Transmission Line

Compaction Using

High Phase Order
Transmission

Jacob Bortnik

A dissertation submifted to the Faculty of Engineering,
University of the Witwatersrand, Johannesburg, in
fulfilment of the requirements for the degree of Master
of Science in Engineering

Degree awarded with distiwmotion on 8 December 1998

Johannesburg, 1998



Declaration

I declare that this dissertation is my own, unaided work. It is
being submitted for the Degree of Master of Science in Engin-
eering in the university of the Witwatersrand, Johannesburg. It
has not been submitted before for any degree or examination in
any other university.

Jacob Bortnik

g 14 day of AR 199 3

———— s ——




Abstract

This report discusses high phase order (HPO) technology, i.¢. the use of more than the conven-
tional 3 phases for transmission of electric power, its use in the compaction of lines, dnd power
density maximization over existing servitudes. It is structured in four parts, The first part
introduces the concepts, establishes the need, and lists the advantages of HPO, The second
part deals with the technology itself and shows that it is possible to analyze HPO systems using
symmetrical component analysis, lists comtnon transformer configurations, covers protection,
and so on. The third part analyses § ease studies, the first 3 being analytical, and the tast 2
being the first experimental test line, and the world’s first utility application of HPO lines.

The final section is a South African case study and compares an HPO line to an existing 400
kV 3-phase line and shows that the former i3 87,5% more expensivé to implement than the
latter. Comparing the 3-phase and 6-phase lines on a more even basis, yielded a breakeven
distance of 225,86 km, above which the 6-phase option becomes more economical, These
resuits are then explained and discussed in the conclusions section,
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1. Introduction

High phase arder transmission (HPO) is defined as the use of more than the conventional 3-phases for the
transmission of electric power, and was initialty proposed in 1973 by Bames and Barthold" as a means of
compacting transmission lines, maximizing the power density in a given right-of-way (ROW), and gene-
rally employing existing transmission corridors as efficiently as possible, Subsequently, a great deat of
work in this field has been performed by researchers such as Stewart and Guyker (see numerous references
at the back of this report) who have taken the concept of HPQ from a concept, to the implementation stage
and the first utility demonstration project in Binghamton NY.

More recently, ESKOM (South Africa’s sole electric energy provider) has commissioned an extensive
literature survey into the current status of HPO techaology worldwide, any recent developments in the field,
and the applicability of HPQ transmission in the South African context. This report is summary of the
literature survey, and extends the current knowledge of this technology in South Africa by investigating a
complete case study of a HPO line puilt in Souta Africa, at the present economic climate, conpared to the
most advanced.(and cheapest) 3-phase technology curtently available,

The report is structured in four parts; principles behind HPO technology, the technology itself, 4 survey c.
case studies, and the first South African case study. The first part asks whether there is indeed a need for a
new technology, and what are the criteria for such a technology. The basic principles are then introduced
and it is shown how switching to 6-phases leads to line compaction. HPOQ techaology offers a number of
other advantages such as minimal current unbalances, ability to perform single pole switching, field
mitigation, minimization of corena related effects, aesthetic appeal, complete compatibility with existing 3-
phiase systems, and in some cases & distinet econotnic benefit. These are listed and briefly discussed.

The second section deals with the technology of HPO transmission itself, and answers questions such as;
How does one analyze faults on HPOQ systems? How does one interface this system to a 3-phase lines? Are
transformers available and how can they be connected to achisve 6-phases (if at all)? Is protection expected
to be a problem? and so on. Other aspects of the technology are also covered, such as switching and
lightning surge performance, load flow studies, insulator and spacer deigns, available software and
analysis using existing software, and definitions regarding HPO te:: nology such as a convention for
system voltage, and potential coefficients.

The third seetion analyses 5 case studies which kave been performed worldwide to date. The first 3 are
analytical case studies and demonstrate where the economic strength offered by this system lies, whereas
the last 2 case studies discuss the first test line constructed in Malta, NY, and finally the first utility
demonstration which is a joint project between PTI, ESEERCO, and NYSEG.

The last section discusses the author’s work in studying an existing South African line, and the economics
of converting this line to 6-phase trahsmission. In addition, a general case is considered where a 3-phase
line and 6-phass line are compared and a breakeven distance is obtained beyond which 6-phase transmi-
ssion becomes the more economic option. This analysis is rather involved and a full discussion follows of
the results obtained, as well as additional factors which have not been taken into account and the reasoris
for this decision.

The report ends with a comprehensive conclusion which places the document into perspective, discusses the
most relevant conelusions, and provided reasons and explanations for the various results obtained. A
general comment from the author is included which gives sugpestions about the implementation and status
of HPO transmission in South Africa at present, and its potential role in the firture.
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2. Principles of High Phase Order Transmission

2.1 The need for a new technoiogy

It is common knowledge that electrical loads throughout the world are rapidly increasing and placing an
ever-growing strain on existing transmission systems. In the US for example, the current transmission
system was primarily constructed during the years of rapid expansion following World War II, and is
approaching what is typically considered the end of its normal service life of 40 years.

* It is clear then, that for many reasans (none the less of which are the increasing remoteness of generation
from load centres, and the need for interchange capability to obtain maximum benefit from diversity and
reserves'™) the electrical infrastructure is heading for a period of extonsive change, and in 19917 the
addition of 13 000 circuit miles was planned” . However, during this post war period, several factors have
come info prominence which significantly complicate the erection of new lines: firstly, the greatly
increased, and sometimes prehibitive cost of 1and needed for the transmission eorridors, and secondly is an
opposition from the public itself, focusing on electrical environmenta! effects such as electric and magnetic
field levels, and their alleged carcinagenic and pathogenic effects, as well as land use and aesthetic -
concerns.

The overall result was to delay or even prevent the addition of new transmission capacity, This is
particularly true in the North-Eastern Uniied States, where it can take between 3 and 7 years from the start
of licensing of & new transmission facility until it is finally placed in service!™ ,

With the huge time lags involved, the ever growing demand for electric power and severe constraints on
land availability and electrical environmental sffects, it becomes essential 1o make a cloge examination of
the efficiency with which right-of way (ROW) is being used, and any steps that can be taken to increase it
while holding adverse effects in check.,

In their classic 1973 paper’, H. C. Bames and L. O, Barthold were faced with the same questions and as a
possible solution propesed a complete retum to fundamentals: a reconfiguration of the basic philosophy
with which power was being transmitted,

Their argument went as follows:
The flow of electromagnetic power at any point in space can be universally described by the Poynting
vector as:

S=ExH w2, 1-1)

Where

S' = Power density [Watts/m’]

E = Electric field intensity [V/m]
H = Magnetic field intensity {A/m]

and the total power flowing through some plane (say for instance, the plane perpendicuiar to the
transmission line) is: _
P =fdy S dxdy w(2.1-2)

with X and Y extending to infinity in both negative and positive directions,

! Please note that by conventian, all vectors will be written in bold, capital letters.
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Now, E and H are related by the impedance of free space Z, (3772), and the electric fieid intensity E has
a natural limit at the electric breakdown strength of air, approximately 3MV/m. This implies that H is also
limited. .. thus there is only a limited amount of power that can be sustained by the air medium, under
standard conditions.

This is:
[S]=1E % H|=E.E/Z=(3x105°/ 377 = 9x 10"/ 377

=24 GW/m’  peak
=12 GW/m® RMS

Theoretically, the entire width of the ROW should have a power density at, or very near this limit to make
opti nal use of the available transmission corridor. In practice, however, densities of this magnitude are
only approached very close to the conductor’s surface.

Bames and Barthold™ go on to give a qualitative estimate of the efficiency of space utilization, by saying:

“Densities of this magnitude are approached only very close to the surface of conductors
in traditional transmission line construction. It is estimated that on typicat 3 phase
lines, over 93% of the energy stored in the field surrounding a conductor is contained
within a radius equal to 5% of the phase-phase spacing.”

This being the case, it seems that to increase the power transforred in a given servitude, it would be logical
to fill that space with as many conductors - placed as closely together - as possible. This is precisely what
the above authors proposed and until this day forms the logical basis for HPO transmission.

2.2 Concept of HPO Transmission

2.2.1 Three I’hase Transmission

Traditionally, electricity has been transmitted in 3-phase, AC mode. This means that both the voltage’s
and current’s instantaneous magnitude varied with time in the shape of a. sinusoidal wave - commionly
referred to as one phase. To complste the circuit, 2 other phases are added whose voltages and currents are
displaced from each other by 120 electrical degrees. This is lmown as a 3 phase circuit, and the waveforms
along with the associated phasor diagram are shown in fig. 2.2.1.a.

A :
300 350 400

100 fs0 200 250
Ealricd dagioas

Figure 2.2, 1.a: 3-Phose Waveform and Assaclated Phasor Diagram
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This scheme had several advantages over other existing systems, Firstly, AC transmission is superior to
DC because of simpler and cheaper generation, transformatiory, and ease of switching. Single phase
tranemission has the disadvantage of pulsating power which has undesirable effects on electrical generator
prime movers, requiring them to likewise deliver energy at a non-uniform rate. Two phase transmission
moves away from this problein, and actually achieves a steady power flow, however, it is 2 naturally
unbalanced systern and requires the neutral conductor to carry V2 times the phase current. A 3-phase
system delivers constant power to the load and is completely balanced, meaning that the neutral conductor
can be of lighter construction than a phase conductor, as it carries no current under norrial (balanced)
operating conditions. A 3-phase system also has superior material utilization compared to the lower phase
order systems, and is the lowest and simplest of the N-phase, N+1 wire systems {(wheie N>3) to achieve the
above advantages™ . It has thus been the scheme of choice for transmission line designers worldwide,

2.2.2 ™igh Phase Order Transmission

High phasc order transmission (HPQ) requires the number of phases to be extended from the original 3, to
6, 12 or above (these being multiples of 3 to accommodte integration into an existing 3 phase network},
The waveforms for a 6-phase system along with the associated phasor diagram are shown below.

- L e
100 130
: ce dopraes

.10

Figure 2.2.2.a Six-Phase Waveform and Axsociated Phosor Diagram

Gross™"! shows that matsrial utilization remains constant for an N-phase system (N>3), so where do the
benefits lie? The key to this question kes in the phase-phase voltage of the two systems, It can be
geometrically shown that the phase-phase voltage in the 3-phase system is V3 times the phase-ground
voltage. In a 6-phase system, the phase-phase voltage reduces to (equalling) the phase-ground voltage, and
ina [2-phase system, this voltage is redizced to 2.8in(15°} times the phase-ground voltage (approximately a
half},

The benefits of an increasing phase order are thus readily apparent. The higher the number of phases, the
smallér is the phase-phase voltage {assuming constant phase-ground voltage), and thus, the smaller is the
phase-phase spacing. That means that it is possible to squeeze an ever increasing number of coaductors
into a servitude comparable to that of an existing 3-phase system, with a resultant dramatic increase in
power density.

This is precisely what Barnes and Barthold"! had in mind when they first suggested the use of HPQ

technology in line compaction. In addition, by arranging the conductors in a circular array, they achieved
the most natural and compact HPO configuration that would utilize corridor space optimally.

Figure 2.2.2.b,, reproduced from Reference [2] shows a size comparison of a 3 and 6 phase tower.
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Figure 2.2.2.b Comparison of Conventional 3-Phass and Conceptual HPO Structures (Ref[2])

2.3 Generic Advantages of HPO Transmission

Clearly, the first and foremost advantage of HPO transmission is, as stated above, the *nsximization of
power density and line compaction, This has formed the basis of many studies™* %" and has been
shown to be the most efficient method of electric power transmission in the air diefectric uf Jow frequencies
(50-60 Hz)*'), Besides compaction, HPO transmission offers several other benefits, which are gaining
importance due 1o tightening environmental controls, and public cutery. Some of these are listed below,

2.3.1 Current Unbalance

A simple system cousisting of generator, transformers, 80 mile transmission line, and a load was studied to
gain insight into the degree of current unbalance on the line, as well as negative sequence currents occurr-
ing in the generator for both 3 and 6 phase systems®, It was found that for both 3 and 6 phase systems,
negligible generator negative sequence currents were produced, The line current unbalance, however, was
nearly 4% when energized as 3 phase, but fell to below 0.5% for 6 phase. With 6 shield wires, the HPO
array had a 0.02% unbalance. Without shield wires, the unbalance was still below 0,05%, but with 2
shicld wires (representing the most unbalanced situation), the figure rose to 0.35%. With o fill “roll trans-
position™, the unbalance reduced to 0.1% for the 2 shield wire case, and under 0.01% for the other 2 cases.

2.3.2 Single Pole Switching

The 6 phase array can be switched as either a 6-phase circuit, two 3-phase circuits, or one phase at a
time'™, The latter has a tremendous benefit in that only 1 phase can be taken out during a fault, while
keeping all the others ensigized. The remaining 5 phases are able to varry 33% of the laad for a period of
hours™!, due to low unbalances (discussed in section 2.3,1). This provides a high degree of reliability
through resistance to transient faults™, In addition, electric field profiles of the line were obtained, when a
single phase was de-energized in various positions, and with the de-energized conductor either floating or
grounded® , This showed that electric fields on the ground were highest when the topmost conductor was
de-energized and lowest when the bottorn conductor was de-energized, whether the conductor was grounded
or left floating made little difference on the profile.

Voltage lovels developed on the open phase due to interphase coupling with shunt reactance’”’ were also
investigated, and showed a resonance at 105% compensation of positive sequence capacitive reactanice,
However, it is maintained that reactor configurations could be designed to zlleviate this potential problem,
and that single phase switching is both achievable and very bere ficial,



2.3.3 Field Mitigation

The circular geometry of HPO lines promotes a large degree of field cancellation. This has been studied in
numerous papers where 3 phase and HPQ were designed to the same SIL capacity and electric field profiles
were plotted using standard analytic software (such as EMTP), to reveal significantly improved profiles
from the HPO lines'>! 412,

Magnetic field profiles are also significantly reduced and are dealt with in & separate paper on the topic!",
This can be explained by the fact that as one increases the number of phases, the array bepins to look more
and more like a cylinder, with net zero current flow, and hence zero magnetic field.

2.3.4 Corona Related effects

Perhaps the most dramatic effect of switching to a circular HPO array, is the sharp decrease in surface
electric field gradient, and related effects. An 80kV (phase-ground) circular array was studied first for a 3,
and then 6 phase encrgization without changing the physical structure. In changing fiom 3 to 6 phases,
radio noise decreased by 8.6 dB, audible noise decreased by 12.1 dB, and peak surface electric field
gradient changed from 14.04 to 10.51 kVpyg/cm. A more meaningful comparison for HPO was to shrink

_ the phase-phase spacing by a factor of V3, and this agaln yielded improvements of 6,2 dB for radio noise,
4.8 dB for audible noise, and 11.7 kV/em electric field gradient™, Another practical study™ shows that 2
change in energization for a 6 conductor array from a double circuit 3 phase, to a single ircuit 6 phase,
reduced total corona loss on that line from 2046W to 338W per conductor.

2.3.5 Aesthetics

The smaller more compact bundle is reporiad to be far more attractive in appearance, and poses far less of
a visual intrusion than conventional lines™'%1*],

2.3.6 Compatibility
High phase order lines are perfectly compatible with the existing 3 phase network, This has been nét only
theoretically predicted, but shown in practice at the test lines in Malta and Binghamton, NY[SS8161%12.19200

2.3.7 Economic Benefit

Due to the smaller, lighter structures of high phase order lines, the line cost itself is below that of a
conventional 3-phase ling, however, the added phases require additional transformers and circuit breakers,
Previous cconomic studies™ %Y have attempted to balance these 2 effects in a given sconomic climate,
and derive a break-cven distance for which 3 and 6 phase lines cost equal amounts, While the break-even
distances ave generally very favourable (6-35 miles depending on the operating voltage and loading levels)
it is surprising to note that ROW costs {which are the prime motivators for HPQ, or any compaction
technology) have been excluded from the economic analysis due to their highly variable values,

2.3.8 Ottlier Benefits

There are several other benefits which have not been included above, but nevertheless are noteworthy.

The whole system is more stable, and gives a more damped responss to transient events on the network!'®,
as well a3 a greater angular margin to instability!™, Then, HPO lines operate at a lower voltage than their 3
phase gounterparts, and give better matched ampagities to existing equipment. This is extremely beneficial
in countries that do not have the technolegy to design and magufasture their own EHV equipment,

Having established a basis for HPOQ trangmission, it becomes necessary to ask some practical questions

regarding actual equipment, transformers, protection, analytic techniques, etc. applicable to HPO lines;
whether these exist or can be developed, This forms the tapic of the next section.
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3. High Phase Order Technology

The development of any new technology brings with it many practical questions, and high phase order is no
exception. It is necessary to establish definitions and nomenclature, then develop analytical tools and
methodologies for fine design, Finally, it is necessary to examine how a HPO line is practically
implemented within a 3-phase network, including elements of protection and sub-station layout.

This section aims to do precisely that. It develops the technology gradually, starting from a “pen and
paper” - type approach and proceeds right through to the “nuts and bolis”. Where applicable, appropriate
theory and design procedures will be given, however, since it is not the explicit aim of this project to
develop a design guide, this will be briefly covered and not elaborated upon further, with references given
for the interested reader.

3.1 Definitions and Analytical Tools

3.1.1 System Voltage Definition

" To begin with, it is necessary to establish a system voltage for HPO lines (in order to obtain an intuitivé
feeling for capacities, insulation levels, and so on.) but this is not 4s trivial a matter as with 3-phase lines.
Classically, the 3-phase system voltage is given as the phase-phass voltage of the line, but if this is applied
to HPQ lines, severa! problems arise, Firstly, the phase-phase voliage between any 2 phases in a 3-phase
system is constant (V3 times the phase-ground voltagey whereas in a §-phase systems for example, this can
be 1,43, 0r2 times the phase-ground voltage. The number of possible combinations obvicusly increases
with increasing phase order, If the phase-phase voltage is restricted to adjacent phases only, then the
problem arises that the phase-phase voltage decreasss relative to the phase-ground voltage with increasing
phase order, and does not propérly reflect the necessary insulation levels - especially at the higher phase
orders.

Angther alternative is to define the System voliage as the voltage of the constituent 3 phase sets. While this
is a more familiar nomenclature to transmission line engineers, it again lacks significance with respect to
spacing and insulation requirements, particularly beyond six phases.

A third option is to use the phase-ground voltage as the system voltage. This strikes a comfortable balance
between insulation requirements and power capacity. It has thus been the chosen nomenclature for high
phase order researchers, and is the definition used throughout this decument.

3.1.2 Potentinl Coefficients and Line Constants

Potential Coefficients in a transmission system give a very
important measure of the geometry of the system, and directly

influence capacitance, inductance, and surge impedance of the line,
P 8 B=360/N

If a circuldr array of couductors is considered, cach conductor
being of radius r, and spaced equally around a circle of radius R, R
with the reference conductor at the bottom (as shown in figure
3,1.2.a), then the voltage on conductor A [V, ) due to the charge on
~onductor n (Qn) is:

1
Phase A
Figitre 3.1.2.0 Cireular irray of N-
Conductors
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V(@)= l{-—-] 3.1.2-1)

Where:
P, = Distance from conductor a to conductor n [m]
E = Permittivify of the medium, in this case air = 8.35pF.m"

Further,
D, = 2R.S‘m(87"') (3.12-2)
where
6. = Angle between phase 2 and phase n
| 0,=0,Cost,, " .0.023)

Subsntutmg @l 2-2)a.nd(3 1.2-3) into (3.1.2-1) gives:
v =0 x| J 3 Cosf 2 n[ Co ) oy
=& _*E{ ﬂ( +§ ) sﬂ{——) } (3.1.29)

o - 7, =%[p,] {3.12:5)

Where
( )+§C 2m)ln( Cosec(—m-)) (312-6)

Equation (3.1,2-6) represents the positive sequence potential coefficient of the N-phase array. It consists of
a “self term”™ and a “mutual term”, the former depending only on its awn geometry, and the latter depending
only on the number of phases, Thus, at higher phase orders (>9) P, increases slmost linearly with increas-

" ing phase sumber as the mutual term becomes dominant (the opposite being true for lower phase orders),

. The calculation of capacitance and inductance follows direcily,

2ne
= {3,124
7 | { 7
L= 3029
2r

and the surge impedance (i.e, the effective impedance experienced by an infinitely high frequency or step
with mﬁrute!y fast rise-time) is;

’R-!—j
G+j J_ for large values of o

Z, = .2.@;% - %‘P" (3.1.29)
|7

Thus, surge impedance is directly proportional to the potential coefficient, and consequently the number of
phases for a HPO system (n>9)

Papse B



In the same manner, the electric field a T “rrface of the conductor can be calculated from standard
electrostatic theory as:

Q _
E = -
» S e ..(3.1.2-10)
but
2nsV,
g,=C,.V, '=-r§—"- (3.1.2-11)
therefore
1
E = «.(3.1.2-
Sy (3.1.2-12)
Where:
E, . =Electric field gradien. at the surface of conductor n [V/m]
On = Electric charge on conductor n [C]
Py = Potential coefficient of conductor n [m/F]

£ = Perrmtuwtty of the medium - free space in this cage = 8 85pF/m

Thus, for the same conductor radius, strface gradient diminishes for increasing phase order. The actual
characteristic (of surface gradient plotted against phase number) is hyperbolic and is due to the fact that P,
is proportional to phase number (for 0>5), and consequently E, is inversely proportional to n, The lowered
surface gradient leads dmactly to lower corona levels, and hence lowered corona related effects (such as
radio interference, audible noise, and corona loss) discussed in section 2.3.4.

