007, Fe Balance

Sample 2

C 0,102; Cr29,95; Ni 9,73; Mn 1.95;
Si 040; P 0,027 S 0,0011; Mo 0,05;
Fe Balance .

Sdrniple 3 _
CO003; N0,03; Ni 1,5; Mn 1,5 51 1.5 P 0,03; 50,03;
Cr(110-12,0)
Tt 4-(C+1y; Fe Balance
Yample 4
Cr5; Cod0; Fe 55
2 sample 3
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Figure 32 : Superimposed B-H cutves of fonr materiafs sonsidered 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 fransient,
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 retura to the observation point. :

In order to assess the value of permueability likely to be experienced for each coating material,
it is important to decide the expected magnitule of the voltage surge. The peak magnitude of
the initial surge was chosen to be 0,7pu. Thiy implies a trapped charge of 0,4pu, and a source
side line-to-gronnd voltage of 1,0pu 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 systern gperating in a busduct with a busbar radius of r; = 55mm,

and a grounded enclosure with an inner redins of 7, = 200mm,

The predictions were conducted at field intensities of 2080A/m , which is calculated in
appendix 13 8s 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 1o 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 valves of perrneability at the
higher field intensity manifests itself as areduction in fe attenuation at the 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 attengation introduced by the four sample materials, Note that the attenuation at low and
high field intensities are show. (Permesbility is affected by the field iniensity.) The increase in the 10-90%
risetime was only determined at the realistic valoe oI field inensity for the most promising samples.

A L g
Sample Field Intensity Pulse Attenuation Rigetime [ncrease
1 ' 2080 4,90 15
8320 2,93 not determined
2 2080 3,00 not determined
8320 234 not determined
3 2080 - 675 25
8320 . 4,13 not determined
4 . 2080 1,79 not determinad
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. At2080A/m, sample 1 introduces4,9% attenuation tothe 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 has been 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 magnitade and dV/d: of surges and pulses by the application
of ferromagnetic coatings has been discussed iri 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

s  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 S0Hz attenuation

. Above about 100MHz, the actual permeability of most materials is known to decrease

J The maximum attenvation is a function of coating thickness .

» The factor |1z has been identified as a major design ¢ iterion for coating materials. The
attenuation reaches a mzximum for a range of o values, dependent largely upon the
permeability of the material at the highest expected field intensity

« 1t has been shown that the degradation of the rising edge of a voltage surge is more
dependent upon lower frequency effects than is the aitenuation of a representative pulse.
This is because of the broad band frequency conteént of the pulse. Consequently, increased
attenuation must be introduced at as low a frequency as feasible in order to effectively
degrade the rising edge of the initial surge

o Changes in the physical characteristics of the coating material duriﬁg the coating process
must £ given careful consideration

Any suitable coating material must provide not only good permeability vatues, but also suitable
values of conductivity, The form of the magnetisation curve is also an important criterion, as
demongstrated by the ineffectiveness of the hard magnetic material, sample 4, It must be noted
that the rost useful of the four samples considered in this chapter, sample 3, is a stainless steel
alloy, 3CR12. Its magnetic characteristics were previously unknown. It is thus clear from this
discussion that a combination of these atiributes 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
coati..g material would lead to unacceptably high power frequency attenuation.
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Tt should be stressed that the effectiveness of this technique is largely dependent upon the

available transmission distance for the initial surge within the 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 greatsr detail in chapter 6.



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

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

» A travelling wave model for a simple GIS
»  Laboratory results obtaired from a ferromagnetic system operating at high voltage

The theoretical work presented in chapter S has shown that the application of ferromagnetic

coatings to the surfaces of the busbars in 8 gas insulated busduct may lead to a noticeable

diminuation of the undesirable features of the very fast transients associated with the 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

gistances did not exist, The longest system available for experimental work is shown in figure
3.

QRAS0pF disconneclor  capacitive

switch dividar
N -: rF' lﬂr'l L LR
y - ==t/
8200 840 2340 20006
ot o |t o e

Figare 33 : Longest system supported at the Wemer von Siemens test facility at the University of the Witwat-
ersrand, and the syste... in which the high voltage experimer:is were conducted.

Accurate travelling wave models allow for good cozrrelation 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 (Jandreli, 1988;
Witzmann, 1987) (Refer also to figures 24 and 25}, The predominant portion of the transient
attenuation is ascribed to spaik 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 of the 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 accepted methods. Furtherme .¢, 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 existiig transient analysis technigues. It serves to facilitate the study
of a specific effect, The iraportance of this model was to enable us to gange the effectiveness
?f téumsntt;%l;réi)que in a system incorporating reflections and transmissions (Jandrell, 1989;
an .



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 stifl 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

. '{he time taken to simulate the system response is excessive on an IBM AT nperating at
2MHz

s A relatively large amount of data is requis d in order to define the system in suffizient
detail to fully utilise the power of the models used

The last wnentioned drawback is meyely a function of the detail of the mode] 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 i. operates.

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

6.2 The Model

From 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 condyctor 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.

spacer {discontinuity)
teansmitted portion
incident surge )
Z,0 _ Z,0 _
(11} q:..—_."r.._-a
reflected portlon

Figure 34 : A generalised disconginuity in a GIS, showing the quency-dependent characteristic impedances
S e Hcominuity frequency .
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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 VFT at
any point within the duct, It is, for exampie, 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 risstime 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,
Iz, in the physical definition of a ferromagnetic material. The complications associated with

- selecting a suitable value of L, for the simulation are addressed in chapier 4, and are also
discussed elsewhere (Jandrell, 1988).

Instantaneous Establishment of the Flux Within the Busbars

This assumption makes it possibie to utilise the Fourier technique in order to determine the
time domain form of the VF1'* =d on the frequency domain model of the busduct. The
a «enuation experienced by ai. aven frequency component is thus assumed to remain
unchanged in time, allowing the establishment cf a frequency transfer function. While the
frequency domain mode! accurately accounts for the skin effest 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 systemencapsulated 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

Tepresents 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
;cctgild ﬁl::él (;Again, the travel from the source to the observation pointis considered a "path”
in this model, :
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incident wave  observation point open circuit

= ;®=ﬁ========gj

Figure35:Figuredcpicth}glheaddiﬁonofﬁleﬁrnedomaincmnponemsinmdermbuﬂd ap the VFT recordad
at 2 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.

68



incident wave  observation point open circuit

Figure 35 : Figure depictin gﬂleaddiﬁmuftheﬁmedomaincomponemsinordermbuﬂdupﬁlemwcmded
at a particular point in a GIS.

At the measuring point, the two recordings are superposed 1o give the waveform indicated,
representing the VFT over this short time interval.

Now consider a2 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 at the disconnector shown. The Fourier techniquo
is used to move between the frequency and time i andbackagain.'rheﬁmedumam&eﬁ:ﬁtinnof%he

initial surges is shown in appendix 7, In particular, refer to figure 7.2,

Consider the simple system shown in 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 nuraber 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

 tuble 8, by searching through the list.

Table & : Determined vclid paths for a particolar time period in the system depicted in figure 36.

Puth Niaar Lisk of Nodes Vistisd Path Nuwbar Lt of Woden Vightod
1 31212121234 n 3454323454
2z 32121236 1 14543234543234
3 3212123454
4 ‘321234
s 32123454
6 321234543234
7 3234
s 321454
9 3294354321234
13 9234543234
n 349454325494
12 34
n 3454
i 3454321234
15 345432123454
16 24343234
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Consider for example path 7 shown in fable 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:

3,234

Sincethe above surge wasin fact reflected at node 2, a portion would also have been transmitted
through that node. (See, for example, path 4.)

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

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 mnay 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 Iength 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 VFT,

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 7, and appendix 16 for a brief description of the software
used in this part of the simulation, -
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Figare 37 : Addition of the time domain components leads to the final form of the VFT.
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Figure 38 : Description of the operation of the wansient 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 (Jandrel, 1987). The performance of the transient analysis model is tested against
re;uéts obtained from a Bewley-Lattice-type model, similar in operation to TLTA (Fujimoto,
1985). .
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In order to verify the model, consider the system depicted in 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 N'yquist’s criterion is observed when dstermining
their Fourier components. The magnitude and phase associated with the chesacteristic
impedance of sach section of duct is automatically determined duiring execution of the model.
Furthermore, the speed of travel of the transient voltag . is & function of the busbar char-
acteristics, and this delaying effect is also automaticalty determined.

This model allows us to isolate the time domain component of the final VFT emanating {rom
any particular path. This is shown in figure 39. The figure also shows the final VFT occurring
at the measuzing point, and compares it to the Bewley-Lattice resuit, As expected, the transient
analysis model performs accurately. The s¥~* fime shifts between the two results are, in fact,
due to limitations imposed by the choice ¢ time step nsed for the Bewley-Lattice simu-
lation, As the physical characteristics or aluminium conductors have been used in this
sirnulation, there is little difference in the attenvation introduced between the tvo resulis. For
the sake of comparison, the VFT fprmed ina sysiem with a coating with physical chavacteristics
o=1,8x10°S/m ,u, =350 s aiso shown.

Bewley-Lattice  Aluminium Syster Coated System

M Al g evetee——— apemeeanbimer

&

e Path:3,2,1,2,3,4

-

Figure 39 : Predicted form of the VFT fura simple busduct. Aleo shown are $wo of the time domain components
making up the final 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 accomited 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 modeiled as carefully dimensioned
Iumped eiements.
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6.2.4 A Theoretical Consideration

From the examination of pulse and surge responses of single continuous lengths of duct, it is
expected that both peak magnitnde attennation and risetime increase will be introduced by
this technique. Due to the nature of VFT formation at a particular location within a duct {eg
the observation point), however, it is important to view these effects on a simulated VET,
where the scale of the improvement is more evident. The effects likely to be introduced are
shown in 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 in figure 36. The
three gystems depicted are as follows : The one showing least attenuation is an all aluminium system, with
o =3,5x 107[S/m]. The system showing an intermediate awount of attesuation has coated busbars, where the
coating has the characteristics &= 1,8 x 10%[S/m] and py=350. The system showing the most significant
attenuation is similar to the previous one, butin thiscase the coating relative permeability hasa valugs of g, = 1000,
Ag noted eatlier, 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 {ransmission 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 aiso largely dependent
upon systern configuration
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*»  As the propasation velocity is debendcnt 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

Tt should therefore be stressed that this traveiling wave model serves tﬂrimmily 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 experinientally examine the effect of a ferromagnetic coating upon the attenuating
characteristic of a section of duct, the system depicied in figure 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 bushar 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 ckapter 4 this is of no consequence,

The tests were conducted at voltages which ensured that the peak magnitude reached by the
transients wag in excess of 200kV, This ensures an initial step voltage of magnitude similar to
that used in previous predictions (Jandrell, 1988). (Refer alsc 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. Figure
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 jigure 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 tronghs converge,
showing that the envelope attenuation of the mild steel system is observably greater than that
of the aluminium systen,
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Figured1: S sition of two VETS, One was recorded in a standard alumninium system, while the other was
recorded ina l:mw system similar in all am!s except that fecromagnetic busbars had been instalied. Scales:
20ns per large division; 45,4kV per large division,

The results shown in figure 43 indicate a clear increase in the risetime of the initial step in the
mild steei system. The results of a simulation are also shown in figure 43. When using values

of {1 determined as described elsewhere (Jandrell, 1988), less risetime degradation than that
skown 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 of tp = 650. The conductivities of the materiais used in both systems have been measuzed,
and may be considered constant.
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Figure 42 : Superpositiot of two VFTs shown over an increascd time interval. Note the ever-increasing shift
between corresponding features of the two traces, in accordance with the [Emdicled decreased travel velocity in
the more logsy system. Scales: 4008 per large division; 454KV per large divigion,