Finally, the surge inpedance loading of the line is given as:

. | .
pMV_ N .12

{p
s‘Pﬂ

Y = Phase -ground voltage [V)
N ‘= Number of phases
we - = Permeability and Permittivity of the medium [H/m)],[F/m]

This shows that the SIL power is directly proportional to the number of phases. However, sinee P, also
becomes proportional to the number of phases at high phase orders (N>>9), the SIL tends to gradually
flatton off as N increases. This shows a practical concem, and indicates that the most beneficial HFO
systet.1s are in the lower range, i.e, eithor 6 or 2.

3.1.3 Fault Anzlysis of HPO Systems

The sulraiact of fault analysis on HP/™ networks is very large, and forms the topic of numerous papers and
reportslFH S HEIORDNILINILBIIIN 1t hag the potential to quite comfortably fill several MSc
theses, and it is for this reason that this toplc will be presented only briefly, with references to the various
subjects given for the interested reader.

3 1.3.1 Fault Types

To begin with, the number of fault combinations rises very quickly with the number of phases, Table
3.1.3-a cnmpares the nuniber of fault combinations for a 6-phase system as opposed to a conventional 3-
phase system
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Six-Phase Fault Combinatlons

‘S 3

it

Six phase to neutra: - - . - . - '&-b-q-d#f«ri
Fi

Table 3.1.3-a; Fault Cumbinations on 3 and 6 Phase Networks

As can be seen, the iable is differentiated into a “total number of combinations™, and “significant number of
combinations™, This distinction comes about due to the fact that faulis fall neatly into several “types™
based on the phase ungle botween Faulted phuses. For examply, consider a two-phase fault that does not
involve the nsutral; there are 15 possible fault combinations, but these are grouped into: a short between
ndjacent phases, a shart bstween alternate phages, and one bahween opposing phases - corresponding to
angular separations of 60°, 120°, and 130° between faulted phases, Whether the actual faulted phases are
a-b, b-c, c-d, ctc. is irrelevant since the analysis and protection all proceed in exactly the same way!' ™,

Another level of complexity is added, though, when several faults cccur simultanecwsly on the network,
This can take the form of several phase-phase faults, in any combination with several phase-phase-ground
faults. This requires a far greater amount of analysis, and is a topic which typically doss not present itself
as a serious problem in 3 phase networks, Although moving slightly beyond the scope of this work, it
should just be said in passing that this problem has been extensively analyzed by Bhat and Sharma®®!l, who
have devised a very elegant “method of attack” involving only two matrices labelled the “phase fault
coefficient matrix”, &, and tha “ground fault coefficient matrix”, D). These two matrices are used ina
single equation developed by the authors to analyze any type of fault. Further, the sequence currents, when
written in the format suggested it the above work, indicate the method of connecting sequence networks for
the simulation of the given fault,



3.1.3.2 Component Transformations and E:'genvalug Analysis

Having obtained the information pertinent to HPO system faults, one must ask the question - how does one
analyzs the complete profile of current flow, and voltage levels in all phases of the system, simultaneously,
for & given fault condition??

This is 2 question which plagued power engineers since the advent of transmissicn lines, and has only been
satisfactorily answered in 1918, when C.L. Fortescue™ published his classic paper on the subject. The
key to this probiem was to be found in the mathematical worid, rather than the physical one, and in making
the transition, one was able to once again analyze a set of balanced 3 phase systems, The approach has
been generalized and is briefly presented below in a mathematical context, after which we will come back
to Fortescue’s work, it"s physical significancs, and application to fault analysis.

"The most impottant technique in the analysis of polyphase system2 1 to utilize 2 transformation which will
decouple the phases. What exactly does that mean?

Let-us examine a typical problem:

The voltagss and curreats at the ports of an n-phase, lossless transrhission Line satisfy the first order system
of partial differential equations:

_%= L.‘%.L : w(3.13.2+1)
and _% = c‘% (3.1.32-2)

Where E, and /, represent an n-dimensional columm vectar, and C and L represent an nxn dimensional,

. capacitancs and Inductance matrix respectively, Differeitiating (3.1.3.2-1) and (3,1,3.2-2) with respect to
x and t respectively, and making the appropriate cross substitutions, the system of second order partial
differential equations below is obtained:

5;‘?» =IC ‘?;Er -(3.13.2-3)
i);, -cL a;z:,_, w(3.1.3,244)

Now, to solve this problem a technique called “the method of characteristics” is applied, but requires }hat
the matrix on the right hand side of the above equations be diagonal. We thus seek some transformation
matrix Q, for voltage and current, so that E, = QE’ and I, =QI'. Substituting into equation (3.1.3.2-3}
gives: _
;e . &
0 ‘LCQ-E,— w(3.1.3.2+5)

G

2 It shauld just be noted that this analysia applics stric'y to aystem frequency faults. Lightning and switching surges will ba
dealt with in a subsequent section
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For a balanced, transposed, three phase line (say), the inductance matrix L, the capacitance matrix C, as
well as their product LC, have a special form which iz written symbolically as:

E a b 8l
E,=|E |={b a bl], =al, w(3.1.3.2-6)
El |8 & a]l,
Using the transformation to diagonalise o, we write:
A, 0 0
E=Q'E =0, =07%.0l=| 0 A, 0y -(3.1.3.2-7)
0 0 A,

The mathematical treatment proceeds from this point on.and is beyond the scope of this text, Suffice it to
say though, that the problem has been reduced to a standard eigenvalue problem, with the matrix o
compased of the eigenvectors, corresponding to the diagonal matrix of eigenvalues A as shown below:

.arp =ﬂp . ..‘(3.1.3.2‘8)

Setting the determinant of -} equal to zero (i.e. Jo-A) = 0 ) gives a set of 3 meaningfisl {non-trivial)
solutions. This treatment however, imposes seVeral constraints on the structure and nature of the
transfonnatlon matrix QP

Nevertheless, these restrictions do not uniquely define Q, which leads to the application of several
transformations, amely Clarke’s transformation, Park’s transformation, and the symmetrical component
approach. In 1943, Edith Clarke proposed the additional constraint of settmg element {3,2) = «1x(3,3),
which leads to a symmetric Q, tnitary transformation and hence, Q=Q™' and Q=Q". A closely allied trans-
formation was developed by R. H. Park, which relied on the rotation of stator quantities to align them with
rotor co-ordinates, d and g, allowing the third current to be interpreted as a “stationary” current, which is
proportional to - and conceptualiy not unlike the zero sequence current of Fortescue’s approach. Finally,
there is the symmetrical component method. This is the oldest, and most well known of the transformation,
and lends itself comfortably to an n-phase network extension. This is the topic of the next section.

3.1.3.3 Symmetrical 'C'amponem‘.dna!ysl‘s af HPO Systems

In 1918, C.L. Fortescue™™" proposed a theorem which stated that an n-phase, unbalanced system of voltage
or current phasors could be completely represented by a szt of n balanced systems of phasors, where each
i sequence component (i= 0,...,n-1) would consist of a set of n phasors displaced from ezch other by ixa0°
in phase.

: Figure 3.1.3.0: System of Six Foltage
To apply this theorem to a six-phase system, let the six phases Phasars

of the original system be &, b, ¢, d, ¢, and £, and with a phase
rotation of abcdef, The six voltage phasors associated with this V. Ve

system are V., Vi, Vo, Vi, Vo, Ve, as shown in figure 3.1.3.2 \

{which are arbitrarily unbalanced),

Figure 3,1.3,b shows the phasor system resolved into its scts of A
symmetrical components, where the zero sequanre set is

equivalent to 6 single phase systems, second and foueth

sequences equivalent to 2 three phase systems, and so on.
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Va,de

Second-Sequence
camponents

Vﬂ:vlu :

Via,
Va

Va, Vi

Fourth-Sequence
components

Fizst - (or positive)
Sequence components

" Vis, Ycug.va-

k

vﬂ! vﬁ: vﬂ

Third-Sequence
components

Yo

Fifth - {or negative)
Sequence components

The original unbalanced phasors can be represented in terms of their symmetrical components as:

Fignre 3.1.3.4; Six batanced seis of Symmetrical Components

+ Va + Va
Vo + Viz + Vi + Vi
Vo + Vg + Vg + Vu
Vo + Vg 4+ Vg + Vu
Va + Va + Vo + Va
Vn + Vg + Vg + Vg

= Va + Vg

+ Vs
+ Vis
+ Vs
+ Vg
+ Ve
+ Vi

+ Vi
+ Vis
+ Vs
+ Vi
+ Vs
+ Vﬁs

(3.133-1)
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In order to express the above set of sums as a transformation, we note that the phasors of each symmetrical
set of components are not independent of each other, but are evenly spaced. We thus define the operator b,
as: .

b =™ =05 + j0.866 -(3.1.3.3-2)

and note that the various phasors making up each sequence component, can all be related to each other
using multiples of the operator b, and hence the set of sums of eq. (3.1.3.3-1) can be written in matrix form
ds a fransformation;

V.1t 1t o1 1 1Yx,]
v, 11 8 b 5 » b |7,
V.| |1 &* 82 1 & BV,
- T By By ~(3.13.3-3)
V.1 |1 8 & 1 B BV,
Vel 1B B BB BV,

or )
7, ={L). o we(3.13.3-4)

From section 3.1.3.2, it is readily apparent that [T¢} = Q, and we have found the transformation matrix, -
An added benefit however, is that each of the symmetrical components is a balanced system, and can be
analyzed as such, regardless of the original set of phasors which caun be arbitrarily unbalanced. To do this,
however, there is still one piecs of the puzzle which must be put into place - the source impedarice of each -
symmetrical component.

A typical 6-phase iine will have some impedance along each conductor, as well as some impedance between
conductors vhich will allow currents and voltages to couple between phases, as shown by the typical
impedance matrix below: )

(Z Zy Zy Z Z. Zy
Zie Zas Zoo Zou Zou Fy

[2.]= Z, 7, z, 7, 2, Z, w(3.1,33-5)
2 24 2, 24 Z, Z,
2 2p 2z Zp Zu 24
and
Vsl =_[-zpl[Ip]_ {3.1.3.3-6)

In general it can be said that impedance is non-dire .i0s! and thus Zy = Z; forij = L,....,6. Further, if the
ling is completely transposed’, then there are on  tv.0 impedances in the whole matrix - the series
impedance of the line which forms all the diagonal ejements and remains the same because all phase
conductors are assumed to be identical, and the mutual impedance which formg all the gff-diagonal
clements of the matrix, and will be the same between any two conductors in the whole array due to the fill
tmnsposrtlon These two elements are denoted as Z, and Z,, respectively. I is interesting, and instructive
at this point to return to eguation (3.1,3,2-6) and observe that [Z,] = o, and the structure is symmetrical as
ariginally dssumed,

7 We will return to this nssumption in due time, and establish why full transposition is impractical I HPO lines and what can
be done to circumvent this difficulty.
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Further, we are now in a position to find the eigenvalues of the systetn using equation (3.1.3.2-7), which
will relate E* and I" {i.e. the sequence comiponents E, and I,). This equation is rewritten in the present
context for clarity:

E=[5] 5, =[5]" [2,}7, <51 [z, Jl5 1. <[4, )L,

ar
(V,1 {2, ¢ 0 o0 0o oOTI7
vl o 4 o o o ol
{10 0 A, 0 0 0,
Vi lo 0o o0 4, o ofI ~G.13.37)
V.|| o o o i, of}i,
vl [0 ¢ 0 0 0 A,I]

Thus we have achieved what we set out to do - we have diagonalised the impedance matrix [Z,] into its
eigenvalues by the Sheer merit of our transformation; mathematically, all is sound. But let's examine the
powerfuil implications of this operation. Each of the sequence voltages, Vs ... Vs , is only dependent on its
own, respective sequence current and the impedance which relates them. 'V, for instance, will not be’
influenced at all by any of the sequence current values {aside from Iy of course), regardless of their
magnitude, phase, and 50 on. Vo and I form & complete and independent network, as do V; and I , and so
on. The phase qrantities of the original, arbitrarily unbalanced system, have thus been “decoupled™ into 6
balanced, independent systems.

The six sequence networks are shown schematica- Figure 3.1,3.c: Sequence Networks of Six -Phase Lines
ily in figure 3.1.3.¢, As was already mentioned, Neutral . —
the first or positive sequence network represents s e -
the phase voltages under normal, balarced - b \'A
operating conditions. It was thus assumed that the Zg  |Vn z »
electric generator is completely balanced and vt N
contains only - sitive sequence currents, arid is L IT
shown on the pu.itive sequence network anly as E;, : . ..
. Zero sequencs First {or positive)
Returning to the eigenvalue problem above, it can network sequer, & network
be shown by standard matrix methods that for an
N-phase network there are only 2 distinct diagonal + - + l -
values, namely Zy=2Z, + N-1).Zand Z) =Z; = Za Vv, Zs 2
ZJ'=---=ZN=Z|'Z||; Y + .
L i
The values for a six phase system are thus: Secnndzseqnence Third s:quenoe
2y =7+ 5Z,, netwark network
=Zy-Zy
Z; = Z, - Zm - -
Zy=2,-2y *Zf‘ Va +Zs Ve
Zy=Z.-2n o ¥ I
Zs=Z.-Z, L I
Fourth sequence Fifth sequence
network network




Fault analysis proceeds directly from the above treatment. 1t is assurned that the six-phase line is balanced
and unloaded during the pre-fault stage. Then, as soon as the type of fault ocourring on ths system is
established, certain boundary conditions prevail which foree various voltages and currents to take on
certain values (for example, a bolted short to earth will force voltage on that phase to zero). Using these
boundary conditions, the matrix equation can be solved directly {which is often tedicus and unnecessary),
or the various interconnections of the sequence networks for the 3pecific type of fault can be deduced, and
the problem solved using standard network analysis toois, This exercise has been carried out in full, and

~ the equations for all 23 significant fault types are given in references (36] and [39].

‘While the analysis given above is valid and true for simple fanits, a complexity arises due to an assumption
made earlier on. In three phase sysiems, the conductors can be transposed in any sequence while retaining
coustant magnitudes of line-line voltage betwesn adjacent conductors. In high phase order fings, however,
full traasposition cannot be made since voltage levels between various conductors vary, and adjacent
conductors ncad to maintain their spatial relationship with each other. The closest we can come to a full
transposition is a “barrel™ or “roll” transposition, where the eatire array of conductors undergoes six, 66°

rotations, as opposed to the original [5 step transpomtlon originally proposed by Bhatt et al* which would
destroy the favourably low line-line voltages.

This type of transposition also results in four unique sequence itnpedances, and 3 different mutual
impedances betwern phases (corresponding to the 3 different types of displacement between conductors,
60°, 120°, and 180°). It quickly becomes apparent that for line to line faults not involving ground, there
are three distinct possibilities (i.e. a can fault to b,c, or d while & and £ are repetitions of the previons 2),
each having its own Interconnection of sequence networks ranging from simple to quite complex. This
however, is beyond the scope of this document, and well irifo the realm of system protection theory,

3.1.3.4 Clarke Transformation

While the theory and derivation of the Clarke transformation will not be entered into, it nevertheless is ano-
ther analytical tool and is included for completeness. Of course, all diagonalization procedures on the
impedance matrix yield the same sequence impedances since the eigenvalues for any square matrix are
unique, However, the final condition of Edith Clarke’s transformation matrix is different to Fortescue’s,
resulting in a different set of defining colimn vectors. For a six-phase line this iransformation is given as:

0 o 0]

L5
J6 30
..l.....i_‘.‘_. 0 0 o
J6 30 J20
R e H PR
[Ts]= ‘/13 ?/_3? J_EP ‘/_I_li 5 (3.13.4-0)
— = 0
J6 30 Y20 1z J6
-1

—_— | c——— e— ve— —

-%
5
8]
S)
Py
>

e E———— — — r— —

5
2
3]
8
2
&

While this transformation lacks the apparent physical significance of the symmetrical component appm.ach,
it nevertheless is a real transformation as opposed to Fortescue’s complex transformation where sinusoidal
steady state is implicit. This leads to a potential application of the Clarke transformation to transient event

analysis on HPO natwerks.
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3.i.¢4 Lead Flow Studies on HPO Lines

To facilitate HPO transmission line planning, or conversion thereto, it is necessary to observe the behaviour
of the whle system once the medification has been put into effect. An added challenge is that HPO lines
will need o be integrated (at least initially} into an existing 3 phase network, and analyzed as such.

To wivestigate this topic and develop techniques for load flow analysis, Venkata et al."**! examined a part of
Alleghany Power System (APS) which was still in the planning stages and congisted of 110 busses and 162
three-phase lines and transformers. In this system, there were 8 lines which were identified as potential
candidates for HPO upgrading, that were currently configured as 138 kV threo-phase double-circuit lines
(80 kV phase-ground), and would be modified to uperate as 138 kV (phase-ground, oy phase-phase}, single
circuit, six-phase lines, consequently allowing the passage of 73,2% additional power through the existing
transmission corridor,

One such candidate line (Charleroi - Lake Lynn) was isolated, and consisted of a point to point link, with
one tes-off from each of the two 3-phase circuits comprising the line. This was modglled using two
methods, The first, modelledthe” 5 a compleie, single, six-phase line using the nominal x-representa-
tion, which resuited in 2 busses alor *he line (representing the tge-off’s), 3 line segments (each having its
own ®-representation), and two additional busses to accommodate the two-terminal three-phase/six-phase
interface transformers, with attendant phase shifting networks, This represented the biggest disadvantage
of this type of modelling, since the modelling of the phase shifting network will itself introduce additionsl
busses into the system. In addition, the modifications of the existing line data are relatively complex, and
imply major changes and much preparation in the line and bus data before conducting load-flow studies,

To circumvent this problem, the 138 kV six phase line was madelied as two, interleaved 230 kV three
phase lines, one operating as the “a-c¢" conductors and the other as the “b-d-f" conductors, If need be,
otie shoufd keep in mind the 60° phase shift between circuits and build that into the model. The lines were
modelled using the nominal #-representation, as though they were independent 3 phase lines, The advan-
tage of this technique over the previous ong, is that it is:

1. simpler, straight-forward, and requires only minimal changes in the line data, and

2. allows the use of existing load-Bow software, since all the busses are still treated as 3-phase busses.

The second mode! is thus the preferred method for modelling HPO lines for load-flow studies, in inteprated
3-phase systems. In order to preserve the mutual impedance between the conductors in the array, Venkata
et &l assumed that each component 3-phase circuit will have an impedance of 2Z;, on a per mile, per
phase basis, thus ayoiding the need for any mutual impedance, although in reality such impedance could be
significant since full transposition is impractical in HPQ lities.

3.1.5 Computational Aids

Perhaps the most powerful and flexible of all the analytical tools discussed so far is the use of computer
simu' -, Petween the years 1976-79, Alleghany Pawer Systems (APS) contducted a joint study with
Wes:-Vuginia University, which produred as one of its outputs, a program entitled “Electtical Parameters
and Performance Characteristics” (EPPC), This program has subsequently been used in many studics, by
many rassarchers, and thus warrants a closer examination.

The EPPC program has been developed in the FORTRAN language. and consists of approximately 2300
lines of code, which make up one main program and ninetesn subprograms which are called from the main
program and sometimes from another sub-program. The program expects the following data on starting:
Number of'« phases, circuits, subconductors per phase, and ground wires, then earth resistivity, system
frequency, base power (MVA), base voltage and system voltage, In addition, conductor data is required
such as horizontal distance, tower height, mid-span height, nonductor outside dinmeter, geometric mean
radius, conductor AC resistance, as well as conductor identification,
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Once the information has been entered, the program runs through its subprograms in a particular sequence
which is summarized in the table below:

19, WRITE

Subprogram Function

1. UNTRNP [ Calculates fine parameters in all forms for the untransposed case, thm calis subroutines
2,3, and 4.

2. SYMUTR | Obtains the sequence companenis of the line constants

3. TRANSPS | Obtains the parameters for the transposed case

4. CHARAC | Calculates simple, steady-state performame measures

5. UBF Calculates all sequence unbalance factors for an untransposed three phase, or six-phase
line,

6. GRADNT | This subprogram evaluates electric and magnetic field gradients around each phase
conductor’s surface, and at any point in the tran: -nission corridor including the points
along the edge of the tower. It is also called from 1. Intum, itcalls 7, 8, 9, 10, and 11.