The enhanced degradation may only be justifiable accounted for by using a higher value of |,

in the simulasion. 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 c.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
I(I;Erﬁi%s) ;)f various techniques, including the Fourier technique, are discussed by Bickford
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Figure 43 : The effect of a ferromagnetic busbar on the risetime of a VFT, While a distinct sffect 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 (R,) and the
transient 1ssistance {Ryp) of the conductors. Both have been the subject of numerous invest-
gations (Malewski, 1972; Miller, 1947; Nahman, 1962; Yen, 1982), and are defined in terms
of the field penetration into the conductors. Importantiy, determination of R, implies a steady
state phcnormena - frequency dependent, but not time dependent. R+ is associated with a time
depende..¢ effect that would ultimately result in Ryp=R, if 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 Py, a very important parameter is the time that it takes the fields to
penetrate the conductor, as the value of Ry represents 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
clearly showing thiseffect has been proposed by Yen (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 and M-1 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 in figure 44. _
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Figure 44(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 pamal resistances and
partial inductarices dictate the time constants associated with the transient current dis-
tribation within the conductor

The current distribution at DC is uniform, as expected, and the DC resistance, R,, is given
by the parafle! 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, Ryy, 18 thus also valid only for that instant

The partial resistances and inductances must be related to constant physical parameters
of the material - the conductivity () and perreability (i) respectively
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Itis 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 systenis 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, §, is 2 imporiant 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 ia;ers should be used to define the
steady state skin depth, 8 The velocity at which the current penewrates 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), i, may be
determined. Thus the velocity of current penetration, v, may be defined:

h
VD ='\!_t_

where :  vp=current penetration velocity [m/s]. (Recall that the current propagates along the
conductor in the direction of current flow. v, 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 [mNEj.
t = time [s].
Two important observations may be made:
. vy, is not a constant, but decreases with time inversely as the square root of time

«  Atany time the approximate depth to which current has penetrated (diffused), &', may
be defined as: -

ie § =28\t

Using values of z determined by Miller (1947), v, is shown in figure 45 as a function of time
for three materials - copper, alyminivm and steel. In the case of the steel, the relative
permeability (1) has been assumed to be a constant of 1000,

The velocity of penetration is significantly more rapid in the copper and aluminivm than in the
steel. Furthermore, v;, 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 a VFT, 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, §, is thus dictated by frequencies
of 25 to 120MHz.
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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
< 17um (the steady state skin depth at 25MHz), The depth to which the current has penetrated
is shown as a function of time in figure 46.

For the syster. osed in this investigation, the risetime of the initial step was in the order of 5ns,
implying that & be set by frequencies of = 100MHz. Under these conditions, 8 is <8,5um.
Clearly shown in figure 5 is the short time (<1Ins) taken to reach the steady state skin depth in
an aluminium system. While the penetration into the steel is slow, the steady state skin depth
is also small. Actunal 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 in figure 44 does present a viable approach to modelling the
transieni skin effect, it can be seen in the light of the above discussion that, in order to ensure
accurate modelling of VFTs with risetimes in the 5-20ns range and having durations of some
microseconds, the time constants associated with the skin effect model (and hence the time
step Ar) 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 isreached 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



Trangicnt Skin Doepth, 8 fpni]

i .

5 10 15 20 25 30 35 40 45 50 55

Time [ng}

Fi'gur_e“ :Depth to which current haa diffused into 2 conductive material, shown as a function of time for three
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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 attenuvating 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 cotrelate well with observations made in an alurnininm 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 Iaboratory that a ferromagnetic coating applied to
the surfaces of the busbars in a GIS will introduce two effects, the one being largely the result
of the other. Primarily, a rise time increase v th distance travelled will be introduced. This will
lead to a decrease in the peak magnitude of the VFT, 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. :

1t has further been shown that coatings need only be applied io 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 UG as a means of identifying suitable coating materials.

" Using the model, various types and sizes of busduct have been characterised in the frequency
domain. o

Based on this model, a travelling wave miodel for VFTS has been presented. The Fourier technique
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 cost 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 metzes on either side of the disconnector, thus attenuating the transient as it travelled
towards adjacent sections and coupled equipment. 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 estabiished, but it is concluded that extensive

metallurgical rescarch needs to be done before economically viable and snitable 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 fusther fundamental
definitions have been established, one being the defir .ion of conductor current;

g

T=cE

where: ¢ is an intrinsic property of the material.

Thus assumi.ng that the above Obm’s law applies, implies no free charge. As a good conductor
may be readily visnalised as a material in which free &” 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 ¢ entering the opposite side. Consequently,
from Maxwell's equations:

VD=0
=> p=0

For all good conductors, the loss tangent is well known to be very large, mic may b easily
defined from Maxwell's equation VX H =J + jaD,

%0

g
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Appendix 2 : The Total Current in a Planar Conductor
Ohm's Law:

—t el

J=

Q

=Nhat

=E

where: ©1is the conductivity of the material,

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

———

T —
Es=f;‘-dl V]

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

-J; is the surface current density (not easily visualised in the form of the definitica),

In rectangular co-ordinates, for the nomenclature of figire 10 and 11 (in the tev: of chapter 4),
and figure 4.1 of appendix 4, we need only consider the components in the z-direction:
=> the total current flowing in a planar conductor, I, is given by:

I = J‘ .Jsdx
0
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Appendix 3 : Determination of Equation (4) of Chapter 4
From Maxwell’s equations, taking the curl:

VxE =~V xH})

VY- B)-VE=-Suv <)

8 . =

=-'3;#(6+JQEJE
Since V- E =0, and from Ohm’s law:
J 8 T
—VQE = --S;LL(G-I*J(D‘E-)E
+V"f=|m—§ff
5t
oV =jmuo‘7
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Appendix 3 : Determination of Equation (4) of Chapter 4
¥rom Maxwell’s equations, taking the curl:

VxE:—%(u{Vxﬁ})
V(V.E)wfé':..-g?p(vxﬁ)
o .
=—-S-r-p(c+jm:-:)E
Since V. E =0, and from Ohm’s law:
7 8 T
-JV‘E = '—g;}l.(0'+}me)-_&

ki

+V“}'=;wat

=V = jmuo:?
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Appendix 4 : Field Penetration into a Homogeneous Planar Conductor
Consider the following plane conductor:

¥y
z
X
45)
jog
i 1
ﬁ fa

Figure 4.3 : Plane conductor with orientation of axes as used in the development of the model shown.