7. CORONA | Evaluates corona loss the line

8, ANL Obtains audible noise profiles

9. YZLINE - | Obtaing linc parameters at a stipulated radio fraquency (for HF malzﬂs}

10. ATTENU | Obtains attenuation constants at the above frequency and callg 12

11. RADIO Computes ‘radio noise pmﬁ]u

12, MODAL { This sub-program finds the modal propagation constants usmg a built-in real
transformation matrix,

13, FAULT This is ong of the most important subroutines in EPPC, and calculates fault currents and
voltages for all 23 significant fault types, It also requires the source impedarice behind
the two end busses,

14, CMAT Calculates all forms of the capacitance matrix from the corresponding potential
coefficient matrix found in 1 _

15, RP Performs recthmgular to polar conversions and vice versa

16, EQUL Reduces the size of a given matrix

17. INVERS | Inverts real marrices

18. INVERC | Inverts complex matrices
Gives the user an output in the desired form, providing either all the information

contained above, or part thereof, thus expediating the analysis

Table 3.1.5-a: EPPC Sub-program Description and Sequence of Exaention

In broud terms, the program consists of 2 parts: given the information listed above, the program computes
the electrostatic and electromiagnetic line parameters of the line uging generalised Carson’s formulae with
the ground viires and earth return effect inicluded, These parameters can be obtained in both actual, and
per-unit vatues, under transposed and untransposed conditions, The second part of the program develops
several performance measures such as surge impedance loading (SIL), thermal limit, voltage regulation,

corons and copper losses, efficiency and stability limit, In addition, it computes more complex phenomena
such a3 electromagnetic unbalance factors under a given load, conductor surface gradients and gradients at
any point {n the transmission corridor (including points along the tower edge), audible noise and radio noise
profiles, as well as fault currents and voltages for all 23 significant fault types.

The rlgorithms used in the above sub-routines arc in general relatively simple, but do tend to bécome rather
lengthy, and thus will not be listed. The interested reader is advised to consult referetices [28], as well as
[43] and [46] which are the EPPC manual, and HPO design manual respectively.



- 3.2 Line Spacing

‘The question of how to space thie phases of 4 transmission line is inevitably a complex one which involves
many factors, hawever, there are only 2 basic elements which play an almost exchusive role in determining
line spacing, and simplify the analysis greatly while giving an intuitive “feel” to the line designer of the
space required and width of ROW needed,

The first element is the steady state voltage of the system, Having this knowledge, and taking into account
the pollution levels of the environment one is able to determine the necessary creepage distance, choose the
type of insulator to be used, and hence determine the number of units required per string (if ceramic insula-
tors are chogen). The second e_lement is the type, frequency, and severity of transient events on the system.
This section begins by examining techniques that have evolved in dealiug with such transient events, and
their effect on HPO systems, before proceeding to an actual line desngn example which demonstrates how
the two elements combine in producing 4 line design. .

3.2.1 Switching Surges _

A switching surge is a transient event in which a high voltage impinges on a circuit for a period of 100°s to
1000's of microseconds. This occurs due to a sudden release of previously stored encrgy by a switching
action and can arise from within the circuit or be injected or coupled into the circuit from an outside source,
Further, these may be repeatable such as commutation voltage spikes, inductive load switching, transfor-
mer energization or de-energization, switch arcing, etc. or random, Whatever the case, thess must be
tonsidered and their harmfulness on HPO lines assessed.

Consider the example below: if 3 2,0 p.u. (of phase to ground voltage) surge oceuss on phase A of a 3-
phase transmission ling, as shown in the diagram below

Figure 3.2.1.q: Effect of Surge With micraasing Phase Order
Aa ﬁ’ Y
.
+ i 2
I‘: ; : . :
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then the phase-phase voltage A’B will be 2.65 p.u. of the phase-ground voltage but only 1,53 times the
normal phase-phase voltage, Thus, the highest stress is imposed on the phase-ground insulation (which is
proportional to the steady state voltage) in a 3-phase system, which is traditicnally the case.

Page 1%



If however, a 2.0 p.u. surge occurred on phase A of a 6-phase or a 12-phase system (as shown in figure
3.2.1.2), then the phase-phase voltage will be 1,73 times the normal phase-phase voltage for a 6-phase
systern, and similarly 2,39 times for a 12-phase system.

From this simple analysis it becomes clear that as the number of phases increases, the phase-phase surges
become increasingly important relative to the phase-ground values. This is further complicated by the fact
that it is a HPO objective to reduce clearances as much as possible between phases, and in addition to
setting 2 fimit on clearances, phase-phase surges may also set an upper limit to the phase order practically
achievablel®,

An extensive switching surge study was conducted on a 6-phase systen™! to quantify the above eﬂ‘ccts
and provide a pool of data for further switching surge appiications. This required defining the parameters
for such a test, as well as the variables.

In a 6-phase system, there are 6 phase-ground voltages, and 15

-phase-phase voltages (this rises to 12 phase-ground voltages A A

and 66 phase-phase voltages for a 12-phase system), however, Groupl .- 7 B

. itis possible to’group the phase-phase voltages into 3 genéric
- types.

Group I: Consists of all adjacent phases, i.e. AB, BC, CD, etc,
with a base voltage = phase-ground voliage

Group II; Consists of all altemate phases, i.e. AC, BD, CE, ete, 3
with a base voltage = V3 x phasc-ground voltage D

Group IIT: Consists of all opposing phases i.e. AD, BE, CF, etc. Flgure 3.2.1.b: Phase Grouping ina 6-
with a base voltage = 2 x phase-ground voltage phase Systeni

The following parameters were varied for the study:

the mimber of phases {either 6 or 12)

system voltage (83.7 k¥ or 462 kV phasge-ground)

line length 16-160 km (for 83.7 k¥ case) and 40-241 lm {for 462 kV case)

sourcee impedance; 2000-10 D00 MVA short circuit for 83.8 kV case, and 10 000 - 50 000 MVA short
circuit for 462 kV case _

operation: encrgizing or reclosing, 6 and 3 pole switching

circuit breaker pre-insertion resistors (0-15000)

The results of this study revealed that on a per-unit basis of the respective groups’ steady state voltage, the
maximum surge magnitudes with 5008 resistor pre-insertion were:

Group! =224 pu,
Group 11 = 171 pu,
Grouplll = L72pu,

Thus, group I surge magnitudes seem ta be the limiting factor in phase-phase spacing, In addition, group 11
surges were compared to switching surges on a sti.dard 3-phase line!™ o show that with resistor pre-
insertion (except for ona very unlikely case}, switching surges on a 6-phase and 3-phase lines wers
somparable, Thus, singe alteriate phases can be spaced in the same manner as the original 3-phase
system, interleaving another 3-phase circyit into this system to give a 6-phase system would dramatically
increase the capacity of the line, and result in significantly in.creased powet density and line compaction.
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3.2.2 Lightning Surges

A lightning surge is & transient event very similar to that of a switching surge, except that it is miuch shorter
in duration (typically a few, to tens of microseconds), and has a very wide range of values, and wave-
shapas. More importantly though, due to the fact that the surge is generated by lightning, it can be
protected against, and the number of strikes to a particular line can be predicted (if only statistically),

- Lightning tripout rates are dependent upon the number of strokes to the line, the ratio of strokes terminating
on the tower or shield wire {causing a rise in potential and possible flashover to the line), to the strokes
terminating on an actual phase conductor, the number of strokes which are self-extinguishing (i.e. don’t
sustain a follow-through current) and stroke characteristics.

The number of strokes to the line can be estimated by!™"

N=1 x (0.0189xh + 0,0047xb) A3.22-1)
where! .
N = Strokes/year/100 miles of line
1 = Jsokoraunic level in thunderdaysfyear for the given location
h = Average height of shield wire (including sag)
b = Structure width

For a typical line, the reduced dimensions of the 6-phase line result in a 20% reduction in the number of
strokes to the line, as opposed to a similarly rated double circuit 3-phase line,

The vul_tage across the phase-ground insulation is given by
Vira = Viower = (k X Vitiaid + Vo) : w{3.2.2-2)
where _
Vis = Instantaneous voltage aoross the insulator
Viwe = instantaneous tower potential, given as the sum of the incident vo'f. ge on the shield wire, the
reflected voltage back on that span, the trar,itted voltage to the next spai, the forward wave down the
tower, and the reflected wave from the tower ground, i.e, the sum of all travelling waves
k = Coupling constant between shicld wire and phase conductor
Vinsta = Instantaneous shield-wite potential, given as the forward voltage wave coming in from the
lightning hit (it is this voltage that couples onto the phase conductor via the coupling constant k).
Vg = Instantaneous value of 50Hz phase voltage

The tower surge 1mpedanoe and travel time will be shght!y less for the 6-phase tower, shield wire
impedance will be slightly higher due to the closer spacing, Vi, will remain approximately the same in both
cases as will k. Thus, the backflash performance will be very similar,

If a shielding failure does ocour, the higher surge Fignre 3.2.2.a: Shielding Failira Model
impedance of the 6-phase line will cause a higher voltage ‘

for the same stroke current, and a resultant greater Lot

incidence of insulation flashover. Thus, shielding is crucial Sh}dd

and it is recommended that the line be shielded for zero wire ; . Bs
fglluras. ; phasa conductor

This can be done using the shislding faiiure model x \~

proposed in ref. {47}, which is repeated for convenience in o S
the diagram on the right: T earth
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Qres
=1.0
= critical distance = 29.53 °® in feet , and
= return stroke’s peak current in kA

--u-mg.

'This model includes a safety margin to ensure that shielding failure does not occur,

It should be noted that when shielding failure does oceur, 50% of faults will be to an adjacent phase
coniductor rather than the structure, so the probability of phase-phase flashover is much higher on a 6-
phase line,

The overall performance of a HPQ line, assuming effective shiclding, is thus comparable or better than an
equivalent double circuit 3-phase line. For unshislded lines, more multiphase failures will oceur resulting
in a higher tripout rate, however, in some instances this is not contidered a significant problem since the
single phase tripping scheme will temporarily disconnect oaly the faulted phases, aflowing 1. remainder of
the G-phases to carry the load,

A computer simwlated lightning analysis was performed on the Goudey-Oakdale linc"® (which included a
voltage uprating), which resulted in the total flashovers per year for the 2.4 km line decreasing from 0,155
for the 11§ KV (phase-phase) 3-phase line, to 0,127 for the 93 kV (phase-ground) 6-phase line.

Using the above procedures, fault voltages as a function of phase order™ ™ "), a5 well a5 a range of
protective levels from the ANSI “Guide for Application of Valve-Type Lightning Arrestors for Alternating
Current Systems”, Stewart and Wilson™/ were able to compile the table of basic lightning insulation levels
which is listed below:

Table 3.2,2-: Basic Lightning Insulation Levels as q Function of Phase Order
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3.2.3 Line Spacing Example

When spacing a line from a switching surge point of view, surge magnitudes, distribution, and insulation
strengihs all need to be known. Then, spacing for an appropriate probability of withstand can be computed
given the line length and pertinent metesrological conditions™,

For a 6-phase, 462 kV line:
Energizing surge distribution
Case 50, Tine receiving end (j.¢. location 3 in the table), Tabls | of ref {24] gives:
2% =171 pu., 50%=145p.u, max=179pu,
Reclosing surge distribution _
Casa 55, line recejving end, Table 1 of ref [24] gives:
2% =219 pu., 50%~162p.u, max=262p.u,

These distributions are for a 100 mile line, 25 000 MVA source impedance, and 40002 resistor pre-
insertion. The assumed weather conditions were:

. Rajative air density = 1.018
Absolute humidity = 7.0 gm/m® -
Relative humidity = 60%

Spacing is thien calculated using the algorithms given in referencs [48] to yield the following™

Phage-phase Switching Surge: Air Gap
Number | Voltage | Energizing distribution | Reclosing distribution Insulators
of phases nodamper ; damper | nodamper | damper | Energizing | Reclosing |
6 _462 4 9.3 1.7 13.0° 2.8 12.2°
12 462 .r 5.0 14.6° = 3.8 1647

Table 3.2.3-a; Phase-Phase Spacing Requirements for Example HPO Line

Insulators have the effect of introducing a floating object into the air gap and thus reducing the gap’s
insulation strength, 1f the average span length was 5001t (giving a total of 1057 towers), with 6 phase-
phase insulators per tower, there would be 6342 insulators in total between the phases. If the maximum
switching surge occurred on one third of the line, there will only be 2114 gaps to consider. Choosinga
probability of flashover (PFO) of 0,001, the calculation can proceed as in ref 22 (chapter 15, p157). Once
again this procedure will not be entered into, but the values obtained were compared with NCI catalogue
data and results listed in table 3.2.3-a above.

While it is beyond the scope of this section to go into further detail about line design, meation should just
be made that there are many other factors that need to be evaluated before a final spacing can be agreed
upon. Some of these are:

o Ige loading: Static displacement of conductors can take place due to unequal ice loading, and dynamic
jumps ocour when ice buildup is suddenly released from a span, _

¢ Wind: This can cause various effects; differential blowout puts a strain on insulation, and total blowout
may necessitata & wider ROW - this is especially prevalent during gusting winds. Aeolian vibrations
are set up along the length of the span in a similar way to the 3-phase case. Wake induced oscillations
{especially in bundled conductors) could be a problem due to the proximity of compact array struc-
turas, and finally galloping could prove a problem due to the large number of conductors in the array.

* Please nole that the spacings given for air do not Iske into accaunt phese-phase insulators




«  Fault currents: These are notorious for preducing differential motion in conductors, and happens as a
result of magnetic interaction due to the large zero sequence currents, and “through faults” (a fault on a
different line)

¢ Floating objects: As mentioned above, electrically floating objects that are introduced into the gap u:nd
to decrease the insulating strength of that gap. Unfortunately, these objects are often vital from a
mechanical point of view (such as motion dampers or insulators), or from an insulation perspective,
This formas the sihject of our next topic,

3.2.4 Insulator and Spacer Design

In order to compact the conductor array, it is necessary at times to limit differential conductor motion as
much as possible. For this réason, various insulating midspan spacer designs were produced as shown
below .

Asterisk Hexagon
i design

Figure 3.2.4.a: Insulating Mid-Span Spacer Designs

Triple
triangle

The asterisk is the simplest of the designs, and hias the advantape of no phass-phase members. A disad--
vantage however, is that some insulators are loaded in bending, and adequats rigidity can only be achieved
at a significant weight penalty. The next design is the hexagon which has the clear disadvantage of phase-
phase components, however, all the insulators in this design are loaded in compression, the structure is
more rigid and lighter. The swastika design attempts to blend the advantages of its 2 predecessors, but
unfortunately tended do the opposite in practice. The final design was the triple triangle or “civil defense™
shape, and while this gave a very rigid structure, it nevertheless contained 3 additional steuts and was
overly heavy for practical use.

Thus, it seems that the overall best design is the hexagon, which does lower the insulation strength of the
air due to its phase-phase members, but is the most economical and lightest of all designs. It should also be
noted that non-ceramic insulators have been used throughout the design-process due to their light-weight,
high strength, good resistance to damage, case of erection, and pleasing appenrance.

Using the above designs and NCI data, Stewart ¢t al*) were able to derive a table which gave spacer length
and ereepage distance for heavy and moderate contamination, based on the system voltage, which is an
invaluable tootl for HPO line designers, It should also be noted, as before, that this type of arrangement
prohibits full transposition of the line, as phase relationships need to be maintained. What results is a type
of transposition coined *“roll” or “barrel™ transposition where the entire array is revoived as a whole leading
to 4 different elements in the impedance matrix (retated to the 4 different phase separations, phase-ground,
60°, 120°, and 180°). This topic was discussed in greater detail in section 3,1.3.3.
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3.3 The Protection of HPO Systems

Fault analysis on HPQ lines has been extensively discussed in section 3.1.3 and methods presented for
evaluating fault voltages and currents for all 23 significant fault types that could occur on the line. Further-
more, various combinations of simultaneous fauits have been analyzed by Bhat and Sharma®'! to provide
an elegant yet powerful method for dealing with such faults. This section aims to present the actual protec-
tion schemes used on HPQ lines, and uses the analytical methods discussed previously in the setting of fault
current and voitage levels.

We begin by examining the criteria for the protecuun of HPO systems, how many schemes to apply and the
benefits of each option. Then, the question arises of which types of schemes to choose, and especially,
which schemes will work beat when combines to offer the widest coverage of faults, After deciding how
the lines will actually be tripped, i.c. as single phases, two groups of 3 phases each, or one 6-phase circnit,
the criteria for tripping are developed, and a-full trip logic diagram is presented, The section concludes
with a few of the fimitations facing today's equipment and how this could be overcome in the fiture,

It should finally be noted that this section is based on the collaborative work of PTI, NYSEQG, and Ebasco
Services Inc. for the 2.4km, 6-phase demonstration ine nusming from Gondey to Oakdale, in Binghamton, -
New York!'”, The trip logic diagram is copied with permission of Dr, I.R. Stewart of PTI, NY.

3.3.1 Protection Criteria

The rolé of protection in power systems is te detect any faults or abnormalities and initiate action as
quickly as possible so that the fauited phass can be isolated and saved from damage. In choosing an
arrangement, there is an inherent tradeoff between security and dependability. Dependability refers to the
responsiveness of the protection to a fault - it must hence be depended upon to isofate the line if a fault
occurs, Security refers to the protection system’s ability to discern between a genuine fault which would
require immediale and decisive action, and some non-critical event on the line (such as branches of a tree
which have been blown too close to the ling) which will clear itseif in several cycles and requires no action.

Protection arrangements which were investigated for the Goudey-Oakdale line were;
e one out of two arrangement

s two out of two amangement

s two out of thres arrangement

A one out of two arrangement consists of two independent protection systems where the operation of either
orie will initiate the tripping of circuit breakers. This type of system is very dependable, but decreases the

* security slightly, in that any smalk, non-critical faults could initiate a trip. A two out of two arrangement is
gimilar to the above, except that both protection systems must operate before a trip is initiated. While this
offectively reduces erronequs trips, it somewhat desensitizes the system and decreases dependability. A
two out of three arrangement achieves a very high reliability as both security and dependability are
increased. ‘The next task is to choose the 3 types of protection schemes to provide optimum coverage and
reliability against faults.

3.3.2 Selection of Protection Systems

Based on the protection criteria laid out above, 3 protection systems were chosen. The primary and backup
systems wers rolay-type, and used a fibre optic communication channel, whereas the third was a non-
communication based system, and relied on the apparent impedance of the line to detect faults.

The primary protection scheme employed a pilot-based, current differential relay which has the advantage
that it is commercially available, can be used as is, and is invariant o the vectorial displacement of
adjacent phases. The scheme uses two current transformers (CTs) at the ends of the line, whose



secondaries are connected to the relaying scheme and a communication channel, Normal load flow, or
through faults will present CT secondary voltages of opposite polarity and hence will not operate. Internal
fuults, on the other hand, will cause secondary voltages of similar polarity at the two terminal CT’s and
hence actuation of the tripping coils - this will isolate the line from both ends, and will work whether the
fault is being fed from wither end of the line, or both,

The pilot cirouits seleeicd are fiber optic based, and will be phase wrapped on one of the 51 conductors. of
the six-phase line, Thix is preferred to the 2-wire pilot scheme due to the latter’s susceptibility to induced
EMIL

Back-up (or secondary) protection was chosen to be a fibre optic based segrepated phase comparison
protection, as above, and utilizing the same physical optic fibre. This schemz compares the phase angle of
each phase current, at the beginning and end of the line, and is very similar to the current differential
protection scheme above except that it uses phase angle as its measurement parameter. This acheme is
connectéd on the 6-phase sids vi'the CT’s at both ends of the line and encompasses its own back-up
protection comprised of direct tripping relays in the form of high-set instantaneous overcurrent relays,

The third protettion system chosen, was non-communication based and commonly known as a “distance
protection”. This senses the apparent impela- . f.f the line, that is, the voltage/current ratio and in this
~ way can detect a fault (if the impedance tak « .. -~ unstandard value). Theart of distance relaying is
very complicated and involves  large numbe: parameters, however, the avallablhty of microprocessor
based protection developed for double circuit, 3-phase lines, offers an excellent opportunity for their
application to 6-phase lines. This requires the development of a series of algorithins for proper operation,
~ while the actual signals will be supplied from the VT*s and CT’s located on the 6-phase side of the line,

Although slightly beyond the scope of this project, it should nevertheless be briefly mentioned that

- transformers will be protected using differential relays with inrush restraint, and distance relays at remue
terminals of the line, while busses will be protected as before but with the addition of a back-up ground
detection relay,

3.3.3 Fault Types

W]nle the topic of fault combinations has been covered in section 3.1,3.1 and different generic fault types
glven in Table 3,1.3.a, it should be reiterated that the possible number of significant fault combinations
tises from 5 to 23 for a 6-phase fine. In addition, the 6 phase-ground voltages, and 15 phase-phase
voltages of a 6-phase line will require a total of 21 relays at each end of the line, This is considered to be
an excessive number of relay modules, and so it is almost inevitable that micro-processor based systems
will be used.

3,3.4 Tripping Options for a 6-Phase Line

Due to the increased number of phases, the line can be tripped out in one of several ways:
+ Switching all 6 phases simultancously

o Switching as two sets of 3-phase lincs

e Switching one phase at a time

" 'The first option is the simplest and easiest to achieve, but has the disadvantage of generating the largest
magnitude surges, and is somewhat unfavourable suy.. only one phase could be temporarily faulted and
there would not be any need to isolate the healthy 5 phases, The second option is also easy and economical
and has the advantage of retaining symmetrical sets of 3 phasars, however, it too imposes relatively largs
stresses on insulation and is only cauticusly considered. Single phase tripping has the double disadvantage
of necessitating processing and decision taking for correct operation, as well as penerating unbalance
citrrents,

Page 26



It is the favoured system though, because it aliows the remaining 3 healthy phases to carry the load, and
imposes far less stress on insulation than the previous 2 methods. It also adds a tremendous element of
Hexibility for profection engineers which simply cannot be achieved in 3 phase lines; the Goudey-Oakdale
line bas as one of its main objectives th. demonstration of single phase tripping, and transient studies
conclude that transient overvoltages thus generated are well with equipment design range.

3.3.5 Criteria for Single Phase Tripping

The trip logic for the 6-phase Goudey-Oakdals line proceeds in the same manner as two independent 3-
_phase circuits, phases A-C-E, and B-D-F. The diagram below presents the logical flow chart for one of the
3-phase circuits, and is identical for the other, if A,C, and E are replaced by B,D, and F.

Slgure 3.3, 5.a: Trip Logle Diagram for Corrent Differeniia! awl Segregated Phuse Comparison
C'I‘Mensu.rmnt Reiay Logic _ —
; it : SJAND
: ol
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‘[PHASE A PHASE C _
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: Hi : | phases
' ; ACE
+ 16-Phase: ] o
| PHASE A piASEE| Lolam [—
(1 15kV-a) (A E) | |
-SSR & SO ) S [Ar.Cy, Eq- fault on phase A.C, or E, |

“Fhe logic proceeds as follows: for 4 single phase-ground fault, the appropriate line shall be tripped out
{corresponding to the condition A AND (NOT C) ANR (NOT E) = TRUE) and automatically reclosed
after a suitable dead time, Ifthe fault is cleared, all protection shall be reset, Ifthe fault is still on the line
when the breaker pole closes, then all three phases shail be tripped, and locked ou .

For a phase-phase fault en any adjacent phases, the respective poles will be tripped out and reclosed
automatically after a suitable dead time (as though they were two single phasé-ground fauits), If the fault
has cleared, all protection shall be reset, and if the fault is still on the line then all 6 phases wili be tripped
out and no more reclosing will take place,

Single phase tripping will not be attempted on faulted phascs that are 120° apart {as indicated on the flow
chart), or 180° apart {something which has ot been shown in the figure above), If the fault has been
contained to the phases of anly one of the 3-phase circuits, then only that circuit will be tripped out, leaving
the gther fully operational, otherwise, all 6 phases will be tripped and not reclosed.

The trip logic diagram for the distance protection has been omitted due to a need for bravity, but follows
very much the same logic as the above diagram with only a few minor Jditionst™l,
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3.3.6 Limitations of Available Equipment for 6-Phase Protection

While the protection aspect of HPO transmission seems viable, it is nevertheless important to be aware of
some crucial differences and take them into account when setting protection fevels. Firstly, consideration
should be given to the case where one phase is de-ensrgized and the other 5 phases are carrying the load;
often, the voltage on the isolated phase will have some non-zera value depsnding on the load fow in the
other 5 phases, and this should not be mistaken for a persistent fauilt.

Next, the existing double circuit, 3 phase protection does not include many of the fault combinations
agsociated with 6-phase lines, and this can be vvercome by modelling the entire line on a phase basis
. (including neutra! shift), to determine all possible fault evels,

Finally, & potential problem is that when a ground fault occurs on one of the 3-p4ase circuits, it induces
Zeto sequence currents in the parallel healthy cireuit which can cause zero sequence directional elements to
make incorrect directional decisions. The above is a well documented problem, and a propesed selution is
to use negative sequence quantities in making directional decisions, and zero sequence currents only to

- verify the presence of a ground fault before allowing tripping,

3.4 Transformer Conflguration

3.4.1 Preliminaries
Arguably, one of the most common questions asked with regard
Primary Secondary| to high phase order transmission is to do with transformer con-

' | nections, i.e. how can transformers be wired to produce 6 phases
' fraen 37 As it happens, these connections are simple, implement-

\[/ ' #ble in a variety of different ways, and rely on only one principle
| Y.y \r

which is described next.

1t has already been mentioned earlier in this document, thata 6
—I— phase set can be thought of as 2 separate 3 phase sets, and
further, it can be implemented as such, Ifa 3 phase sot is

. connected to a Y-Y transformer as shown in the figure on the left,
| \r Y -invertedY J\ then the resulting secondary voltages will be in phase with the

original set. If a parallel iransformer is connected to the original

3 phase set, but is wired as a Y-inverted Y, then the resulting
= secondary voltages will be inverted with respect o the original.
All that remains is to combine the two secondary sets to achieve a
resultant 6 phase set,

At a first pass, this can be practically achieved as follows: ifa 3
phase transformer is wound with 1 primary, and 2 secondary
' coils on each of its legs, and the two secondaries are wound in
Figure j.mﬁta;:;c 6-Fhase opposite senses withef:spect to one ancther, then a single primary
voltage (or current), will be transformed into 2 secondary
voltages (or currents) which are phuse displaced by 180° from one another, Again, by combining the
secondary voltages, a complete and balanced 6 phase set can be achieved,

In essence, this principle lies at the heart of all 3 to 6 phase transformation, but having obtumed the
required number of phases, one is left with o variety of choices regarding their implementation and the
possible applications of each connection, This forms the topic of the following sub-section.
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3.4.2 Transformer Winding interconnections

Four principle winding interconnection possibilities have been studies by Guyker et al***? which are
depicted in figure 3.4.2.a below:

The star-star, and delia star connections are ideally suited
far converting 3-phase generation voltages up to the
P 138kV (or South African 132kV) transmission voltages,
\[ A but the [aiter has a distinet advantage over the former in
that the delta breaks the 2.0 sequence network, and
Star-Star Delta-Star provides a well defined shunt path in the zero sequence

network without a tertiary winding (as opposed to flux
linking through the transformer tank)!*?),

\r' O T The starbhexago:i could be used for transforming the 6~

phase transnisgion voltages to 3-phase primary distribu-

Star-Hexagon Star connected tion voltages. The star connected autotransformer is the
- Aute-transformer preferred connection due to its low short-circuit impe-
dance and greatly reduced 1

Figure 3.4.2.a: Transformer Interconnections

_ OF course, these interconnections do not dictate any
transformer arrangement (hesides the auto-transformer) and can be physically achieved in a variety of
ways. . .

3.4.3 Physical Implementation

Both Stewart"'™ and Guyker™** have broached the subject of practical transformer implementation with
regards to cost, space requirements, and viability. Four different mothods have been identified to
implement the above interconnections: '

e & singls phase units

s two 3-phasc uniis - thrée leg core form

+ two 3-phase units - five Jog core form

a  asingle, 6 phase unit.

Using 6 single phase units gives a great degree of flexibility and has been implemented at P'TT’s 6-phase
test line in Malta®™, It allows single pole switching from the primary side (for a star-star connection) since
there is no magnetic intgraction between phases in the transformer. F.um an analytical point of view, the
positive, negative and zero sequence models are ail a simpls series leakage resctance of the same valus in
all 3 phases. Further, single phase units provide the clearest demonstration of single pole tripping using the
transformer’s impedance to simulate longer line, and primary and secondary currents are clearly related
and in phase.

Unfortunately, siugle phase units cost more, and take up significantly more space than the other options,
This is particularly a probiem since 6-phase transmission lines will be an npgrade onto existing 3-phase
lins. which means that substation space is very limited and often cannot house the zdditional wnits.

\ sing two 3-phase units reduces both the cost and space requirements relative to the first option. However,
sh 7 one of the two transformers will be wound as a Y-inveried Y, there arc definite insulation problems
wh, h arise between the primary and secondary windings and necessitate an increase in clearances. In
addi. ‘i, no winding arrangement of three leg core form transformers will allow single pole switching from
the p1 wary side. In each case, there is a voltage introduced onto the isolated phase through magnetic
coupli g in the transformer,



The five-leg core form transformer attempts to combine the advantages of the previcus two options, by
retaining the reduced cost and space requirements of the 3-phase units, and addressing the magnetic
coupling problems. However, since the 2 outer legs of this transformer do not have infinite permieance,
therg is stifl a depgree of magnetic coupling to the open phase, and both the cost and space necessary are
increased over the 3 leg core fortn option.

In addition, there is a likelihood of ferroresonnance between the lowered magnetizing impedance of the
transformer and the capacitance f the line, While studies have shown that the transformer source
impedance is below that of the 1i 1 capacitance, and decreases with saturation, it shoild be remembeared
that saturation is a non-linear phenomenon with significant harmenic generation, which leads to a
possibility of ferroresonance in any of the higher harmonics.

While a single, 6-phase unit connected as an anto-transformer would seem like the ideat choice from a cost,
and space requirements point of view, such a unit was designed by a transformer company™ and found to ~
be excessively large for any kind of transportation or shipping., This option was thus disreparded
completefy.

Taking all factors into consideration, the option which was finally selscted as the winner was the 2 unit. 3«
phas, three leg core form design, wound in & delta-star fashion. This gave the best cost, and was small
enough to fit into most existing substation yards. It had no problems with transportation or shipping, and
the delta-stas ¢onnection provided additional benefits by breaking the zero-sequence network without the
usyal tertiary winding, : '

3.5 Sub-Station Modifications

Before closing the section on high phase order technology, mention shouid briefly be made about the
modifications necessary at the sending and receiving end subst ons. Of course, many of these are quite
involved, and specific to the sub-station under consideration, however, some modifications are generic and
will be briefly listed below,

As noted earliet, to provide proper phase transformation, two three phase transformers will be necessary at
each substations, while the existing transformer can be removed {uriless it can be reuscd). In any case,
there is a net addition of one transformer to the substation.

This introduces another challenge in that the condustors leaving the H2 bushing from each transformer
must be transposed at the first transmizsion line tower exiting the substation, This is necessary to provide a
symmetrical conductor configuration with 60° between adjacent phases. A similar transposition must
obviously be made at the opposite end of the line,

The line will be switched with line side circuit breakers (i.e, on the 6-phase side of the transformers) in
order to achieve single pole switching. Retrofitting an existing substation with this gear requires the use of
compact design due to space limitations. For this purpose, SF¢ gas insulated dead tank circuit breakers are
recommended {and h~ve been used on the Goudsy-Oakdale demonstration ling!**
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4. Survey of Case Studies

4.1 Background

Evar since their inception in 1973t HPO lines were continuously pitied against the more ostablished 3+
phase system of transmission, Typlcally, a 6 or 12 phase line would be compared to a 3-phase line of
equivalent power carrving capacity in categories such as magnetic or electric field emissions, size, cost,
aesthetics, corona related effects, upgradeability, compatibility, stability, and so on. Thiz has been done for
various lengths of line, for varying voltages and power carrying capacity, using standard software packages
such as EMTP, as well as tailor writton software such as EPPC (discusszed in section 3.1,5 “Computational
Aids™),

As g result, thers has been a generation of a plethora of information which is very beneficial on the one
hand, but on the other is sometimes contradictory and inconclusive, Thus, there is a formidable challenge
in enmpiling a survey of case studieg, and careful thought must be given to the selection of cases and their
applicability, * -

For this section, 5 case siudies were chosen, each contributing to the overall feasibility of HPO lines, The
first 3 case studies are purely “pett and paper”, and even within this classification the various cages move

- . from purely hypothetical, to an actual study of a particular line and then an all important cost comparisoh,

‘The fourth case describes the initial attempts to construct 2 6 and 12-phase test line in Malta, NY and the
results obtained from that exercise, and finally, the fifth and final case describes the first utility demonstra-
tion of a 6-phase line, its operation, and discussion about the lessons learned.

4.2 Double Circuit 3-Phase Line Upgrading to 6-Phase Operai‘ion

It is most likely that §-phase lines will (at least initially) be implemented only as upgrades of existing
double circuit 3-phase lines, and in anticipation of this fact, Guyker and Stewart each wrote a paper on the
subject in 1981. The investigations of both authors have beea included because whie they both address the
same problem, they do so in very different ways which makes for a very interesting comparison of the
methods and consequent results.

4.2.1 Case Study 1: “Uprating Without Reconductoring”

Figure 4.2.1.a: Cuneric Repmmraﬂén of Double | i this case study, Stewart et. al 1 considered the
cireslt §-Fhase Line uprating of 5 hypothetical transrission lines - with
| ol details given in the table below - from 115kV (or 161kV
o O ermmeremres s gossen as in case 5) to either 230KV double of wit 3-phase, or
1ﬁ 138KV single circuit 6-phase. The reason for this
: D A comparison is that a 138kV 6-phase line is equivalent to
® ® i S two interleaved {and phase shifted) 230KV 3-phase
3 systems, and so the comparison besomes very direet,
B with exact power transfer, loading, etc.
i P
® $.. ‘4[ .....
) D .. B
E g w
® - I -

Pagz 3



Table 4.2.1-0: Sasple Line Configurations

This study begins by examining the radio nolse emitted by the two upgrade options since this is believed to
be dominant as the limiting factor, This is then compared to the CSA standard which states thai maxirmum
fair weather radio noisc at a lateral distance of 15m from the outermost phase of the power line, should be
50 dB above 1uV/m for lines of nominal phase-phiase voltage of 200-300 kV. Ofthe 5 lines, only choice 2
is suitable for a double citcuit 3-phase upgrade, whereas for the 5-phase upgrade, choices 2,4, and 5 meet
the above criterion.

Next, the remaining 3 choices wers examined for audible noise compliance, The regulations stated that wet
sonductor audible noise 15m laterally from the cutermost conductor should not exceed 50 dBA, and it was
found that all 3 lines passed this test for both upgrading options. This orce again demonstrated that radio
noise was the limiting factor in line selection.

The lines were then tested for their ground level electric fields, insulation requirements, mechanicat mation
considerations, and ground clearance to show that all choices passed comfortably, the only modification
being the number of disks in the insulator string which was raised to 10 in both cases.

Finally, the economics of the lines were examined, This wes done by outlining the cconamic conditions in
1981, inflation rates, transmission costs, etc., and defining the céonomic life for payback as 30 years,

Now, the cost examination could take 2 routes: either uprating with no load growth in which case savings
would be made simply en the cost of losses in running the line, or uprating with a corresponding increase in
load to a maximum of the conductor thermal limit in which case the economic benefit would come from an
increase in line capacity. It was decided to pursue the first option for the purposes of this study.

For each of the remaining lines, the savings/km were computed by catculating the saving made per kilo-
metre each year for its lifespan of 30 years, bringing this saving to a “present worth” value, and summng
all these values together. Terminal costs were assumead to be deminated by transformer costs, and to make
the results more meaningful, Stewart gave breakeven distances whers torminal costs would equal the
savings made on the fine, For options 2 and 4 the breakeven distances were 22km and for option 3 this
distance was 42km since the voltage of this line was nominally 161kV as opposed to [ 15kV.
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4.2.2 Case Study 2: “138 kV Uprating of a 138 kV Double Circuit Line”

In this case study, Guyker et, al.*" selected a candidate line for upgrading to 6-phase and performed a
complete feuslblllty study on this line from a utility perspective. The line spanned 15 miles, consisted of
two 3-phase circuits suspended from APS 22 type towers as shown in figure 4.2.2,a below, and connected
sub-stations at Charleroi and Yukon, with a connectiosi off one

..q_......._,... of the 3-phase circuits to Westraver substation & roximately 4
0 o R LT T e r— miles away from Yukon,

55, 3-7‘ The existing line is nominally 138 kV (phase-pbase) which is

® ® ;{ ...... slightly Iarger than the fines examined in the previous case study

{which were 115 kV) with subsequent increase in tower
4.4 dimensions, howaver, the final voltage will be the same as

y . above, i.c. two 3-phase cireuits rated 230 kV phase-phase, or a
'y single 6-phase circuit which consists of the interleaving of the
455 Wi ahove two circuits rmted 138 kV {phase-ground), The line was
i e ’ assumed capable of being uprated to the thermal limit of the
® . e conductors which corresponds to 1074 MVA (winter) and 807

MVA (summer),
Figure 4.2.2.a: APS 22 138-kV Double Cireult
Tower (Dimensions i m} The paper begins by examining the existing line, and shomng
that from an insulation point of view (hghmmg, switching, and
power frequency) thie line can be uprated to either option with only a slight increase in outages dus to
lightning, but no stnuctural modifications to towers, insulators, and so on,

The radio noige, audible noite, and ground gradient lateral profiles are obtained and it is concluded that
even though both upgrade options result in increased field and nioise levels, the 6-phase pption will have
lower levels than the double circuit 3-phase option, The former will however, have slightly higher
glectrostatically induced voltages on objects under the line, and this effect must be evaluated further ona
site-specific manner for the entire length of the line. The above results are consistent with the observations
~ made in the previous paper, and could be very usefu! in crowded or congasted areas where audible noise,
radio interference, and field levels are a major concern.

Guyker then continues by éxamining in detail the sub-station insulation co-ordination, and defines surge
arrestor protective levels. These studies show that MOV’s with maximum contimious operating voltages
(MCOV's) of 180 kV will protect a transformer and its bushing with BIL of 550 kV for both upgrade
options if applied at the transformer terminals. However, BIL of such low value are seldom used on 230
kY transmission systems, and final vahws decided upon were transformer BIL of 825 kV and bushing BIL
of $0C kV,

Retay protection and circuit breakers were examined next and it was decided to use segregrated phase
cornparison relay scheme, with tripping achieved as two sets of 3-phase circuits. For the 138 kV 6-phase
and 230 kV 3-phase options, it was determined that standard 242 kV oil circuit breakers could be used for
cither option with standrard BIL of 900 kV.

Finally, the cost of both upgrade options is examined. This was done by designing 15 different transfor-
mers, 7 for use at Yukon, and 8 for use at Charleroi, of different typ#$ wch as 3-phase (to be used as 2
units), autotransformers, single unit (two secondary windings), sin. ju paase - two phase, and 5o on, and
submitted to an electrical manufacturer for preliminary design information. An evaluation of total costs
showed that the 6-phase uprating option costs approximatety $2.25 Million more than the double circuit 3-
phase option, which is due mainly to the sizep differential in transformer costs where lower cost autotrans
formers with balanced phase impedances may be used for the 3-phase option, but 2-winding transformers
must be used for the 6-phase option to obtain balanced phase impedances,
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While the 3-phase option is cheaper for this particufar line, Guyker concludes that this is only because on
the APS system the 500 kV and 138 kV systems are in phase, and autotransformers may be used at Yukon,
Other systems having a 30° phase shift between voltage levels would need to use 2-winding transformers
for both options, This would result in a minimal cost differeatial, with 6-phase systems having an advan-
tage in lower radio and audible noise emissions from conductors,

4,2,3 Discussion

As can be seen, the above 2 studies tackled essentially the same probiem, examined virtually the same
factors, and came to fundamentally the same conclusions. However, they did this with some subtle
differences, which is very typical in stucies addressing the same issue but performed by different organi-
sations, These studies were both included with the aim of highlighting these differences in approach and
methodology, Please note furthermors, that the discussion below is to a degree subjective, and represents
solely the author’s judgment,

Ta begin with, we examine the general approach of the paper. Stewart’s approach is to take a broad
sample of “limiting” cases, that is, cases which just barely pass or fail, in order to establish some kind of
boundary conditions. He concentrates primarily on aspsots such as field emissions, radio and audible
noise, ste, and eventually calculates returns/km and finds theoretica] breakeven distances. Guyker on the
other hand, concentrates on transformers, BIL’s, surge protection, insulation levels, circuit breakers, and
only toa very small degree environmental effects, He chooses a line which is designed wefl away from any
problem areas (unlike Stewart), and performs a complere cost study on that specific line, This is, in the
author’s opinion, directly relates to the purpose of the research, and the organizations backing it. Stewart
is a regearcher, working jot #1T { Power Technologies Inc.} which is a research based company, and hence
their approach is naurally mors theoretival, and aims to derive general results which can serve as a quick
guide to evaluzee the feasibility of any line’s conversion to HPO. Guyker on the other hand, is a design
engineer, who warks tor & pewer utility (Alleghany Power Service), he has at his disposal any number of
lines to choose from, anl is interested in specific results, conceming a specific lina, With this in mind, it
may be that Stewart’s work tends to slightly favour 6-phase lines, simply as a path of research, whercas
Guyker could be more objective, and more ready to accept a negative conclusion if that is what the research
indicated (as it did in this casc).