7 =coE
This is Ohm’s law. Thus for the uniform field sitmation shown here, and with the elecg.ic 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:

E =(E,E,,E)

only the coraporiex* in the z direction, E,, concerns us. From Ramo (1967):

d’E,
-E;‘?:jME’ _ 4-1)
=vE,
where: T=jopc
v=(1+j\nfjio
L)
%
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1
and : b =T
8 is recognized as the simple "skin depth” for the particular material characterised by it and o.
The complete solution of (4-1) is in the forny:

E,=Be™+Ce™
By inspection, C =0, as E, cannot be infinite agx = <o,

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

7

ol

E=Ee’e (4-2)
and

= i
H=He'e" | (4-3)
L=de e | |
s TIgE € 4-4)

where: E, =magnitude of the electric field at ﬂw conductor surface (as shown in the above
figure). '

H, = magnitude of the magnetic field at tie conductor surface.
J, = magnitude of the current density at the conductor surface.

Therefore, ftom equations (4-2), (4-3) and (4-4), it is seen that the magnitudes of the fields and
the current density decay exponentiaily witk penetration into the conductor, and that 6 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 8 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 Imin
extent, The surface iropedance is considered for a unit width and unit length of a material. (For
this reason, the surface resistance of materials, Ry, is often given in "Ohms per square” although
its units are Ohms.) '
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Figare4.2: A Im by 1m block of coated material of infinits depth.

The internal impedance tern: per unit length, is the quotient of the electric field at the surface
and the total current flowing 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. From figure 4.2:
L= L ids

=f Je b dx
1]

(4-3)

L
E,=2 (4-6)

Therefore, from (4-5) and (4-6), the internal impeda. re {for unit width and unit length) is:
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From the real part of the equation for skin depth, &, it is seen that the skin effect resistance of

the plane conductor is exactly equal to the DC resistance of a plane condnctor of depth 6. In
chapter 4 this analysis is extended to include a coating of thickness d on the surface of the
semi-infinite plane. Itis then further extended in order to model the internal impedance per unit
length of a coaxial transmission line.
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Appendix § : Data Requirement for the Program Skin

- The program Skin is used to determine the propagation factor 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 io produce a data
file of the following form:

1. testing {1 =>f, 2 => 1] {if testing is true, then a diagrostic printout runs dur.ng the
program operation} :

2, plotting [1=>f; 2 =>1] {if plotting is true, then the ov . ‘t data is formatted for plotting
attenuation [dB/m;] 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 frequeacy of interest in the analysis)

5. inner busbar coating conductivity [Sim]

6. inner busbar conducrivity {S/m}

7. inner busbar coating relative permeability

8. inner busbar relative permieability

9. inner busbar coating thickness {m] {in the case where no coating is applied, this va.we
would be entered ag 0}

10. ourer grounded enclosure coating conductivity [S/m]
11. outer groundcd enclosure conductivity {S/mj}

12, outer grounded enclosure coating relative pormeability
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 0}

15, inizer busbar radius fm} {important in the determination of the external impedance
terms

16. outer gron enclosure inner radius (] {muost be the inside radius of the enclosure
as this i~ ne sarface 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 accord 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 detertined in the time domain} :
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18. time berween pulses [s} {refer to appendix 7}
19, pulse duration [s] {refer to appendix 7}

20, magnitude of pulse [kV]
21, frequency component limi i the harmonic content of the frequency domaln
analysis}

22 time componem limit {sets the numbeér of tinic domain samples in the calcnlations}

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

The program Skin is simple to run, and executcs accurately and efficiently. A more detailed
description of its operation is to be found in chapter 5. The program is listed below. Iirelevant
sections of code have been deleted, The choice of variable name and the nature of the language
Pascal ensure that the eode is easily understood. Indeed, the form of all input and output files
is quickly established by glancing st the relevant procedures.
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Appendix 6 : Consideration of the Bessel Function Solution

In order to accurately {and absolutely conectly) 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-ardinates. This generates equations which may be solved in terms of modified Bessel
functions forthe busbar, and modified Fankel functions for the outer grounded enclosure (Rame,
1967). In order to establish methodically the accuracy of the planar approximiation 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” equation solvable in Bessel
funccigilons. Also, the resulis of this analysis were compared to those obiained from the planar
model in order to:

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

. Dmola a correction factor in order to extend the lower range of accuracy of the planar
m

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 bushar radius to depth of penetration as recommended by Ramo (1967):

I
5

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

| Ber(E)+ B 22) |
- {Ber(f;i) +jBei(£;§
where ¢  the symbols have their usual significance (Relton, 1965).
For the system defined in planar co-ordinates:
Js -ﬁ,—'l -jf%'ﬂ

};=8 e

R

All the calculations were conducted for a BBC size BG2 busduct, with 7; = 55mm. This size
was selected ss it represents the realistic sinallest radius of interest in this work. For the various
values of r,/6 the magnitude of the ratio of current density evalnated at some radius, r, to that
at the surface is determined (refer to figure 6.1):

|:&
T,

29
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Figure 6.1 : A solid busbar defining the varisblie r,
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Also evaluvated is the angle of the ratio of the current density evaluated at radius 7 fo the current

density at the surface:

=1, f= 2,39 Hz and 5= 0,055m.
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From the comparisons between the Bessel solutions and the planar approximations shown in
figures 6.2 through 6.9, it is easily shown that the maximum difference between the twois 10%
at a frequency of 35Hz. Consequently, if an error of 10% can be tolerated, the planar solution
can be safely used down to 35Hz. At 35Hz. & = 14, 4mm. The ratio of 7; to & is then 3,83, Here

the percentage error is defined in terms of the value at the surface, ie:
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A further very importantconsideration is the fact that the trans” .on for the DC valtue of resistance,
Rd, to the higher frequency value given by the real part of z(s) is not automatically defined by
the planar solution. It is defined in the cylindrical solution. In order to extend the low frequency
range of the planar model, Ramo (1967) suggests a correction equation of the form:

4
Riz(s)} =Rd + 1143[%)

They obtain this result from a sexies expansion of the correct results. However, a more accurate
and conveniently found solution is of the following form:
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R{2EN pesca =€ - R+ R{z (W} prar

where: € is a correction factor determined from the results tabulated below. The table was,
as before, produced for a BBC size BG2 busdnct. At 10Hz the error is minimal, but
below that the carrection is no longer adequate. In order to bound the error to within
5%, this correction is incivded in the model for all frequenci=s up to 200Hz. No
correction for the imaginary component has beer considered.

The planar solution equations are easily obtained from chapter 4, while the following equation

{Ramo, 1967) was used o determine the internal resistance term for the cylindrically defined
system:

oy T EBAE) Epe5)
o \2m, | (Ber'(fg))’_,, (B ei(fs_'* Dz

where :  The symbols have their usual significarice (Relton, 1965).

Table 6.1 : Tabulated comparison beiween the real component predicted by the planar solntion and the Bessel
solution leading o the determination of a suitable correction factor,

r 4 |
Riz63t Correction

Hz L fector
plem? ;_
N R 3,006 0000
1,02 1 0,085 3,069 0972 0,698
1010 2 0,060 3,085 1,375 0552
1,102 5 0,038 3314 2,173 0,380
1162 7 0,032 3.4%4 2572 P07
1249 9 0,028 35 2,916 0278
1,283 10 0077 ] 3356 307 0,260
1,510 15 002 4,539 3765 0257
1711 , 20 0,019 514 4,346 0265
2,047 30 0016 6,153 5374 0276
2317 4D 0,013 6564 6,147 0272
2,555 50 0,012 7681 6,873 0,269
2,966 70 0,010 ' 3917 8,132 0251
3,500 100 0,009 10,52 9,720 0,264
4225 150 0,007 12,70 11,90 ' 0,265
4,830 200 0,006 145 13,75 0256
5369 250 0005 1641 1537 ¢2%%
6307 350 0,005 1896 18,18 0250
i 76 450 0,004 2139 ! 20,67 0256

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 oaly accounted for the ancoated 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 R{z (5} yupar bY Ryx and R{2(5)} cune grovasad ectosure UY Ry, them:

1

R ¥

e (e

R,

It should furthermore be stressed that, for this analysis, it is not impovtant to aceount for the
coating material, as the coating should only being to exert its influence at frequencies in the kFz
range. The substrate material dominates the impedance charac eristics of the system at the lower
frequencies. The inclusion of the correction factor £ allowsus to use this model to very accurately
characterise typical high voltage busducts in the frequency domain, It zlso allows us the
knowledge that the time domain simulation, {imited 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 : * .me Domain 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 ¢ur 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 transieats
recorded in the laboratory. The 8 irge defined in this appendix is also used in the travelling wave
model discussed in o later chapter.

In both waveforms:
» T, represeuts the risetime of the waveform, this being a half cycie of the defining sinusoid.

. » T, represents the fime between the rising edges of the pulses of surges. This time defines
the fundamental frequency of the periodic waveform used in the ime domain analysis.

For the surge waveform only:
«  T,vepresents the duration of the surge voltage. T* - is an important consideration, as in
the travelling wave modsl the time interval during which observations aze to be mads, the

surge must remain at its peak value. In order to define the negative surge also used in the
travelling wave model, the constants defining the surge become negativ s,

1 A

. / K \ -
. g ;
/)

Figure 7.1 : Definition of the pulse used in the model, particularly for the Fearier time domain definition.
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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 Experimental Results

A number of experiments were conducted on scaled down laboratory test rigs. The details of
the rigs are to be found in chaprer 4. The test rigs had the following imsnsions:

~» Allaluminium system:
r;=5,18mm

ry=22,2mm

»  Ail mild steel system:
t;=35,13mm
1, =22,1lmm

»  Copperbusbar (the aluminium grounded enclosure of the all aluminium systems was used
for the copper system):

r;=6,11nm

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

. Oscilloscope ¢ Tektronix 7834 storage oscilloscope with 400MHz frame bandwidih.
s High impedance input amplifier ; Tektronix 7A16 with 200MHz bandwidth.
«  Time base : Tektronix 7B85 with 400MHz bandwidth.

. 5082 termination : Tektronix 011-0049-01, 2W.

. gfulse generator : Hewlett Packard 8004A, repetition rate of 0,909MHz and pulse width
8ns.

»  High impedance probe : Tekironix P6106 with a 10MHz 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 S0 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 discontihuities. It is thus necessary
to account for the initial refiection of the pulse as it reaches the test rig. A determined portion
appesars on the scope, and another determined portion travels intc the rig. The returned pulse
then again reaches the source end, and 2 further determined portion a?pears on the scope. If all
the characteristic impedances of the system are known, it is a simeple matter to calculate the
overall ransfer 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
incdependent equation for a co-axial system was used:
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pulss generalor

oscilloscope

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

7,
Z,=138 log[-*)ﬂ
r

In all these cases, the test rig was 6m long. This implies that the pulse would travel for i2m
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 usec. in these experiments, a low field value
of i 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 8.2 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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Figuve 8.2 : Uncoated case with system characteristics as described in the figure,

A further experiment was conducted using a length of RG-58 C/U co-axial cable. Recall from
appendix 6 that the physical dimensions of the system under consideration, particularly the ratio

of r/8, has a marked influence upon the accuracy of the model.