Directly stemming from the above point is the way in which the economic analysis was carried out by the 2
authors, Stewart considered the present worth of the savings in transmission losses for the next 30 years,
wherzas Guyker concentrated on only the direct costs at the present time for the 2 upgrade options. Again,
this may indicate a difference in philasophy, In essence, it is certainly better to consider all the returns for
the life span of the ling, but practically, it may be possible that utilities place far more emphasis on the
praseta xpendit e of maney than is expressed by the “present worth of required revenue” mathematics,

In addit~t. ke focus of the economic analysis was completely different, Stewart, in fact, did not perform
% geohomic comparison between the 6-phase line and the double circuit 3-phase, but between tiie 6-phase
lire, an © the existing (non-upgraded) 3 phase line, He has demonstrated that if' we were to modify the
existing line to 6-phase with nothing else changing, then over the next 30 years, this upgrade would
actualfy be cheaper than keeping the line as it is, if the existing line were leager than a given iength. He did
not answer the question though, of whether it would be cheaper to upgrade the existing line to 230 kV
double circuit 3«phase or single circuit 6-phase over the next 30 years, and so in that respect, the economic
annlysis (though definitely adding insight) did not give a satisfactory answer to this critical question,

Stewart also treated the question of transformer cost differentials quite glibly by simply stating that the
difference between 3- and 6-phase transformers is that the 6-phase option utilises 2 transformers instead of
one, each rated to half the required capacity for the necessary phase shift. There is nothing more in this
regard, and it is shown that in fact, it was the transformers themselves which were the limiting factor in
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Guyker’s research. The significant saving that could be made by using an autotransformer as opposed to a
2 winding transformer is crucial, but as mentioned before, this was not the focus of Stewart’s paper.

Guyker on the other hand, is very focused in his work. He has addressed the subject of cost viability very
well, but did not even mention that savings could be made simply by minimization of losses, and for certain
lengths of line, this alone could justify the upgrade,

Finally, let’s examine the conclusions of both studies. Guyker’s conclusion is esseatially negative, The
cheaper option turned out to be the 230 kV 3-phase upgrade due to the lower cost and feasibility of using
autotransformers, 8o in this case, the HPQ line would not be implemented even though Guyker mentions

* that where both voltage systems are not in phase {(which would exclude the use of autotransformetrs for the
3-phase case) cost differentials would be minimal, Stewart’s conclusion is essentially positive, He says
that at the present moment, a large number of lines fitting his description could be running more economi-
cally and costing less to upgrade in the long run, than the total savings made.

In the author’s view, both of these researchers have made significant steps to bietter understand the
applicability of HPO lines, Certainly, they have both deronstrated that 6-phase lines are not the ultimate
solution to power transmission, and certainly cannot be applied indiscriminately to any double circuit 3-
phase line. However, when lines are sufficiently long, and transformer costs are comparable for both
upgrade options, 6-phase lines can have a definite cost advantage, as well as 2o a long way in minimizing
rad’ + interference, audible noise, and ground level electric fields.

4.3 HPO as an Alternative to UHV Bulk Transmission

4,3.1 Background

As electrical loads continue to grow throughout the world, so the need for bulk transmission steadily
increases, and to address this growing need research has been conducted into UHV transmission leveis,
The problems with this high voltage level is the inereased public opposition, radio interference, audible
noise, increases ground level electric fields, increased cost, and the significantly increased need for top
notch expertise and innovative technology, It is precisely with these problems in mind that HPO
transmission was proposed as an alternative solution to UHY bulk transmisséon,

The following case study deals purely with the economics of UHV 3-phase versus EHV 6- or 12-phase
transmission", but before this can be presented, some background which is discussed in previous papers®
must be covered. The base case for comparison is 1270 kV test line constructed at Lyons, Oregon, as part
of the BPA UHYV research program, and for comparison, 6 BPO lines havs been designed to give the same
power transfer capacity, These are:

5 Dimensioned drawings of the above towers can be found in reference [9)
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These lines have all been designed to give the same maximum ground level electric field sttengths wet
conductor audible noise, fair weather radio noise, and power transfer capability®. Mechanically, the towers
have been planned for NESC heavy loading, high wind, and heavy ice accretion, The loading in various
plaues has been assessed, and finally base tower weights have been calculated. Furthermore, after this was
done, it was found that scheme 4 was structurally indeterminate and was thus not considered further.
Having this information, it is possible to proceed directly to the economic analysis.

4.3.2 Case Study 3: “Economics of EAV High Phase Order Transmission”'”

The comparison begins by defining two different electrical loading levels:

1. 3000 MW the initial load was assumed to be 1339 MW with a load growth of 6.5% per year, reaching
3000 MW at ygar 13.

2. 6000 MW: the initial load was assumed to be 2670 MWMthaloadgmwthofES%perymr reaching
6000 MW at year 13.

The-economic “climate™, or terms upon which the comparison wilt be carried out are then defined and
mcludcﬁctorssuchasgenmhondnrges transmission charges, maximum demand and energy charges,
economic payback-period, and so on. Furthemore, all material and laboir costs are based on 1982 US
doltars with inflation rate and generation reserves also taken from that period.

Having set the scene, it was necessary to make several selections, The firsi of these was the conductor
type, and several factors play a role in this choice, such as diameter, conductor purchase price, strength to
welght ratio (since a stronger conductor can be strung tighter and thus needs fewer support stmctures) and
EM! criteria (which sometimes regire a larger conductor than is economically feasible). Ten different
ACSR conductor types were compared and optivum selegtions made.

Next, it was necessary to select ROW (right of way) requirements. These requirements are based on such
varied factors as switching surges, maximum conductor blow-out, EMI, line voltage, etc. While thereisa
certain minimum ROW requirement for each line, there is no guarantee that utilities will necessarily use
this minimum requirement, »nd furthermore, since land costs vary quite dramatically, it becomes difficult to
assign some meaningfut value to land, Thus, ROW requirements were ignored for the purposes of this
study, but it should nevertheless be mentioned that HPO lines are significantly more compact and require
less land aren than the UHY line, and thus this decision favours the UHV option,

Performing an optimization procedurs ont the various candidate HPO lines with respect to conductor
selection, span lengths, tower heights, bage weights, ete, it was found that choices 5 and 2 were the most
economie selections for the 3600 MW and 6000 MW loading cases respectively,

In order to determine how the various cost components affected the ranking of the most sconomic optiois, a
sensitivity analysis was performed. This was done by selecting 8 of the most important cost components:
1. conductor cost
2, stringing and sapging cost
wer steel cost
toswer erection cost
generation demand charge
generation demand escalation factor
generation energy charge
generation energy escalation factor
and applying a 50% adder to each of the chosen values, This showed that the rankings did not change, and
schemes 5 and 2 were still the most economic for the loading of 3000 MW and 6000 MW respectively.

mumme

§ fhe basis of power Lransfer comparison is sddnessed in section 4.3.3
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The next section of the comparison dealt with terminal costs. Naturally, the economic analysis of
substations is far more complex than transmission lines due to the large number of combinations of bus
arrangements, protection schemes, other lines that may terminate at the same substation, ground mats,
utility specifications regarding switching and reliability, and EMC requirements. Thus a detailed study
was not undertaken, but the terminal costs were estimated by considering transformer costs {which
typicatly tale 60-80% of the total sub-station cost), and circuit breaker costs. Other costs such as
shipping, installation, protective relaying, efe. were included as a multiplier on the circuit breaker costs,

Naturally, terminal costs for HPO lines were greater than the UHV lin as expected. This is because mors
transformet units are necessary for the phase and voltage transformation of the HPO line than for the
voltage transformation of the 126 kV 3-phase line, That is, only one 3-phase transformer is necessary to
terminate 5 3000 MVA 3-phase line, whereas four 750 MVA 3-phase transformers are necessary for the 12
phase aftemative. In time however, it is likely that dedicated 3 to 6 or 3 to 12 phase fransformers will be
built that will slightly reduce the value of this cost differential. Also, HPO lines need more circuit breakers
{CB’s) and associated hardware. As above, a single 3-phase CB is required for the 3-phase line, whereas 4
3-phase units ave required for the 12-phase line. Each of the latter units will be rated lower than the former
CB, and hence cost less, but the total cost will be higher.

Now, since ling costs for HPO are less than TJHV, and tenminal costs are greater, we can use a method
commonly used for comparison of HVDC with AC alternatives in which a breakeven distance is calcutated
where savings from the DC transmission line balance the additional cost of the DC terminals. The results
of this study are tebulated below; (note the addition of schieme 3A, which is similar to choice 3 but uses 2 2
conductor bundle which was shown to be slightly more economicai than the the existing scheme 3)

Loading option | UHV | Scheme | | Scheme2 | Scheme3 Scheme 3A Scheme 5
12 462kV | 6b462kV | 126 317kV | as3,2¢cond, | 124 317KV

3000 MW | - | 33 miles 5 | 8 ! 7 | 6

6000 MW - 35 0 never - § never -

Table 4.3.2-a: Breakeven distances (in niiles) using UHV as base, for various loading options

As can be seen, the longest breakeven distance for the 3000 MW loading option is 33 miles. It is also
reasonable to assume that a 1200 k¥, 3000 MVA line will never be built for distances as short as 33 miles
and so it can be concluded that all HPO opttons are cheaper than the UHV optlon for 3000 MW loading, Tt
is interesting to note the trend that the varicus HPO options follow when the load is brought to 6000 MW,
As can be seen, schemes 3 and § are always more expensive than the UHV option, but scheme 2 becomes
cheaper for any distance. As before, the remaining options offer a definite economic incentive at this
loading level.

4.3.3 Discussion

Of all the economic comparisons given in the literature, this is by far the most extensive. It covers a wide
range of tower designs that have been meticulously planned, taken to civil engineering firms and tested for
various tmechanical environmental loads, producing base tower weights, and limiting conditions for vertical,
longitudinal and transverse loads. The conductor selection, phasing, and arrangement has also been
comprehensive, and while it is understood that revigwing each permutation of conductors is a near-
impossible task, the authors must be congratulated for the large amount of work performed and the
excellent quality of this work..

Before covering the general conclusions which can be derived from this paper, it is necessary to bring to the

reader’s mind several criticisms (and please bear in mind that these criticisms are solely the opinions of the
author) which can be made sbout the paper and which contextualise the results somewhat.
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The base case for this comparison is a 1200 kV 3-phase line, which meang that the peak voltage between
phases is V2% 1200= 1.7 MV This voltage level is incredibly high, and presents tremenduus problems in
insulating everything in the system from transformers, to circuit breakers, to the line itseif. Tt will require
very specialized {and hence very expensive} terminal equipment and its associated topelogy, actual line
design, and manufacture.

The obvious question then springs to mind: is this line a valid example to use as a base case? Pethaps, this
line is several times more expansive than a more established technology, such as rurming two lines on the
same ROW tfo transmit the same amount of power, [f that is the case, then using a more expensive base
case, would put HPO in a very favourable light, being cheaper than the UHV 1200 kV line (but saying
absolutely nothing about the standing of HPO versus more conventional technology). The author of the
paper (Stewart et al) makes no reference to the cconomic sianding of the 1200 k'V line versus the present,
more conventional technology, and certainly from the author’s point of view, this kind of information would
have helped to contextualise the ecoriomis comparison.

Next, is the comparison of the lines themselves. Stewart et. al." claims to compare the lines on the basis
of capacity, but this is somewhat of a confroversial issue, For short lines, where the lise does not

. significantly affectthe performance of the system, the capacity of the line is taken simply as the thermal
MVA rating of the line. For the apposite case, where the line is very long, the rating of the line is taker: a3
the SIL {surge impedance loading) of the line. Stewart has chosen a somewhat unconventional measure
where the circuit breaker limits the line surrent to 6000 Amps, and this is then taken as the maxinum
power of the line. The table bejow shows the various loading comparisons:

23900

6300

3¢ 1200 KV ('Ml)

__60462%V (4-g) 4800 17900
- 129 462 KV (-g) 5600 ' 17900
12¢ 317 kV ($-g) 2800 13400

Tabie 4.3.3-a: Compurisan of HPO and UHV lvading for varigus conventions

As can be clearly seen, the HPO lines seem to have been grossly underdesigned when SIL and thermal
loading are considered. As mentioned before, line capacity comparisons are always a very controversial
subject, but with such widely varying results, it is believed that a great deal of justification must be given to
the selection of “breaker limitation" as the convention for capacity comparisons (for example, comparing
the 12 phase, 317 kV line to the UHV case shows that the 12 phase line has only 44% of the SIL of the
Tatter, but 82% more power when it is breaker limited), This selection seems to once again, favour the
comparison towards HPO lines,

The final criticism is that, as in Stewart's previous paper (considered above), the subject of terminal
equipment cost was not given sufficient attention. It is very probable that the 3-phase line could use a
cheaper technology such as autotransformers and thus become significantly more feasible than the HPO
option. Again, this is speculation, and requires a deeper examination.

Despite the above comments, the study is nevertheless extremely usefu), and gives rise to a number of

general conclusions:

¢ the terminal equipment costs for a PO line are invariably higher than those for a 3-phase Jine. This is
because 2 or 4 transformers are needed for HPO as opposed to 1 for 3-phase, and even though the
former are rated to a half or quarter of the 3-phase transformer rating and are individually cheaper,
their total cost is higher. The same analysis applies directly to circuit breakers.

a  The cost of the tranemission fine itself is less than the cost of the 3-phase line. This is due to smaller,
lighter conductor arrays which require smaller, lighter towers to support them.
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= Due to a greater degree of field cancellation, HPO lines have lower line losses and other corona related
effects, and are thus (in general) cheaper to run than their equivalent 3-phase counterparts.

Before concluding, one last comment must be made. The premise behind (3P¢} fines is not so much
economic superiority as line compaction. The object is to use the ROW as effectively as possible by
squeezing into it as much power as possible while keeping the environmental criteria at the edge of ROW
(such as E and H field, audible noise, etc.) the same, This comparison did not take into consideration the
cost effect of the land savings - for reasons which have been discussed above - but in essence this is what
this technofogy is primarily geared for. It is thus in the author’s view that a more meaningful study would
be to make some kind of breakeven point of the land costs, i.e. if HPO technology is slightly more
expensive than 3-phase (which unfortusiasely it seems to be) but saves on land, how expensive does the land
need to be in order to make compaction economically worthwhile?

4.4 The First Test Line

4.4.1 Background

In 1973 the United States Depariment of Energy spotisored a project for the construction and testing of a
six, and twelve phase line in Meilta, NY. While anahical information was sbundant, nowhere in the world
had anyone constructed such a line before, and as such, this repiesented a great leap forward in the
evolution of this concept.

4.4.2 Line Description

The line iisclf was to be 366 m long, with » phase-ground voltage of 80 kV, representing twu 138 kV 3-
phase circuits appropriately phase shifted and interleaved. The conductors for both lines were chosen to be
336 kemil’ ACER (18.3 mm diameter) which is considered small for this voltage level, but was done to
give sufficient noise to be measurable, and quickly detect any problems if they were to occur. The conduc-
tors themselves were arranged into 4 circular asray with a phase-phase spacing of 1 m, tésulting in a tower
window of 4 m for the 6-phase line, and § m for the 12-phase line,

4.4.3 Power Snpply Sub-station

Electrically, the power was generated at 4300 V 3-phase and was stepped down to 208 Vin a 150 kVA 3-
phase pad mount transformer. This intermediate voltage was used in order to simplify switching and
measurement, and a matrix of links allowed rapid shifting of the energization between 6-phase, double
eircuit 3-phase, and single circuit 3-phase with alternate conductors floating or earthed. This was
especially important to radio and audibie noise testing where rapid changes in enetgization allow
comparative measurements to be taken without concern over shifts in weather, The line was then passed
through a bank of 6, single phase, 50 kVA, 208/80500 V transformers connccted in a delta-star
configuration, At the high voltage side of the transformers, the line was fed through radio noise filters
which served the dual purpose of isolating the line into a known length for short line radio noise
measurements, and ensuring that the measured noise was actually generated by the line and not condueted
from the power source, Incidentally, conductor hardware also needed minor treatment to eliminate
hardware corona,

? kemil is a US standard for specifying the cross sectional area of the aluminiem in 2 an ACSR conductor, It js an abbreviation
for kilo-circutar mil, o cireular mil having the area of o circle with diameter of one thousandth of on inch,
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4.4.4 Support structr res

The towers and their asseciated insulator designs had several simuitaneous requirements to fuifill: the
structures needed to be flexible enough to aliow & variety of electrical and mechanical experiments, there
had to be an evaluation of the most promising tower and insulator design concepts, and practicat construc-
tion techniques and hardware needed to be developed and demonstrated. To expediate the process, several
different types of towers and insulators were placed on the line simultaneously, to generate as much data as
quickly as possible,

Initially, the towers were. envisioned as having circular tops with radial post insulators, thus offe ing
simplicity, standard hardware, and no phase to phase insulators, but this design was abandoned since each
post insulator needed an individual support point making the tower unnecessarily cumplmated The three
designs which were put into service on the line were:

1. & portal type, simple wood pole and crossarm structure for the twelve phase line

2. & portal type, laminated wood with laminased crossarm structure for the - ix-phase line

3. asteel lattice, tennis racquet design for the six-phase line, mounted on screw anchor foundations

All 3 towers were proven to be feasible, and int addition, Stewart®™ comments that:

"The savings In space and right of way together with the Wisual advantages of the
smaller structures have been frequently remarked by visifors to the tzst sife.”

4.4.5 Insalator Design

The design of insulators followed 2 different routes: uging afl suspension elements Joaded in iension, which
could be achieved with conveational suspension oomponeuts and using rigid insulators which permit
cantilever loading. |

The first option concentrated primarily on non-ceramic insulators due to their optitnum appearance, Iight
waight, high strength, resistance to damage and ease of erection. Two assemblies were made for 6-phase
and an additional two for 12-phase, and this design proved o be universally very satisfactory.

The szcond option saw two designs being manufactured for §-phase, The first suff..¢d from installation
difficulties as the support hardware design required simultaneous assembly of the insulators and the
conductor clamp. The second design permitted preassembly in th normat way, but in general rigid
insulators werc found to be heavier and longer than the all tension assemblies. In conclusion then, it seems
that tension assemblies give superior performance characteristics than their rizid counterparts and are most
likely to be used in future impiementations of HPO lines.

4.4.6 Insulating Midspan Spacers

To make aptimum use of compaction technology, the differential motion of the conductors in the HPOQ
array can be limited by using insulating midspan spacers. These include the “star™, “hexagon™, “Swastika”
and triple triangle “civil defenge” shapes which are discussed in greater detail in section 3.2.4. As
mentioned previously, while the hexagon shape makes use of phase-phase members, it is lighter, more rigid,
and is loaded compiletely in compression which makes it the design of choice for this type of application.

44,7 Lightning Performance

Althor.gh not strictly part of the practical testing, theoretical lightning predictions show that the HPO line
can -2xpect a marginally higher tripout rate than a similar 3-phase line, but that this variation is considerab-
ty loss than typical annual performance variations caused by year to ycar differences in lightning activity or
soil {grounding) conditions,
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4.4.8 Electrical Testing

The success of HPO lines relies directly on its ability to mitigate various harmful electrical environmental
effects, and as such, this is perhaps the most crucial aspect of the test program. As mentioned previously,
the line was buiit with an excessively small conductor (1.83 cm diameter, 336 kemil ACSR Linnet) so that
conductor surface gradients will be at their maximum, and zoise levels will be measurable. Four parameter
were then examined: radio noise, audible .oise, corona loss, and ground level eleciric ficlds, and each of
these are discussed in turn below.

4.4.8.1 Fair Weather Radio Noise

The conductor array was energized 1z 6-phase mode, and double circuit 3-phase mode producing similar
medal excitations but different in magnitude. The radio noiss was then calculated using an empirical gene-
ration function, and modzal propagation analysis to show that the lateral profiles for these two alternatives
should be similar in shape but offset from each othor in magnitude. The measured profile shapes were
identical to the predicted shapes {within the accuracy of ineasurement), but the f-phase profile was appro-
ximately 15 dB below the double circuit 3-phase made, It can thus be said that both theoretical and
enipirical methods for radio noise prediction are valid for 6-phase lines,

4.4.8.2 Wet Conductor Audible Noive

A simi} ¢ behaviour is observed for audible noise, where double circuit 3-phase, and 6-phase configura-
tions result in similar curves but offset by a coristant magnuude. Again, measured and theoretical results
agree very well, but measured curves tend to attenuate quicker with increasing distance from the centre line
than calculnted profiles due to trees and other obstructions preventing a clear view of thie entire lins from
greater lateral distances,

4.4.3.3 Corona Loss

1 most direct measurement of excessive conductor surface gradients is arguably the amount of power
lost to corona (while audible noise and radio noise are secondary corona related effects). Thisisa
continuously varying quantity and requires a statistical analysis for a more accurate deseription,

By measuring the current and voltage put into the line and calculating the real power input, corona ess for
the 366m line was caleulated to be 2046 W per phase for the double circuit 3-phase case, and an astonish-
ing 338 W per phase for the 6-phase case. This result is consistent with reduced conductor surface
gradients, and lowered audible noise and radio noise levels,

4.4.8.4 Ground Level Electric and Magnetic Fields

Measured ground level electric fields directly below the conductor showed that 6-phase energization gave
(.52 kV/m, while double circuit 3-phase gave a significantly reduced 0,065 kV/m which is also in good
agreement with caloulated values, Although the present values are of no concern, ground level electric
fields could assume greater significance at higher voltage levels, The magnetic field magnitudes at the
centre of the array at ground level were 0,047 A/m for the §-phase case, and 0.042 A/m when the line was
energised as a 3-pharc line with aiternate phases left floating, which is in agreement with predicted values,

4.4.9 Mechanicel Testing

The test line was also subjected to a series of mechanical tests, to determine the behaviour under wind and
ice loading since this aspect can be sritical in the spicing of a compact HPO array. Simulated ice loading
was abruptly rleased using the blasting fuse technique and resuiting conductor motions confirmed
analytical predictions of jump magnitude and insulating spacer performance.
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4.4,10 Switching Surges

An extensive Transient Network Analyzer (TNA) study was conducted on the line and while the details of
this study are far too intricate, it is sufficient to note that surges behaved as capcated, with phase-phase
surges on phases separated by 60 electrical degrees were the most severe on a »=r unit basis of normal
operating voltage, and thus ultimately determine the amount of compaction acki.vable,

4.4.11 Discussion

While there are no criticisms of this paper pe: se, it is necessary to appreciate that this work showed that
HPO lines can physically be implemented, put into service and opjerated, The analytical techniques
currently used are valid and can be used with confidence for future design of HPO lines,

The main lessons lsamed from this study are that towers are cheap and easy to make for 6- and 12-phase
lines, standard insulator and hardware components can provide simple and attractive support systems, as
well as optional midspan spacers for increased compaction. While corona velated effects are dramatically
reduced, the strength of ground levels electric fields is higher for HPO lines than for the same array
energized as a double circuit 3-phase line. However, when compared to a similar thermal capacity
standard 500 kV 3-phase line, the field strength of the HPQ array are actuelly lower,

Having constructed and tested a physical HPQ line, it seems at this stage that there is nothing preventing a
utility from taking the initiative, and marching forward with the implementation of the first HPO trans-
mission line to be put into service. In fact, this was precisely the case, and forms the topic of the next, and
final case study.

4.5 First Utility Application: The Goudey-Oakdale Line

4,5,1 Backeround and Goals

The work described above had taken place over a peried of almaost 20 years and had reached a state where
almost all technical {ssues had been addressed, accurate ling madels have been developed, and a short
section of 6 and 12 phase line was physically constructed and

i 3.05 tested, At this stage, the industry scemed poised for the next
-] @ eresrungnnses phase of the research, and in 1988 a project designed fo demon-
strate the commercial feasibility of HPO transmission was under-
, 16 _ KA} taken by the Efnpirc State glectrfc Energy Research Corpqraﬂan :
!"“"'—“"'—"“_‘5'—"" ) {ESEERCO), in collaboration with New York State Electric and
® | R Gas Corporation (NYSEG}, and Power Technologies Incorpora-
t@d (PTI)[N.HJS.I?.IH.IMZEI .
3.05 3!
§ et e it ol e
5 , ........................... After an exhaustive search of afl double circuit lines within the
New York area, wit!  ue consideration to line length, outage

5. ] et potential, exten: of modifications neccssary, and accessibility to
Figure 430 fug;fﬁ;’f“w’ e conduct tests, the 2.4 km line linking Goudey and Oakdale

substations just outside Binghamton, N'Y was selected. This line
was operated as a 115 KV double circuit 3-phase line, ownt 4 and operated by NYSEG, and was to be
reconfiguted to run as a single circuit 5-phase line with phase to ground voltage of 93 kV (which, incident-
ly is equivalent to two, 161 kV 3-phase circuits appropriately interleaved and phase shifted). This represen-
ted an i.icrease in power of 38% and involved not only a re-phasing, but also a voltage uprating, which
would require a complete insulation co-ordination study.
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From the very outset, it was necessary to define precisely what this project was aiming to demonstrate, and
this was formalized into the following set of objectives'”.;

* tooperate on a comumercial basis, as a 6-phase system integrated info an existing 3-phase network

¢  fo design and configure substation equipment at both ends of the existing line double circuit 3-phase
iine, to give 6-phase aperation

identify and resolve technical prablems arising from the conversion

develop guidelinies and tools/techniques in building and converting existing lines to 6-phase

identify environmental benefits arising from the conversion ' '

determine the economic break-even point of how 6-phase compares to other options

utifize advanced equipment as much as possible

demonstrate that existing double circuit 3-phase towers can be utilized or modified to accommodate 6-
phase systems

These goals will serve both to guide the research, and focus attention on what needs to be done, philosophy
of the design, and key questions that need to be answered, The entire program will be carried out in four
phases: .
Phase 1: Analytical studies, development of design eriteria, detailed cost estimates and schedules for
~ phases 2 and 3 (May 1989 - May 1990)
Phase 2 1 Design engincering, procurement and construction {(May 1990 - April 1992)
Phase 3: Testing, operation and maintenance (May 1992 « April 1994)
Phage 4 : Decommissioning (May 1994 - March 1995}

Whie these phases will be discussed in the following sections, the descriptions are deliberately kept very
brief with the aim of the giving the reader a clear picture of the line, but not to involve him in the laborious
details of design and planning. Instead, the focus has been placed on the cutcomes of the project, and
important lessons learnt.

4.5.2 Phase 1: Approach and Results

This phase of the project was completed in June 1990, and showed that it was possible to locate the
115kV/161kV transformers and their associated switchgear at both Goudey and Oakdale with _
modifications to the existing substations. A survey of the line confirmed that the line could be operated at
the proposed 93 KV phase- ground (97.6 max) if the number of insulators per string is increased to 8. With
these clearances insulation is sufficient for both power frequency, and switching surge stresses, with
lightning performance essentiaily unchanged by the conversion. Candidate structures have also been
jdentified for retrofitting with 6-phase, compact-structure tower tops.

Simulation has shown that radio, audible, and television noise will be within acceptable limits after the
conversion, and a plot of ground levet electric field strenpth indicates that the 6-phase line meets New York
State edge-of-right-of-way limits, It is interes 1 to note however, that while all the above magnitudes
remain comparable to the existing double circuit 3-phase tine, the ground level magnetic field strength
experiences a dramatic drop after the conversion for predicted loading levels.

Two A-Y 3-phase transformers will be installed at each substation, with the secondary of the ong transfor-
mer reverse wound for the 180° phase shift, The increased inipedarices of these transformers cause a
decrease in the [oading of the line after conversion, as well as lowered fault MVA levels for 3-phase, and
single line-to-ground faults near either end of the line. Transient stability remains essentially unchanged.

Protection will test the newly developed single phase tripping option, using live tank circuit breakers on the
6-phase sidz of the transformers. Single phase trip, reclose, and block logic will be implemented with the
aid of a microprocessor controlled system, utilizing current differential relaying and segregated phase com-
parison relaying as the primary protection, and stand alone digital distance relayirig as the back-up
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protection, The primary protection will use multi-mode fibre optio cable, phase wrapped into one of the
conductors. CT’s and PT"s will be linked to steady-state/ transient event recording instruments for analysis
of the performance of the line, Other instruments necessary for ficld tests as well as measurements of *he
operating, reliability and maintenance of the line were identified,

4.5.3 Phase 2: Activities of the HPO project

This phase comumenced in June 1990 and inciuded detailed design activities of the project, including the
development of substation design modifications, and procurement of equipment. This was done to support
construction scheduled to begin in April 1991, and a target completion date of February 1962,

A complete list of equipmetit necessary for the upgrading of both substations was generated and inchided
transformers, circuit breakers of the single pole, live tank design to demonstrate the substation compaction
concept, switches, surge protection, and an axtensive relaying and metéring/monitoring svstem. Protsction
will be as discussed above, and the trip logic diagram is given in figure 3.3.5.a,

Exiting the transformers, the six phase conductors will connect to a horizontal fattice, and from there are
rolled vertically tq a structure where the phases will be transposed to achieve the required physical
displacement between phases. From then on, the line continues through a series of towers composed of
conventional double circuit 3-phase towers, and compact structures of the round-top “tennis racquet”
design in order to demonstrate line compaction concepts associated with 6-phase technology.

4.5.4 Phase 3: Testing

Testing is scheduled for a two-year period over which measurements will be carried using the same basic
procedure ag the Maita test lines, with a view to extend the results of the previous experimental work, The
testing is grouped inte several categortes:

Power frequency parameters

Swilching measurements

Corcna loss

Transient parameters

Staged fault tests

Elsctrical environmental parameters

" & & ¢ W @

The magtiude and angle of both voltage and current will be measured to determine line operation, the
degree of tabalance, and provide data for other tests. The capacitancs matrix of the line will ke determined
by measurirg line charging current. By staging low voltage fault tests, the line sequence components and
shield wire current witl be measured,

To determing the cffectiveness of single pole switching, measurements will need to be taken of open circuit
voltage, ar:d short circuit current induced onto the switched phase , as well as the degres of unbalance on
energized phases in order to determine the feasibility of extended operation with only 5 working phases.

A tremendous beriefit of selecting this line is that it can be taken out of service for testing, which allows a
variety of measurements to be made to verify predictive methods, Two examples of this are corona loss,
and switching surge measurements,

4.5.5 Conclusions and Discussion

Unfortunatcly, there have not been any recent publicatiotis describing the outcomes of the Goudey-Oakdale
line, or in fact anything in the literature past phiase 3 of the project, For this reason, the head of the
research team at PTI, Dr. James Stewart, was contacted personally by the author and asked to report on the

results of the project,
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Initially, Dr. Stewart was asked whether the line performed better or worse than he had anticipated. He
answered that perhaps the most important single result of the project was that the line worked as expected.
Line loading, electric and magnetic fields, radio and audible noise, single pole switching, coupling to
switched phases and relaying all worked as anticipated, and correlated well with predicted values. Single
pole switching was also tested to agsess the line's performance with one or two phases cut of service and
the line operated for a period of time in the above state with no problems.

Another major result was that the relaying worked well. A series of staged fau't tests, and two naturally
occumring faults showed that the relaying operated as predicted from tests on a relay simulator based on
EMTP calculations. The conclusion was that it was possible to protect 6-phase lines using commercially
availabie relays,

The next question posed to Dr. Stewart was whether this technology was still feasible and cconomically
Justifiable, and if so under what conditions. He replied that the project definitely showed that the
technology is not only feasibly but ready for application. It is economically justifiable for uprating of
double circuit 3-phase lines, and for new construction in locations where right of way is. constrained. If
space is no object, then there is no reason te go to G-phases, but if it is ani issue, 6-phase may not only be
technically advantageous but economically superior too.

Aslked whether there were any problems on the line, Dr, Stewart replied that when the line was originally
encrgized, fibre optic cabls was placed on the lower two phases for relaying communication, and went into
corona in the section where compact towers were used causing excessive radio noise. The optical fibre
cable jacket had deteriorated after only a few months of operation. The phase wrap optical fibre was
changed to an all dielectric seif supporting fibre (ADSS) in the compact section which solved the probler.
This, however, was not a function of 6-phase per se, but the actual compaction process, and could happen
oh any compact 3-phase line.

When the line was first energized, the line currents were not as balanced as expected, This was later fouwid
to be a problem with negative sequence currerit flow from the generator and not the 6-phase line, For
magnetic field testing, some switching was done at Oakdale substation which balanced the line currents.
Also, the first design of in-span insulating spacers in the compact section had mechanical and electrical
problems, but the second design worked well,

Asked for any last comments, Dr. Stewart concluded by saying that simulated (power off) live line
maintenance repiacing of insuiators and spacers had been performed in compact section to show that live
line maintenance is possible. The transformers worked, but it was believed that a less expensive option
should be possible for phase conversion,

In addition, William Guyker (another leading researcher in HPQ wotking for Alleghany Power Systems)
was also approached and asked for comments on the Goudey-Oakdale project. His view was that this
project was very valuable in bringing attention to the prospect of HPO, this line was rather short (2.4km})
and so could not act as an important system element, also the transformer was simplified and could not
show value over simple voltage uprating,

4,6 General Conclusion Regarding Case Studles

Having examined a small sample of the available case studies in the literature, several conclusions can be
made about 6-phase lines, and it is felt that these should be summarized below.

Throughout the literature, it is generally agreed that the cost of the actual high phase order line per unit
distance is less than the power equivalent 3-phase line, This is due to the fact that HPQ lings are more
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compact and can generally fun at a lower phase-ground voltage than their 3-phase counterpart, resulting in
smaller, shorter, and subsequently lighter towers. It hay been suggested that HPO lines require more
conductors than 3-phase lines due to the increased phass vumber, but this is also generally not true, since
3-phase lines employ multi-<conductor bundles whereas HPG typically uses one ot two conductors per
bundle, with conductors generally being smaller and lighter.

On the other hand, terminal equipment is more costly for FPO lines. This is inevitabls due to the fact that
more transformers are necessary to achieve the required phase shift, and more cireuit breakers are necoessa-
ry simply due to the increased number of phases. An added issue that arose on the first case study compa-
rison (section 4.2) was that a 3-phase network could use an autotransformer to achieve its transformation,
whereas the HPO network eould not do this due to its inberent phase shift. This, in itself, is an issus which
could reasonably exclude HPO from econcmic viability {unless there was an added factor such as land
cOSt).

The tiird case study examined He'O technology used for bulk transmission and compared 2 1200 kV
experimental system with a similar capacity HPO system, While breakeven distances were generally low,
the study has shown that it is important to carefully consider the choice of base tase, in order to have a
non-biased, valid comparison,

The fouith and fifth case studies were basically reports on practical lines that have been constructed and
tested, and the feedback from these experimental test lines has been invariably positive indicating that the
technolagy is viable, feasible and ready for application.

In general then, from the literature surveyed it is the conclusion of the author that while HPO lines offer
many unique advantages, they invariably suffer from a cost disadvantage, Some work on economic
comparisons of HPC and 3-phase lines has shown HPO to be economically superior, but it is believed that
som v issues have been side-stepped, and practical comparisons in a r'ven iocation for a given line will
onege. ‘emonstrate that HPO linss do suffer from slightly higher 3.

This point was raised during an email consultation with William Guyker of Alleghany Power Systems, and
the question was agked why work into HPO had stopped in the mid 80°s. His reply was simple and
straightforward;

“As 1o Alteghany Power; everything we do is based on engineering economics ard need,
HPQ did not pass these tests, Today with the start of 150 s and open markeis, a mast
severe market value assessment will replace engineering analysis i.e, will it pay back for
tiself in say 5 years as a vital, reliable, market asset,”

However, HPO technology is unarguably a very powerful method to maximize power transfor through a
given right of way, and in the foreseeable future it is probable that land costs, and demand for electric
power, will rise to such a degree that current technology will simply become economically inferior to more
cfficient methods of power transmission, such as HPO, In essence, the added cost of obtaining that
sfficiency will be offset by the added cost of the tand, and from that perspective it is vitally important to be
aware of this technology as a possible key player in fuhse transmission (it should also be borne in mind
that the massive transenission system which is currently operating wilt eventually reach the end of its
normal service life, and will need replacing at approximately the time when land costs will become
sufficiently high, again placing HPO in & very favourable light,)

Having =xamined the current position of HPQ worldwide, it is necessary to turn our attention to an actual
South African case study, and assess the viability of this techinology for a local line, at the present
economic climate,



5. HPO in the South African Context: A Case Study

8.1 introduction

High phase order lines have been extensively studied for the past 25 years, generating the knowledge .
sxperience nétessary to successfully design, implement, and run such a line, While several caze studi...
have been produced to ascertain the economic viability of FIPO lines, these were all performed in the early
to mid 80's and geopraphically limited to the United States only (and only 2 regions within the ¥ to add to
that.), It was thus felt that to truly gauge the econamic standing of this new technology, a umip, - . 4th
African study would need to be carried out, and it is this endeavour which forims the subject of 1.~ tast
chapter.

The study proceeds in 2 parts: the first part is a comparison of a HPO line to an existing 3-phase line which
is currently operating in South Africa, and takes the specific sconomics of thig line into account, The
second part examines a theoretical poinit-to-point link, comparing 3-phase and 6-phase transmission costs
to determine a breakeven distance beyond which a 6-phase line becomes the more economic option.

" As mentioned in previous sections, there are certain types of 3-phase lines which lend themselves more
directiy to ¢omparison with 6-phase, and thess must be borne in mind when selecting a 3-phasef - e
for comparison. Firstly, since terminal equipment costs mors for 6-phase than for 3-phase, bv., -~ ual
transmission line costs less, it is favourable (for the HPO case) to have as much transmission i
possible relative to the amount of terminal equipment, that is, make the line as long as possible and
niinimize the number of “T-offs™ which would require additional substatiou..

Next, it has been shown that with increasing voltage levels, the breakeveﬁ distances tend to become
smalled"™, so the candidate line must have a high enough voltage in order for the 6-phase line to be
coniparable,

Finally, the greatest advantage of HPO technology is its ability to maximize the power density within a
given right-of-way, or conversely, to minimize the ROW necessary for a given power transfer. To take
advantage of thig attribute, it is necessary to choose a 3-phase line which runs through an area having a
relatively high land value,

Other considerations were 1o build a 6-phase line where andio, television, and radis icise were a problem
since HPO transmission can dramatically improve on these. This was eventually discarded, however, since
such lines were considered an atypical case rather than a typical one, and corona related problems can be
addressed more easily by the installation of larger diameter conductors, and corona-fres design,

Having delineated the necessary attributes of the 3-phase base transmission line, a search was initiated in
collaboration with ESKOM transmission line design section through all the existing and planned trans-
mission lines fitting the above description. ‘The search yielded 3 candidate lines, of wiich one was selected
and is discussed subsequently,

5.2 The Camden-Duvha Line

5.2.1 Spacing

The line chosen to bs the base case for comparison was a single circuit, £04) kY, 3-plase interconector
running between Camden and Duvha power stations, and spanning approximately 100 km. This line thus
satisfies all of the reguirements cutlined above (i.e, length, valtage level, minimal tap offs) and has
dimensions as shown in fig, 5.2.1..a. A further characteristic which has made this line an interesting base
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case is that it was built using the very latest technology by ESKOM, which makes it by far the cheapest
line in its category. Tt utilises a “cross rope suspension tower” which is a slightly hybridized “guyed V™
tower, having only a cable running across its top, from which the three phases are suspended with “I" type

insulator strings,

3-Conductor
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Figure 5,2.1.a: Dfmmmandhyaur qﬂh 400 k¥ 3-Phase Camdm-Dwim Lina

Using only the dimensions of the ling, and voltage level, it is possible to dotermine certain electrical

characteristics which will form the criteria of the 6-phase line design,

5.2, 2 Electrical Charactcrist:cs

s, . [ “bundie
' { 1} Poh

The inductance and capacitance of & 3-phase transmission lme of arbitrary symmetry is given by the

following standard equations!