Using a Mitutoyo micrometer (serial no 5244529) the dimensions shown in figure 8.4 were
found to apply to the cable:
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Figure 8.3 : Coated case with system characteristics as described in the Ggure,

Furthermore:
. Dielectric is polyethelene, g5 = 2,3

»  Conductors are copper, with 6=15,7x 10'S . m™
. Furthermore, each filament is 0,174mm thick, and each is tinned

The model developed in this work cannot accouat for each individual filament. Instead, we
assume a solid copper conductor coated with a 10p2n layer of tin It should be further stressed
that the coating thickness was not measured. Insiead it was determined from published data on
the frequency domain performance of the cable (refer to figure 8.5, 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 of RG 58 C-U cable.

AMHz]

On this assumption, it is easy to determine the skin depth for the two materials of interest at

10MHz (approximately the repetition frequency of the pulse generator):
. In tin it is 53tm, ie less than 5,5% of the inner diameter
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»  Incopper, the skin depth is 21jtm, lesc than that for the tin

Furthermore, with the correction factor introduced in gppendix 6, we conclude that the model
shounld produce valid results. Recall that in appendix 6 it was shown that a comection factor
could easily be introduced to extend the accuracy of the mode! down to approximately 10Hz.
At 10Hz, the ration of r,/8 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% retumed on the
oscilloscope. This is shown in figure §.6.

re 8.6 : Photographic record of pulse response of a length of RG 58 C/U cable. Scales: 10ns per large division;
40 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

C/U cable, it is gratifying to see such close agreement between predicted and recorded results
in all cases.

Shown in figure 8.7 is the frequency domain ce of a hypothetical transmission line.
This is included as it also shows the predicted perforinance 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 C/UI cable for differing coating thickness.

1
0
o]
predicted performance for co-sx with air dislecirzic
-2 i
ey 0 finsne 0 10

Figure 8.7 : Comparison between the predicted and published performance of a hypothetical cable (Nahman, 1962).

For completexess, the frequency domain performance of the coated system (the response of
which is depicted in figure 8.3) is shown in figure 8.8.
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Appendix 9 : Theoretical Analysis of SF; Busducts

This appendix discusses the attenuation of high frequency transients in co-axial SF; insulated
busducts. Emphasis is placed upon the theoretical predictions of the performance of such a
system. A model described in ckapter 4 is used to generate the predictions. Th: results show a
dramatic effect, but utilise unrealistic values of ;. 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 aluminiuim system to a
representative pulse. Also in this figure is the response that would result if the same system were
constructed entirely froma ferromagnetic material witha re!arnre permeability of 1500. Tt should
be noted that in ali these figures, the time domain response is given for I5 m of busduct; and
the attenuation is givea per 100 m.

Time Domai sponse of Bns

i ' v

: -Output for all Al

' t

! 2

— Output for ‘all Steel

Ly —-

tin nx
Dutgul &f pregram SXIN

152 kV bus duct § Rl = 55 o = r
le.‘l w22 ¢m = 'I"s
Al : paramagnetic
Steel & p“ = 1500

Figure 9.1 : Time domain response for a completely alnminium, and a compleiely 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 the systzm - 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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Chara istics of Bus Duel
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lower ¢ AL

Figure 9.2 ; The attengation characteristics of a typical high voltage system, showng the effect of applying a
fen'omagneuc coaiing with a relative permeability of t!’lg 1500 to the inner cordoctor only.

Figure 9.2 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 feri~ aagnetic material.

A represantative time domain response is shown in figure 9.3, From this fig .e, it may be seen
that an attenuation of approximately 10% 1is introduced over 15m. An attenuation of 15% is
introduced if a material with value of pt, = 3000 is used instead. This effect is shown in figure
9.4. The attenuation characteristic of such a system is shownin figure 9.5, Once again, the lower
frequency ransmission characteristics have not been affected,
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Time Domain Resnonse of Bus Nuet
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Figure 9.3 : Time domain response for a system with a 1um coating of steel on the iimer conductor.
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Figure 94 : Atienuation introduced over a 15m length by increasing the relative permeability of the coating. A
value of j1, = 3000 instead of [, == 1500, The effect of permeability is significant.

Figure 9.6 shows the effect of coaﬁng only the inner bus bar with a conductive materiat with a
i value of 30 (00, 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 high fields expectedunder transient conditions. Furthermore, the material should
be conductive in order to more successfully constrain the increased attenuation characteristics
to the high frequency range. This implies the imnportance of being able w use & thip coating of
the material, and at the same time en_suring that the SOHz fields penetrate well beyond the coating
thickness, ensuring that the majority of the current flows within the aluminium substrate (busbar).
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denuati ‘harasterjstics of Bus Duet

o3/ Langth
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lower : Al

Figure 9.5 : Attenvation characteristic for a systém coated with a 0,Imm 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 bushar coating) of controlling technique:

»  Any material with the charpcteristics 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 fenerated 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 characieristic at the lower fiequencies. Further-
more, it is advantageous that the transmission is at a relatively pure 50Fz, 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 eter, and the ease
with which its iportance can be over-estimated. The signi of the magnetic field intensity had not been

fully appreciated during the early stages of this work. Similasly, the enhancing effects of the transient skin effect
wiﬂ{inafermmagneﬁc were init{aﬂy notﬁﬂlyapprecimddmg:gmefinalswngesofthiswork.

»  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 Field Infensity

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 téchnique is gained. From
numerous simuiation 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 ngver 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 permerbility 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, by examining the
experimental results, determine the value of permsability that would have resulted in the
observed effects. It was this philosophy that iead 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. Foreach 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 téﬁc!mess is also evident, especially in the frequency domain where it is very graphically
portraycd.
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Figure 10.1 : Time domain response, Uncoated case.
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Déscription ; Freguency domain plot of typical 132 KV Bus Duct,
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Figure 10,2 : Frequency domain performance. Uncoated case.
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Figure 10.4 : Frequency domain performance, Uncoated case,
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Figure 10.5 : Time domain response. Uncosated case,
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Deacription : Fresuency domatn pleét of typresl 132 kY Buz Duet,
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Figure 10,6 ; Frequency domain performance. Uncoated case.
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Figure 10.7 : Time domain response. Uncoated case,
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Figure 10,8 : Frequency domain perfonmance. Uncoated case.
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* Figure 10.9 : Time domain response. Coated case.
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Figure 10.10 : Frequency domain pezformancs. Coated ¢z
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Figure 10,12 : Frequency domain performance, Coated case.
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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: |

¢ 0,070; Ni 59,35; Mn 0,71; Si 0,15

Cu 0,06, § 0,005, P 0,007; Fe Balance
Conductivity:

2,697x10° [S/m ]

Penneabﬂitj:

Figure 11.1 ; B-H curve for sample 1.
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Sample2
Percentage composition:
C 0,102, Cr 29,95, Ni 9,73; Mn 1,95 S5i 0,40;
P 0,022; § 0,0011; Mo 0,09, Fe Balance
. Conductivity:
1,145%x 10° [S/m ]
Permeability:

T Y T = —r T !bH{Am}
30000 : ///} 20000

Figure 11.2: B-H curve fw'sample 2, |

145

.- VT = . N a7 A



Sample 3
Percentage composition:
C 0,03 N 003 Ni L5 Mn 1,5 Si 1,0, P 0,03
§ 0,03; Cr (11,0-12,0% Ti 4-(C+N); Fe Balance
Conductivity:
1,759%x10° [S/m ]
Permeability:

8 |

Figure 11.3 : B-H curve for sample 3.
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Sample 4
Percentage composition:
Cr 5 Co =y Fe 55
Conductivity:
2,108 x 10°[S/m ]
Permeability:

Figure 11,4 : B-H curve for sample 4.
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Appendix 12 : Methods of Determining Material Characteristics

This appendix briefly outlines the techniques used to establish the conductivity and permieability
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 8 known smooth DC current through the sampile, while the permeability was determined

with the aid of 2 Keepsel 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 perrneameter. Samples 1 and 2 were
in the form of 5ram long rods of 300mm length, while samples 3 and 4 were in the form of Smm
by Smm square <voss-section rods of 300mm length, as depicted in figure 12,7

Figure 12,1 ; During preparation of the samples, care was taken not to heat the metal unnecessarily. Thres samples

of each material were prepared, and in the case of 3CR12 (sample 3) tesis were conducted both with and across _

the rolling direction, Little difference was detected
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In the determination of the conductivity, 10A was permitted to flow through the samples.
Measurements werv made at 25°C, Measurements were made within 30 seconds of the current
application. Prior to current application, the current was run throngh 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 the circuit while the sampie under test was in circuit. While current
was injected at the erids of the sample, the voltage was made over a 250 and a 150mm length.
This was 50 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 hysieresis
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 mquest.
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Appendix 13 : Magnetic Field Intensity within a Typical Busduct
If we were to consider a typical 132kV busduct, the per phase voltage is:

76,21kV
=1,0pu

Hence an initial surge rising to a peak value of 0,7pu (say) attains a voltage ievel of;
53,9kV |

With a 75 (realistic) characteristic impedance, this implies an initial surge current of:
718,5A | ' |

Thus, with a busbar diameter of 110mm, the busbar surface field intensity is:
H=2080 [Afm]
4xH=8320 [A/m]

The selection of four times the expected magnetic field intensity is arbitrary, but nevertheless
allows us to examine the operation of the techniqus 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 o'fference between soft and hard magnetic materials. It also
emphasises the importance of field intensity on the performance of the material, and shows a
curious effert in samiple 4, where the high field aitenuation is higher due to the form of the B-H
curve, Uniurtunately 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-
formance is in genoral poorer, The surge nse is included for completeness, but is only
really of user in sarmples 3 and 4 where the t is clear and insignificant respectively.

Particular note shot1d be taken of the freqnency domain performance, and the pulse attenuation,

While the graphic clisplay is rather poor, the pulse attenuation was printed out from within the
simulation for each test,
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Performance Records for the Four Samples
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Appendix 15 : Consideratien of Reflection and Transmission Coefficients

This appendix serves to explain the determination of the frequency dependent reflection and
transmission coefficients, p(fand ©(f). In general, any discontinnity in a SF, 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: 0 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:

— ZL +za tanh('pr)
= %" Z, +Z, tanh(yx)

where :  the symbols have their usual meanings, and the nomenclatare is shown in figure 15.1,

—~

l

N
=
N
N

— X @ --— - -®

o

Figure 15.1 : Inpot impedance of 2 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 mors correctly applied for char-
acteristic impedance under transient conditions.