L=2x107 ln[-D—J wi(3.2.2+1)
2ne

=2 _ ,( ) (5,2.2-2)

inductance per metre [F/m]

Capacitance per metre [F/m)

Permittivity of free space [8,85%10"2 F/m]

D= Geometric mean distance between phases = {!D,, XDy %Dy, [m]
D, Geometrit mean distance between the conductors of one phase =
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Substituting the line spacing into the above equations, and remembering to correct the radius of individual
conductors by a factor of & due to interoal fux linkages, the following values of inductance and
capacitance are obtained for the Camden-Duvha lire:

L=0.84 pyHm
C=13.25 pFim

Now, power transfer capacities of transmission lines can be compared in several different ways, and the
means of comparison depends primarily on the characteristics of the line itself, For short Iines that do not
impact on the stability of the transmiission system itseif, the thermal limit applies; this is defined as the
maximum current that can be carried, before thermal Josses canse excessive sag on ihe ling, or annealing of
the actual material. Because of stability considerations, longer lines are limited to lower pover transfer
t'*anshomhnes,andwhﬂeshmlmmbehadﬂdmﬂuﬁlemdhnmmchmbeswerﬂnmms
surge impedance loading (SIL), longer lines are limited to SILM

SiL :sdeﬁncdasﬂ;epuwamfemdbyammsmhne,whenﬂmhneuwmunﬂedby

arrangement of resistors each having a value equal to the surge impedance of the line. When the lirs is
loaded thus, the redctive power generated by the ling capacitance approximately equals the reactive power
used in the line inductance, For this case study, it was decided to design the 6-phase line to have
cowparable SIL to the existing line *  *n jts length,

The surge impedance of a lossless 3-phasc line is given by the following formwla:

Zy= E‘ _ .(5.2.2-3)

and substituting the above values yields: .
Zo=25175Q

Surge impedance loading is calculated using the standard formula

]
S _f_ (5.2.2-4)

L}
giving SIL=633.6 MVA

It is now possible to proceed with a design for the power-equivalent 6-phase line.

5.3 Power-Equivalent 6-Phase Line

5.3.1 Transmisslon Line Design
The formula for surgs impedance loading power transfer for a 6-phase ling is given by:

3
SILS -_-E'L ...{513"1)
Z
where
N = number of phases in the system (6 in this case)
¥ = the phase to ground voltage [V]
Zs =  surge impedance of the 6-phase line [Q2]



In uvder to achieve an equivalent power transfer from the 6-phase line, it was necessary to choose some
standard voltage leve! (thus taking advantage of existing equipment), and then manipulate the geometry of
the line until a suitable surge impedance was achieved.

The existing Camden-Duvha line had an operating voltage of 400 kV (phase-phase) and the nearest
standard level below this was 275 kV, Thus, the first batch of designs was produced for this voltags level,
but it was invariably found that 275 kV was just slightly too low o achieve the same SII.. Retuming to 400
kV made the SIi. far too large, and 50 an intermediate {and unfortunately non-standard) operating voltage
of 300 kV was decided upon (note also that 300 kV is the phase-phase voltage of the 2 tonstituent 3-phase
sets, which corresponds to 173.2 kV phase-ground),

Having set an operating, voltage, and knowing the number of phases to be used, the only remaining factor
was to determine the required surge impedance using equation (5.3-1). The spacing of the line follows
directly from the surge impedance and is described by the equations below:

o Zﬁ% x Jg xP, A532)
po DS o2 lcondZ)) s
and:. -

R = Radius of the enfire §-phase array, when arranged in a circle fm]
r = Radius of one phase conduetor, or effective radius of one conductor bundle [m]
N = Number of phases in the array

Again, an iterative process was vsed to dimension the line, sizing, caloulating the surge impedance, resizing
and so on. Tt was found that the surgs impedance (SI) was very sensitive to the R/r ratio, which needed to
be very low for the correct S1 value, this meant that cither the radius of the whole phase array was to be
made extremely small, or the 1adivg of the individunl conductors was to be made extremely large. The
solution finally adopted was to switch to a 2-conductor bundle for each of the phases, thus increasing the
effective radius of each conductor dramatically, while saving on cost, and lowering the R/r ratio,

The conductor originally used for the 3-phase line was a 35,56 mm diameter Bersfort, but since there were
originally 9 conductors in total (3 phases with 3 cobductors per bundle), and the new number of conductors
was increased to 12 (6 phases with 2 conductors per bundle), it was decided to use a smaller diameter
conductor. A Tem conductor having a diameter of 27 mn was the next conductor in the range, and was
the final choice for the é-phase Jine,

There were several aspects which were not considered in the design of the HPO line, which were electric
and magnetic fields, corona loss, radio, audible and television noise, as well as switching surpe and

lightning surge performance. This was done {or not doue) for the following reason: it was felt by the
author that the main focus of the project was an economic analysis of HPO lines, and for this reason a
candidate line had to be designed so that an accurate costing could be done, Thus, the aspects described
above do not need to be quantified per se, but only assured that they fall within acceptable limits,
Referring to the literature, 3 cases of 6-phase lines were found™ with a nominal voltage of {38 kV phase-
ground, and R values of 1.8m, 2.44m, and 2.13m. These lines were completely analyzed with regard to the
above parameters and performed satisfactority under NY state regulations which is among the most severs
in the US. Scaling the above distances to 173.2 KV phase to ground, the values of 2.26m, 3.06m and
2.67m are obtained respectively, and thus the chosen radius of 3m for the present line will perform
satisfactorily with respect to E and H fields, corona loss and related cffects, as well as switching and
lightning surge performance,



The final dimensiony of the line are shown on the diagram below:
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Pigure 5.3, ).a; Geomelry and Dimensichs of the Candidate 6-Fhase Cireyit

5.3.2 Tower Design

Thie tower designed for the 6-phase line is based on the designs produced for the economic analysis of
reference [8]. The final tower chosen was scheme 5, whnhwasaguyedpomlmmdwasshmbbe
the cheapest of alf the other designs, This towsr is illustmtéd in figure 5.3,2.a,

As can be seen, this tower was criginally designed fora 12-
phase, 317 kV {phase-ground), single conductor per bundle
system and needed minor modifications. Since the 6-phase
design uses 2 condictors per bundle, the total number of
conductors remains the same, and thus that component of the
vertical loading remains unchanged, The voltage of the 6-
phase system is much lower, and there are only 6-phases in
total, so the win-dow of the portal tower can be made much
smaller, and the clearance reduced.

It was decided to retaiit the span lengths originaily used for the
Camden Duvha line, implying that the total number of towers
will remain he same, The ratio of strain towers to suspmslon
towers was also kept constant for purposes of comparison, as Figure 5,3, 2.a: Schematic Representation
well as the height of the towers, of @ 12-Phase, 317 &V Tower

Itshouldbementmnedmclosmg,ﬂmttbewwmchosen for

the 6-phase design require a much narrower ROW than do the existing cross rope suspension towers. "This
is because the latter towers have structural elements surrounding the outer conductors, and guys projecting

from the top of the structural members outwards. While the 6-phase tower has a structural frame

surrounding the 6-phase amray, the guys project towards the centre of the tower, and not outwards, thus

dramatically reducing the width necgssary for the transmission corridor.
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5.4 Costing Comparison

5.4.1 Overview

Admittedly, any costing comparison is a complicated and highly intricate excreise, and invariably must take
into account the specific economics of the case at hand. However, if certain assumptions are made the
costing comparison can be dramatically simplified with only a mitor iess in accuracy. The latter route has
been followed in this project because it would have been extremely costly (and to a Iarge extent unnecessa-
1y} to hire out ESKOM’s line design team for a comprehensive economic analysis of the line, towers and
designated route, hire out substation designers for converting substations to HPO, an® uansformer
manufacturers for the required 6-phase transformers, The assumptions made are simple, and can give a
very good idea of the costs involved and breakeven distances necessary.

The first assumption was to ignore the cost of land, Now, since the 6-phase line requires a much narrower
ROW than does the conventional 3-phase line, it would have saved & preat deal of money on land ~osts, so
effectively it’s advantage is taken away by this assumption. This kas been done because consultudan with
line designers revealed that transmission corrider width in South Africa is determined by the voltage level
and configuration (eg, double circuit 3-phase) ratber than edpe-of-right-of-way field and noise levels,
When told about the lowered voltage, it was again stressed by ESKOM that legiskation for ROW of 6-
phase lines was not in place, and as such would most likely be aflocated the same ROW ay the origina!
Camden-Duvha line. Since this area was ill defined and land costs are extremely variable, it was decided to
forego the advantages of a narrower ROW and disregard this part of the economic analysis.

The second assumption made was to consider that substation upgrading costs consist only of transformers,
transformer bays, and line feeder bays, This assumption is very similar to the one made by Stewart where
he considered™'” terminal costs to be dominated by transformers and circuits breakers, except that in this
assumption, the substations for the 3-phase and 6-phase case are identical throughout, except for the very
last stage where the 3-phase line is either fed into a single 3-phase transformer (which requires a single
transformer bay) and out through a single line feeder bay, or is fed into 2 smaller 3-phase transformers
{requiring 2 transformer bays) and then out via 2 line feeder bays. Thus, only the difference between the 2
substations is considered, and there is 1o attempt to obtain complete substation costs. Incidentally, the line
feeder bays include a mmplehc 3-phase circut breaker, so having 2 line feeder bays for the 6-phase line
automatically gives the correct number of circuit breakers.

Using the above 2 assumptions left only 3 components to be costed: the transmission line itself, line feeder
bays and transformer 3ays, and the actual transformers, Each of these elements is discessed in turn beluw.

5.4.2 Transmission Line Costing

This elem. .t was by far the most difficult to assess, not only in terms of the actual costing itself, but
finding the 1ight wtility, section, division, and so on. The final costing was done through a series of
consultations with Frans Ritky'® of ESKOM’s line design section.

The costing proceeded as foltows: first, the original scheme 5 design™'" was entirely cost assessed, The
reason that this particular design was chosen was because it was the cheapast of the 6 designs considerad in
the paper, and most important!y, al{ vertical, longitudinal and transverse loading values as well as limiting
conditions were given, in addition to computed base tower weights. Thus, all the necessary information
was given and the costing could be done easily and precisely. The next step was to scale the tower to the
specified size (because the original tower s designed for a 317 kV phase-ground, 12 phase system), and
scale the various costs accordingly to obtzin the final tower costs.



In scaling the towers (and costs), certain assumptions were made and are listed below:

1, Toawer base weights are smaller because the mass of conductors is dramatically reduced which reduced
the loading, towers are shorter due to a lower nominal voltage, and towers are narrower because there
are only 6 phases as opposed to the original 12, operating at 173 KV as opposed to 317 kV. Taking all
the above factors into consideration, the new tower costs are reduced to approximately §0% of the
original tower costs,

2, Insulator costs are halved because there are only 6-phases as opposed to 12, requiring only 12
insulators as opposed to 24. In addition, the insulators are shorter and lighter due to the reduced
gystem voltage, and are modelled as 6 V™ strings to be compatible with the costing program,

3. Itis assumed that the line is a straight point to point link, and thus 280 of the 303 towers were made to
be suspension towers, 15 were light strain towers, and 8 were heavy strain towers,

4. Conductor diametor was also reduced. The original scheme 3 tower used 12 conductors of 35 mm
diameter, but this was considerad to be too much, and so the next conductor in the range, a 27mm
diameter conductor was used instead,

Appendix A contains printouts of 3 cages that were analyzed on the transmission line costing program,
The first case is the original Carnden-Duvha line which is the base case for comparison. The next is the 6-
phase line designed with light, 27nun diameter conductors (Tern), and is the HPQ representative case. The
final case is a similar 6-phase design but using the original 35.5mm diameter conductors {Bersfort) to
illustrat the effect of conductor diameter on cost.

The respective casts were:
I, Camden-Duvha 3-phase base case; 578 557,59 R/m
2. 6-Phase line, light conducter (Tem) 468 480,14  R/km

3, 6-Phase line, heavy conductor {Bersfort) 610 360,45 R/im

As can be sean, simply changing the conducter diameter - without modifiying tower base weights, eto. - to
the next value in the range has resuited in a sharp rise in costs, which is consistent with the observation that
conductor costs are by far the dominant factor in line design (for this line, at least), Thus, to optimize the
6-phase line further, it is suggested that steps be taken to minimize conductor mass as much as possible, by
either considering alternative configurations and bundling schemes, or raising the system voltage.

5.4.3 Bay Costing

Transformer and line feeder bays were priced with the help of Lawrence Ryan!™ of ESKOM’s substation
des*en section, As mentioned above, the only additional substation equipment necessary aside from the
transformers themselves, are the bays in which they are housed, as well as line feeder bays which consist of
the mechanical support structures and a complete 3-phase circuit breaker,

Another point which must be mentioned is that there is no bay equipment rated to 2 nominal 300 kV (which
is the phase-phase voltage of the two, 3-phase circuits comprising the 6-phase line), and thus the approach
taken was to price equipment for 400 kV systems price similar equipment for 275 kV systems, and linearly
interpolate the prices to obtain a 300 kV system. The results arc given in the table below:

“Transformer bay . RL63Smil TR2,40 mil-
Table 5.4.3-c: Transfarmer and Ling Feeder Bay Casis
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5.4.4 Transformer Cosis

Transformer costs were obtained with the help of Keith Plawden'", chief executive of ABB PowerTech
Power transformers. For this project, iwo types of transivrmers were necessary: a two winding transformer
- two of which were to be used for the 6-phase transtormation, and a standard autosransformer which was
to be used for the conventional 3-phase line,

Asv s discnssed earlicr, the 300 KV nominal voltage level which was to be used for the double wound
transformers was a non-standard one and so there were no “off the shelf” models which could be priced.
However, ABB PowerTech stated that such a transformer could easily be built up, as could any other
transformer in this voltage and power range, and priced acconding to the standard formula given belov,

. MVA)“’
Pnce-[ 200 x 15 ...F5.4.4-1)

This formula uses an 800 MVA transformer - costing 15 million rand - as a base. To cbtain the price of
the new transformer, its MVA rating is substituted into the formula, and the ratio of the new MVA rating
overtheSO(}Mkaase,msedtoaounEMpawcr gives a scale factor for the !5 million rand base and

subsequently the new price,

A similar formuls was obtained for the antotransformer price. Again, the formula used an 300 MVA
’ hansfon‘_nerastiwbase for the caleulation, but costing 11.2 million rand. The new formula is given below:

MvA™*
Pri -_-(—-) 11 (5442
rice 200 X112 { )

Finally, the question remained of how to rate the transformers. Reference [13] shows a graph of
transmission-line loading versus distance, using SIL as a base, This graph shows that the line is Joaded to
1.0 SIL only at 300 miles, so rating the transformers to 600 MVA - the line’s SIL would be too low. Also,
the line’s thermal MVA rating was arproximately 2000 MVA, which is 3.3 SIL and this type of loading is
only achieved with lines below 60 miles, The key was to establish a range of preliminary breakeven
distances for the line in order to know the loading and hence transformer rating,

This exercise yielded distances of the order of magnitude of 200 - 250 km, and over this distance, loading
was approximately 1.6 SIL, Thus, the total capacity of the line was set at 1000 MVA which is 1.67 SIL,

Another approach was to consider the original Camden-Duvha line and its rating, This line has a thermal
limit of 2000 MVA, and a length of 100 km. If the length is doubled, the series impedance of the line is
also doubled and stability-power limit is halved. If the thermal MVA is kept at a certain ratio to the
stability-power-limit, then it is also halved and for a 200 km line the loading will be 1000 MVA (or less if
the length is increased further,). Rating the transformers at 1000 MVA is thus considered accurate for this
length of line, The table below shows transformer costs after equations (5.4.4-1) and (5,4.4-2) have been
applied to the above data,

Line Transformer rating Number of Cost per Total cost of
transformers transformer transformation
3-Phase 1000 MVA (Auto) 1 R 12,7 mil R12.7mil
6-Phase 500 MVA (2 winding) 2 R1l.Zmil R 22.4 mil

Table 5,4,4-a; Transformation Costs of 3= and 6-Pliasa Lines Loaded 1o 1000 MV
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54.5 The Camden-Duvha Comparison

The Camden-Duvha line has been discussed in detail in section 5.2, and after defining the specific elements
to be evaluated, and their respective costs, an economic analysis can be carried out.

The line itself is an interconnector between the Camden and Duvha power stations, and directly links two
400 kV busses. Thus, to implement a 6-phase system, two sets of transformers, transformer bays, and line
feeder bays will need to be installed on both ends of the line, as well as 100 km of actual line itself, The
line will thus cost;

Table 3.4.5-a: Total Costs of 8-Phase Comden-Duvha Line

The Camden-Duvha, being nominally rated to 400 &V does not need any terminal equipment at all, and its
cost is comprised solely of the line cost itsel€, Its cost is then;
3 Phase Cost = R578 558/km x 100 km = R 57 855 800

Comparing the prices of the two lines, it is immediately apparent that the HPO line costs very much more
than the existing line. The difference in cost is approximately R50,7 million and represents an 87.5%
increase in cost over the original line. Clearly, HPQ is not the economic option in this case, and a detailed
analysis will be given in section 5.5,

5.4.6 Breakeven Distance

To make the comparison more meaningful, a hypothetical situation is created where a point-to-point
ransmission line must be built, linking two 132 KV systers, and & breakeven distance is established where
both options will cost the same amount - and above which, the §-phase line will be the more economic
option. Note too, that the two systems to be linked are of a different voltage level to the linc, and thus
terminal equipment will have to be taken inte account for both 3- and 6-phase options,

As above, the 6-phass line requires two transformers, two transformer bays, and two line feeder bays at
each end of the line, as well as the line itself, whereas the 3-phase line requires one transformer, one
transformer bay, and one ling feeder bay at each end of the line, as well as the 3-phass ling itself, These
two requirements can thus be written as two linear equations, with the independent variable x, being the
line length.

ik

A E G, %
L - =61 6§92 000 +468 480x
Tablz 5.4.6-a; Ling Cost Equation for 6-Phasa Line




Line equation

Table 5.4.6-b: Line Cost Equation for 3-Phase Line

To obtain the breakeven distance of the line, the line equation of the 3-phase line is set equal to the line
etuation for the 6-phase line, and the resulting equation is solved for x. This gives a breakeven distance of
225,86 km.

Breakeven Distance of 3- and 6- Phase Linas

3-Phase

--------------------------------

“BE8REESLEEE
Line Length flar)

Figure 5.4.6.a; Brediteven distance

These équations are shown in graphical form in fig. 5.4.6.a and are seen to intersect at the breakeven
distance, It is important at this stage to retum to the assumption originally made about the breakeven
distance being between 200 and 250 km, and to note that the actual value is 225.86 which falls exactly
within the given limits, thus making the assumption true, and the analysis valid,

5.5 Discussion

The first case dealt with a specific economic comparison between an existing 400 kV 3-phase line
connecting Camden and Duvha power stations, and an equivalent power 6-phase line, The study showed
that for the same stretch of lins, the 3-phase option would cost R57 855 800 and the 6-phase option would
cost R108 540 000. This makes the laiter line R50 684 200 or 87.6% more expensive than the former.

The reason for this dramatic difference in prices lies in the fact that the original 400 kV 3-phass line
directly connects two 400 kV 3-phase systems, and thus does not need any voltage transformation or phase
coriversion, and consequently does not require any terminal equipment, The 6-phase line on the other hand,
must have costly terminal equipment instailed at both ends of the line for both voltage transformation, and
phase shifting. Line feeder bays must be installed for the line side breakers.

Page 36



Furthermaore, the transformation capacity on both ends of the line was planned for a much longer line {200
=250 lam) and thus is considered to be underrated for the 100 ki Camden-Duvha stretch. To be more
realistic, the transformation capacity should be brought closer to 2000 MVA, adding R24.1 million rand
to the cost of transformation (this figure is the sum of all four transformers).

As can be clearly seen, this line is entirely unsuitable for upgrading to 6-phase transmission. The cost of
terminal equipment far outweighs any cost advantage offered by the line, and unless the cost of the land
saved - which has not besn taken into account - can offset the additional terminal costs (which is practically
impossible), it is the view of the author that the existing 400 kV 3-phase hine is the better choice for this
application.

The second case dealt with an cconomic breakeven point between a 1 73 KV, 6-phase line and a 400 kV, 3-
phase line similar to the Camden-Duvha line but not resiricted in length, To meke the comparison more
even, this line was assumed to connect twa 132 kV 3-phase systems, which would necessitate transfor- -
mation for both options, and associated terminal equipment,

Since the substations are essentially similar except for the transformers, transformer bays, and line feeder
bays, the other-costs were assumed equal and only the above elements were taken into account when
considering terminal costs, .

Performing the analysis showed a breakeven digtance of 225,86 km and the question must now be asked: is
this distance feasible? To answer this, thers is a well known “rule of thumb” which states that the system
voltage increases approximately 100 kV for every 100 km, and thus a 400 kV line should be approximately
400 tan long. In light of this fact, a breakeven distance of 225,86 ki is well within the line length of a
typical 400 &V line, and would represent a saving of R19,17 million. If one considers further that the
¢ross-rope suspension towers used for the Camden-Enivha line are the cheapest ones used by ESKOM, and
. represent the state of the art in tower design, the fact that the 6-phass line was able to save almost R20
million over a typical stretch becomes a significant achicvement,

An anomaly to this rulé is seen in the Camden-Duvha line which is rated to 400 kV but is only 100 lan
long. A discussion on this matter with ESKOM fine design teamn revealed that this line is one of the most
heavily ioaded 400 kV lines ir: operation, and its voltage was deliberately made higher to account for this
fact. This again, goes to explain the peculiarfy high cost differential seen in the previous case,

An additional factor which goes to influence cost is the transformer type. So far this kas not been
mentioned, but the 3-phase line uses autotransformers exclugively for its transformation, which are by far
cheaper than the 2-winding transformers used for the HPO line. “This is permitted by the fact that both 132
kV systems were assumed to be in phase. If this were not the case, the 3-phase line would also need 2-
winding transformers which would further reduce the breakeven distance.

A facter which was previously neglected was the effect of land savings, As mentioned previously, the HPO
towers were designed specifically with reduction of ROW in mind, having outer phase distatcs of 6m, com-
pared to 16.4m for the 3-phass line. ‘The former also had an intermal guv-rope system aliowing for maxi-
mum compaction, whereas the latter had external guys. To assess the impact of land savings, Frans Ritky
of ESKQOM’s transmission line planning division was consulted and asked for typical values. The Camden-
Durvha line currently uses a servitude of 55m width, whereas if the 6-phate alternative line were 1o be built,
it would most likely be assigned the same servitude as a 132 kV line, namely 35m. The existing line thus
uses an additional 20m of land or 57% more then the 6-phase line, Looking further into the problem, the
typical cost of land for the Camden-Duvha line is approximately R4000/hectare, which means that a saving
of R8000 is achieved per kilometer of 6-phase line, or R800 000 for the i00 kan stretch. Calculating  now
breakeven distance vith the inclusion of land costs, yields a slightly improved value of 214.2 km.



Although the above results do not show a dramatic difference, it is nevertheless believed by the author that
land-value is the single most important factor in HPO line economics. The cost of land in this project
forms approximately 2.2% of the total cost (for 100k, including substations) of the project, atal is thus
confounded by other cost factors, As soon as
1" . . this factor takes on a more dominant role, the
{—.\I o~ cost of HPO lines will become very
~ 3 -Phase ¢ competitive in relation to existing lines.
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An aspect which is steadily gaining attention

is that of magnetic fields, and their mitigation.

To study this, & short routine {which is listed
in Appendix B) has been written, and com-

\ /
\\ / 6 - Phase putes the B-field magnitude at the centre ling,
50 00

Wagnane-Fisl [micro.1esis]
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ground level, for a half period of the power
frequency. The variation of magnetic field at
_ _ the given point with the angle of the current is
150 200 plotted in figure 5.4.6.b.
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Figura 5.4.6.b: Magnetic Field at Oround Level ot the Centre Line A8 can be seen the maximum value of B-field

for the 3-phase case is 10.48 pT whereas the

value of the B-field for the 6-phase case is 5.33 uT, under maximum loading conditions, L.e. 1000 MVA.
The value of the field itself is not only significantty reduced for the 6-phase case, but kas a far smaller
+ariation than its 3-phase counterpart showing a significant degree of natural field cancellation. This hasa
~ very important implication: the most dataaging aspect of magnetic fields is eonsidered to be their rate of

change®™! since this induces an EMF (and hence current) into nearby objects, Comparing the rate of
change of the 3-phnse and 6-phase B-fields from fig. 5.4.6.b, it can bs seen that the latter’s derivative with
respect to time is approximately zero, and its resultant damaging effect is negligible, whereas the former
has a large derivative with the traditional damaging effects. Both options’ ficld values were found to be
well within stringent US limits™,

Brief mention should just be made of thermal loading calculations, While the calculations themselves are
long and laborious, a rough guide to check praper operation is the value of current density. At full Joad i.e.
1000 MVA, the current density of the 3-phase line is 0.70 A/mm?, and 1.19 A/mm? for the 6-phase case.

A consultation with Rob Stevens of ESKOM!™ revealed that while the current density for the HPO line is
slightly on the high side, the conductor is smaller and permits more effective cooling, Although it is
preforred to keep the current density slightly lower than 1,0 a/mm® , this value is still acceptable and will
work well. Mr. Stevens also commented that some lines are sometimes operated at 2.0 A/mm® for short
periods, and the line under consideration will only be operating at full load for a small portion of the time.

It should be noted, in slosing, that compacting the lines leads to a reduction in series impedance, and so it is
believed that switching to HPO compaction technology could do away with expensive and clumsy series
line compensation, which introduces another cost advantage, In addition, it has been mentioned previously
that FIPQ lines are naturally very well balanced, and as such could eliminate the cominon - and eostly -
practice of line transposition,
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6. Conc.usions

This project has dealt with the novel means of compacting transmission lines, and maximizing the power
density through transmission corridors using the technology of high phase order transmission. The report
was divided and presented in four parts, namely: principles of HPQ technology, HPO technology itself, a
brief survey of case studies performed elsewhere in the world, and a unique South African case study
performed by the author.

The first section sketched the brief principles underlying HPQ technology. It was shown how Barnes and
Barthold’s™ original analysis showed that 95% of the power cartied by a transmission line coutld be found
within a radius of 5% of the phase-phase distance, implying that transmission corridors were being utilized
very inefficiently. The next subsection went on to introduce HPO using a 6-phase phasor diagram, and its
associated sine waves, and finally the section established that besides the obvious compaction, HPO had
many other artvantages which could make it attractive as a design alternative, including minimal current
unbalances, ability to perform single pole switching, electric and magnetic field mitigation, dramatic reduc-
tion in corona and corona refated effects, aesthetic appeal (although this has oot been scientifically estab-
lished), total compatibility with existing 3-phase systems, and in some cases, a distinct economic benefit

The second srction of the report discu . d the actual technology of HPO systems, Initially, 2 means of
defining system voltage was established, using the phase-ground voltage as the least ambiguous. Then,
various technical aspects were discussed, potential coefficients were caloulated, which allowed computa-
tion of inductance, capacitance and surge impedance, Ther, the all important subject of fault analysis was
developed and it was shown that symmetrical component transformations (using eigenvalue analysis asa
base) could successfully be applied to fully transposed HPO lines. However, by their nature, HPQ lines
would not be fully transposed, but only “roll transposed™, and this was taken into account in the impedance
matrix by having 4 unique elements, as opposed to 2. Load flow analysis was then covered asd it was
shown that this could be easily performed using existing 3-phase packages, by simply treating the fine as
two interleaved 3-phase lines with appropriate compensation built into the line parameters.

In the same section it was shown that switching surge anatysis could be divided into 3 groups of surges:
those occurring between adjacent phases, those occurring between alternate phases, and those occurring
between opposing phases (this is for a 6-phase system only). On a per-unit basis it was shown that surges
occurring between adjacent phases were the most severe, and thus would limit the degree of compaction
achievable, but compared to 3-phase switching surge data these results were comparable. Lightuing surge
performance remained approximately similar to 3-phase performance. The implementation of protection
systems was then covered and appropriate criteria established. Finally, the vital elément of transformer
configuration was discussed. As it happens, transformer secondary interconnections which would achieve
é-phase eperation were very simple, requiring only 2 sets of 3-phase phasors, the one shifted 180 electrical
degrees with respect to the other, and then the two systems superimposed onto one another, Actual
imple-nentations of this using various types of transformers were numerous, but it was generally agreed
that from a cost and space saving point of view, two 3-phase transformers connected as delta-star, and
delta-inverted star, were the best option,

The third section of the report analyzed 5 case studies in HPO economics and technology, The first 2 cases
both dealt with upgrading of double circuit 3-phase lines to G-phase operation, but were written by different
researchers {Stewart’® and Guyker™), and approached the subject in different ways, Stewart considered 5
limiting cases and analyses them all for possible uprating to a higher voltage level, or 6-phase operation.
He then calculated the operating savings per kilometer if the line was modified to 6-phase cperation and
established a breakeven distance where these saving would offset the added cost of terminal equipment.
Guyker, on the other hand, considered uprating of an existing transmission line (the Charieroi-Yukon line}
to either a higher voltage or 6-phase operation,
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it was generaily felt that Stewart did not compare 3- and 6-phase lines, but only 6-phase line performaace
and its savings. Guyker compared the 2 lines and found that the 6-phase option was the more costly, but
only because the 3-phase lines used the much cheaper sutotransformers, as opposed to 2 double-wound
transformer sets, The next case study compared UHV transmission between a newly developed 1200 kV 3-
phase system, and 5 different HPO designs having both 6- and 12-phase transmission and different voltage

levels. While the HPQ lines performed very well at this voltage and loading level several criticism weére
made about this comparison: firstly, is a 1200 kV line a valid base case for comparison, and how does it
cormpare to existing nicthods of transmitting this amount of power? Is the capacity of the 3-phase line
evenly maiched with the capacities of the candidate HPG lines? (and there is some speculation about this
question) And finally, was terminal equipment thoroughly considered in terms of the necessary ratings and
availability?

The fourth case study described the first test line in Malta. This was & 368 m stretch of line, having both
6- and 12-phase lines running parallel each other, and along #s way having many different types of towers,
insulator configurations, mid-span spacers, and so on. The most important outcome of this test lins was
that it performed precisely as predicted by the computer simulations and #hus these simulaiions could be
trusted in the designs of further lines,

The fifth and final case study described the first utility application of a 6-phase line between Goudey and
Qakdale substations, a 2.4 km stretch of line in Binghamton NY operated under the joint supervision of
NYSEG, ESEERCO, and PTI. A discussion with the project supervisor revealed that the line’s most
important contribution to the ficld of HPO was in that it performed as expected, with fields, corona effects,
and loading correlating well with predicted values. The line is also economically justifiable where ROW is
constrained. Minor problems on the line included slight corona emanating from the optical fibre coat, and
excessive unbalances which were later found to be a generator problems rather than a characteristic of the
~ line itself. Finally, a series of simulated live maintenance operations were perfonned on the line and shown
thit this is techmcally viable, and safe. :

The fourth and final section of the report discussed & South African case study. Here, the 400 kV, 3-phase,
100 km Camden-Duvha line was compared to an equivalent power 6-phase line and it was found that the
latter line was at least R50.7 million, or 87.5% more expensive than the former, This can be attributed to
the fact that the original line connected two 400 kV busses directly and did not use any additional terminal
equipment, whereas the 6-phase line needed »! the transformation and switching equipment added to its
cost, on both ends of the line. This line was also unusual in that it was rther short for its voltage level,
and very heavily loaded thus confounding the savings of the aciual line jtself.

To correct this discrepancy, a second comparison was carried out where a breakeven distance was
established between 2 lines stmilar to the zbove, but connecting two 132 XV systems, which would requiro
both options to have terminal equipment, The results of this study showed the breakeven distance to be
225,86 km, and taking into account the rule of thumb that line voltage is increased by approximately 100
kV for every 100 km, these line would typically be 400 km long, and thus this breakeven distance is
considered a very positive result. In this comparison, several other factors need to be born 2 in mind, in
order {0 contextualise the results:

e 'The type of linc used as base case is a cross rope suspension tower which represents the cheapest, and
most advanced technology used by ESKOM at the present time and the fact that for typical stretches 2
6-phase ling is cheaper than this technology, becomes a very significant discovery,

e The type of terminal equipment used is very important. For the 3-phase line, typical autotransformers
were used as is standard practice at ESKOM for this voliage level, For the 6-phase tme, hwo separafe
transformers were used, each a double wound transformer (which is far more expensive than an auto-
transformer), rated to half the value of the original, This was done to make the comparison more
realistic, but simultaneously imposed a severe cost penalty on the HPO line. 1f the two 132 kV systems
were out of phase, the 3-phase line would also need to employ double wouad transformers, which



would increase the cost of its terminal equipment, reduce the terminal equipment cost differential
between the two options, and significantly shorten the breakeven distance. In addition, it is believed
that if 6-phase lines became more common, dedicated transformers wouild be designed for this type of
operation which would decreass their cost substantiatly.

«  An imporant factor which has been excluded from the breakeven caleulations was the cost of land, As
has been previously mentioned, HPO technology works best when tand is very expensive or
constrained. In this case, the distance between outer conductors has been reduced from 164 mito 6 m
and special towers with internal guy ropes were used as opposed to the external guys used for the crass
rope suspension tower thus further reducing the ROW necessary. If the savings on land costs had bezn
taken into account, the 6-phase option would present 2 far stronger case and breakeven distances would
decrease. Land value has presently not been considered to make the comparison more realistic
(following ESKOM’s land allocation practices).

o Finally, the 6-phase option with its circular conductor configuration gives a far m.ore balanced system
than its 3-phase counterpart, and does not need transposition: T addition, bringing the respective
phases closer together reduced the series inductance of the line, obliviating the need for series capacitor
compensation, This renresents another potential cost saving of HPO lines.

In conclusion, it has been demonstrated in this report that there is a vast body of knowl ,ge that exists in
the literature dealing with al aspects of HPQ lines, from analytic fechniques, to protes ion, to dedicated
computer programs dealing specifically with HPO lines, to various studics showing tne technical benefits of
HPO lines. There is also a number of case studies which attempt to quantify the economic benefits of this
technology using aspects such as reduced corona loss, lighter towers, and smaller conductor diamsters for
its costs saving mechanism, Finally, there is the first utility application of a 6-phase line, which has gone a
long way.in showing the feasibility of this technology and building confidence in its ability to performs as
well as, if not better than, current lines,

~ Foeusing spesifically on South Afica, the following points ¢an be made: land value, and current land
allocation practices are not yet siringent enough to cause an overwhelming demand for any type of
compaction technology. There is, however, evidence that the population is quickly increasing in numbers,
as well as demand for electric power, 5o it is not too difficult to imagirie that in the near future a situation
will be created where land is expensive, very hard to attain, and there is a demand for large amounts of
electric power - a scenario suited perfectly to h'ah phase order technology,

NMevertheless, it was shown that even in the present times, 6-phase transmission can be cheaper than even

the most advanced {(and cheapest) technology, given that certain criteria are fulfilled, These are:

1, that the line be sufficiently long to allow savings on the actual transmission [ine to dominate over the
added expense of HPO terminal costs

2. that there be as little terminal equipment as possible, that is, few tee-offs and only point to point
applications.

3. that the voitage be sufficiently high to allow the reduction of field levels, land savings and corona
related effects to become apparent. These can subsequently offer economic benefits,

In closing, it should just be said that this technology is available, and ready for application. While the
present economic climatz does not particularly favour its implementation, it is easy to envisage a time
where such a technology will be widely used, and as such must not be forgotten as an invaluable future
design altemative.
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Appendix A: Costing Printouts

This appendix contams pnmuuts of the original EXCEL worksheets used to cost the transmission lines, a.nd
is broken down into very specific cost comiponents.

The three workshests are:
1. Costing of the original Camden-Duvha line
2. Costing of the final 6-phase

3. Costing of the 6-phase linc using a heavier conductor (for comparison purposes} '
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Appendix B: MATLAB Code

B.1. Magnetic Field Piotting Program
function mag_fld2(h,current3 ciirrent6)
%

% this m-file will calculate the maximum magnetic field given by

% either a 3- or 6-phase lin, as a function of the starting angle

% of t;he current, and plots 2 graph of it.

Y%

% enter the parameters as such:

% mag_fld(Height_above_ground, surrent_of 3phase, current of Gphase)
%

: ﬂ-ﬂsle(f) G- 1),
angle_rad = angle(j)/1 80*pi;

for_|-'l L)

fld_3(j) = field_3a(current3, h, angle_rady*4*pi*0, 1;
fid_6() = field_6a(currents, b, angle_rad)y*4*pi®0.1;

% I have mull.lplled H-field values by 4.Pi,e-7 but then multiplied back by
" % e+6 to get values in microtesla. Fence the 0.1 factor -

~ gad;

plot{angle, ﬂd 3.angle,fld_6) :
xlabel("Initial Phase Angle of Reference Current [Degrees]'),
ylabel('Magnetic-Field [micro-Tesla]")

end

' B.2. 3-Phase Calculation Routine

furiction [total_H, angle] = field_3(current, height, phase)

Ya

% this function will calculate the value of magnetic field anywhere

% along the centre line of the Camden-Duvha line, It uses the geomstric
% equivalent value of the 2 conductor bundle,

%

% inputs are given in the order:

% field_3(current_magnitude, height_above_ground, initial_phase_angle)
% ' .

% outputs are total magnetic field magnitude, and angle above horizontal

% initialise all the beginning variables
%
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total_x = 0.0;
total_y = 0.0;
total H=0.0;
angle = 0.0;

% initialise the currents in the conductors:
% :

(1) = current*sin(phase);

1(2) = current*sin{phase+2*pif3);

1(3) = current*sin{phase+4*pi/3);

% initialiss all the conductor angles to the centre line
%

. theta(1) =0.0;

-theta(2) = atan{ 8.2 { height );

theta(3) = -theta(2);

%:mnahseallﬂmemnductordlmtothepomtofmtcmst

dxst(l) - height;
dist(2) = sqrifheight*2 + 8.22);
dist(3) = dist(2); -

% "for" loop to add elements of x and y fields togother
%

forj=13 = '

fietd() = I(j) / (2*pi*dist();

total_x = total_x +field()*cos( theta(j) );
total_y = total_y + feld(j)*sin( theta(j} );

end;,

total H = sqrt( total_; x"2 + total _y"‘z)
angle = atan( tom!_yfmtal XY

. ecnd

B.3. 6-Phase Calculation Routine

function [total_H, angle] = field_6(current, height, pbase)

% .

© % this function will calculate the value of magnetic ficld anywhere
% alosig the centre line of my 6 phase array. It uses the geometric

% equivalent value of the 2 conductor bundle, _

% .

% iniputs are given in the order;



% field_&(current_magnitude, ﬁeight_abovc :_ground, initial_phase_angle)
%
% outputs are total magnetic field magnitude, and angle above horizontal

% initiatise all the beginning variables
%

total_x=10.0;

total_y = 0.0;

total_H = 0.0;

angle = 0.0;
yi=1 5*sqrt(3);

% initialise the currents in the conductors:
o :

I{1) = current*sin({phase);

.I{2) = current*sin(phase-+pi/3);

I(3) = current*sin(phase+2*pif3);

I{4) = current*sin(phasc-+pi);

1(5) = curtent*sin(phase+4*pi/3);

1{6) = current*sin{phase-+5*pi/3);

% initialise all the conductor angles to the centre line
% '

theta(1) = 0.0; _

theta(2) = atan{ y1 / (beight-1.5) J;

theta(3) = atan{ y1 / (height+1.5) };

theta(4) = 0.0;

theta(5) = -theta{3);

theta(6) = -tlmrta(Z]-

% Imtiallse all the conductor distances to the point of interest

dsst(l) height-3; .

dist(2) = (beight-1. S)Icos(théta(?.));
dist(3) = (height+1.5)/cos(theta(3)};
© dist(4) = height+3;

dist(3) = dist(3),

 dist{6) = dist(2),

% "“for" loop to add clements of x and y fields together
%

forj=1:6

field(j) = I(j} / (2*pi*dist(§));

total_x = total_x + field(j)*cos( theta(j) );

total_y = total_y + feld(jy*sin( theta(j) );

end;

total_H = sqrt( total x"2 + total y*2 };

angle = atan( total_y / total_x );

end



Abstract

This report discusses high phase order (HPO) technology, i.e. the use of more than the conven-
tionat 3 phases for transmission of electric power, its use in the compaction of lines, and power
density maximization over existing servitudes. It is structured in four parts. The first part
introduces the concepts, establishes thi need, and lists the advantages of HPO. The second
part deals with the technology itself anid shows that it is possible to analyze HPO systems using
symmetrical componett analysis, lists common transformer configurations, covers protéction,
.and so on. The third part analyses 5 case studies, the first 3 being analytical, and the last 2
being the first experiniental test line, and the world’s first utility application of HPO lines,

The final section is a South African case study and compares an HPO line to an existing 400

-kV 3-phase line and shows that the former is 87,5% mors expensive to implement than the
latter, Comparing the 3-phase and 6-phase lines on a more even basis, yielded a breakeven
distance of 225.36 km, above which the 6-phase option becomes more cconomical. These
results are then gxplained and discussed in the conclusions section.
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