While the analysisis in fact tedious when frequency dependeat 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 impeda:ices
Z,, and Z,. Kecall the well known equation:
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_ ZOZ _Zal
pv zoz+zal

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

_@o-Z) 225 C
P = ot Zo) + ZoZez 5 - C

where 1 5 =jW

It can therefore be easily shown that:

= 1 - - - - 2
@z GaCoR V=200~ CoiZoiCIYY + {22~ Z) CorZorC 21}
and: _

.ﬁp =arCtan{ z(zﬂzﬁzal) (Z.,lZ,zCZ‘.':_f) }
u Foz=Z1)* = &0 2,2 20ef Y

Similar equations may be found for the iransmission 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

glansmission and reflection coefficients are determined for the *left’ and the ’right’side of the
iscontinuity. -
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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 avray" for a given system. This portion of the software generates -

a list of numbered nodes in the order in which 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 apéalicaﬁon. Each ordered
number of nodes represents a "path" between the disconnector and the observation point,
T_li_enumberofpaths, as well as the number of nodes visited in a path are limited by the
software

. Determination of the transmission and reflection coe.. -dents as functions of frequency
for all the discontinuities

s Determination of the final time domain form of the transient at the observation point. Once
all the transfer functions are known, it is a simyple and tepetitive procedure to calculate
for each the time domain form of the surge occuszing 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 uz to build up a single transfer characteristic for
each path by add.. z the tzansfer characteristics of all the disdnctly 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 uccounted 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 indis idually
examined. This is ciear from the description of the program operation. Also the establishment
of the valid paths will be recognisad as being very similar in operation to a2 Bewley-Lattice-type
simaulation, where the reflection matrix is established by accounting for all defined discon-
tinuities.

Let us now briefly study the data and output files of this travelling wave model.

The form of the data file is simple. The fire* line of data is tt. :;tal number of discontinuities

in the vessel. Thererfter 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, lefs and right. Thus the next line of data pestains
to the direction from this discontinuity to the adjoining one, It must be noted +t this point the
there is no limit to the number of connected discontinuities, nor the number of directions. On
the same line in the datz file are first the distance to the adjoining discontinuity, and then the
discontinuity number.

r3302

'Il;llis ilhdicates that there is a connection from this discontinuity to discontinuity number 2 on
the right.

1084 3
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Ehis indicates that there is a connection from this discontinuity to discontinuity number 3 on
eleft.

Note that all dimsensions for the description of the vessel are in metres. Furthermore, there #s 1.0
need to list the discontinuities in order, as the linked list is only established once all the dis-
continuities have been read in. Pointars to each adjoining discontinuity are then established.
The remaining nodes are entered ir. 2 similar fashion.

g‘he %blllowing is the data descr 1@ duct in figure 16.1, and clearly shows the form of the
ata file.

, . £ . e
transformer switzh vivider

,ﬂ,
T
B:q—\

G 150pﬁ{ 5300 840 | 2340 2000 !
e ®e6e 6 ©
i

0.5 pu l:>

Figure 16.1 : A simple busduct showing the crigin of the two initial surges generated a the disconnector, The
defined nodes are nambered,

5 (* This is the nuriber of discontinuities in the vessel *)
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12.00 4

This data is inputinto the program PathArray. This pragram 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 af 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 followed on the next Yine by the total number of paths.
Thexeafter 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 bslow,
the direction changss at path 12.

8.0E-0008 (* The time interval of interest *)
18

1
3212121234
2
32121234
3
3212123454
4
321234
5
32123454
6
321234543234
7
3234

8
323454
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9
323454321234
10
3234543234
1l
323454323454
12
34
13
3454
14
3454321234
15
345432123454
16
34543234

17
3454323454

18
34543234543234

The program Reflecco then prompts the user to define eac.a 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 follows:

|H} £H  pl Zpr el Zp,

o~
*

-0.044 0.077 -0.238 0.077 2.346
-0.088 0.082 -0.456 0.082 3.531
-0.132 0.090 -0.644 0.090 3.685
-0.176 0.100 -0.800 0.100 3.807
-0.220 0.112 -0.928 0.112 3,902
-0.263 0.125 -1.034 (.125 3974
-0.307 0.139 -1,122 0.139 4,029
-0.351 0.153 -1,197 0.153 4.071
-0.395 0.167 -1.262 0,167 4.103
-0.439 0.182 -1,319 0.182 4.127
-0.483 0.196 -1.370 0.196 4.145
-0.527 0.211 -1.415 0.211 4.158
0,57, 0.226 -1.457 0.226 4.167
-0.615 0.241 -1.495 0.241 4.173
-0.659 0.255-1.530 0.255 4.177
-0.702 0.270 -1,563 0.270 4.178
-0.,46 0.28<' -1.594 0.284 4.178
-0.790 0.299 -1.623 0.299 4.176
}-0.834 0.313 -1.651 0.313 4.173

-

%%%%%é%%%%%%%%éé%%é“

the number of this particular discontinuity *)
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-0.878 0.327 -1.677 0.327 4.169
-0.922 0.341 -1.702 0.341 4.164
-0 966 0.354 -1.726 0.354 4.158
10 0.368 -1.749 0.368 4.152
0.381 -1.772 0.381 4.145
394 -1.793 0.394 4.138
407 ~ 1 814 0.407 4.130
419 834 0.419 4.123
854 0432 4.114
73 0.444 4.106
91 0.456 4.098
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0.631 -2.158 0.631 3.940
0,639 -2.170 0.639 3.932
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675 -2.227 0.675 3.892

682 -2.237 6.682 3.885
0.688 -2.248 0.688 3.877
0.695 -2.258 0.695 3.870
0.701 -2.268 0,701 3.862
0.707 -2.278 0.707 3.855
0,713 -2.287 0.713 3.848
0.718 -2.297 0,718 3.841
561 0,724 -2,306 0.724 3.834
517 0.729-2.315 0.729 3,827
1.000 3474 0.735-2.324 0.735 3.820
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'I‘hé final part of the program, Transient, utilises all this slata to form, for each path, the transfer
funciion, In other words, it incorporates all the vatues of H (f), p(f), and t(f) (which is determined

from p{f)) to form a total transfer function, This is done path by path.
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Appendix 17 : Overview of Varicus 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 alumininm after coasing.
ence & mechanically sound and electrically conducting bond is formed between the busbar
and the coating. However, the most suitable materials foruse in this anplication 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 1s most successfully applied if the metat to be coated melts
at a higher temperature than the coating material. Furthermore, it has been found that, sfter hot
dipping, aluminium/ferrouns 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 subsirate. 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 10um) layer of copper onto the
alumininm, and then plating a tin alloy onio 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
ferrgmagnetic 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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