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CLAIM OF ORIGINALITY

The representation of an EHV transmission line
design process through the use of decision tables is, to

the best of the Author's knowledge, an original contribution.

ii



ACKNOWLEDGMENTS

The author gratefully acknowledges his indebtedness to
Dr. W. Jaworski who suggested the subject matter and pro-

vided greatly appreciated guidance.

He wished to express his sincerest thanks to Gilles Sauvé
of Acres Quebec and to Gus Israelson of Bechtel Corporation

for their constructive comments and suggestions.

Finally, he wishes to express his appreciation to Francine
Colas and Rossana Robichaud for the typing and editing of

this manuscript.

sas



ABSTRACT

After a broad analysis of present extra-high-
voltage (EHV) transmission line design methods, some improve-
ments on these methods are suggested. The improved design
methods, which are of a highly logical nature, are best re-
presented through the use of the decision table technique.
The decision tables can be automatically converted into a
source language. This manner of proceeding will result not
only in engineering time and cost savings, but can conceiv-

ably lead to a better and more economical design.
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INTRODUCTION

When an electrical designer is confronted with a
transmission line design, very often, the problem will be
set in the following form: transfer a load of X MVA at
voltage Y over a distance of Z miles. Once this basic
data has been given by the systems people, studies can be
initiated by the designer in order to determine some, or

all of the following parameters:

1. Tower Data

Towex type
Conductor-structure clearance
Phase spacing

Crossarm height

Applied conductor loads

2. Conductor Data

Size and type
Maximum tension
Every day tension

Bundle configuration

3. Insulator Data

Quantity and type



Mechanical strength

String arrangement

4. Line Data
Tower quantity
Span and sag

Right-of-way width

RIZ2 losses

Corona losses

Electrical gradients

RI and audible noise levels

Reactance

5. Cost Data
Tower cost
Conductor cost
Insulator cost

Right-of-way cost
Annual charges on capital and losses

This list is not necessarily complete. Other para-
meters may be of interest in the course of a transmission

line design.

Very often, apart from trying to come up with the

most economical solution, the designer will be expected to
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tackle some special problem which is of some particular
concern to the systems people., This might be an upper
limit of the line reactance where stability is of prime
concern, it might be audible noise of the line in so-called
"high-complaint" areas, it might be corona losses which,
when occurring during power peaks, can be a big nuisance.
The designer should try to cope with these special problems,
and find a solution to them, while all the time keeping

the overall economic picture in mind. This is not an easy
job. Especially since when, after much hard labor, a
solution to the special problem has been found, the satis-
faction of having succeeded might induce the designer to

relax his search for the most economical design.

Giving the designer the benefits of a versatile
computer program would greatly enhance his possibilities.
Ideally, this program should be able to perform all logical
decisions, while going through all the routine calcu-
lations. It should start anew with another set of in-
put data, in order to find the most economical solution,
which conforms to the special criteria set forward at the
start. Unfortunately these special criteria can not be
anticipated in the program and this certainly explains why
the transmission line design field has, except for certain
parts of the design, been relatively impervious to the
computer revolution which has invaded other fields. The

emphasis will, with each special problem, lie on another



part of the design, and this would require each time a
different program, unless the precaution was taken to put
the program in a modular form, i.e., a form in which the
program is divided into different interconnected parts (1).
A program change would then act on some of the parts without

affecting the others.

The complexity and highly logical nature of the
transmission line design makes the choice of the decision
table representation a very attractive one (2). This
representation is in modular form and is problem oriented.
This makes it very easy to change a program.

Furthermore, once'the decision tables have been written,
they can easily be converted into a high level computer
language such as Fortran, Algol or Cobol (3). This

conversion can be done either automatically or by hand.

This thesis will be an attempt to describe the
EHV transmission line design process using the decision

table technique,

In Part I, the design problem will be analysed
without going into the mathematical formulae. The inter-
action between the different design parameters will be

emphasized and design procedures will be discussed.

In Part II, improvements on the above design pro-
cedures will be treated. Some of the improvements are

possible due to the use of the computer as a design tool.



This allows investigation of possibilities which were until
then left aside because of the time consuming nature of
these investigations. Other improvements are due to a
thoughtful construction of the transmission line design
logic. The different design areas will be detailed as flow-

charts.

Part III, will detail the decision table technique
and show the advantages in their use. 1In this part we will

also represent the design process using this technique.

Part IV will show the conversion of decision tables
to computer program form and an application to a specific

EHV transmission line design will be given.

In Part V, conclusions will be drawn.
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ANALYSIS OF PRESENT EHV TRANSMISSION LINE DESIGN

METHODS



CHAPTER I

THE DESIGN PROBLEM

In the simplest of terms a transmission line is a
set of conductors, which will transmit electrical power, and
some supports--suitably insulated--which will carry these
conductors (see Figure 1). Hence, the electrical design of
this transmission line consists of two basic areas: 1) the

insulation design and 2) the conductor design.

The insulation design will almost always be the
designer's first task. This design will permit him to
correctly estimate the transmission line tower costs which
are of prime importance in selecting the most economical

conductor size and subconductor bundle configuration.

The determination of the right-of-way width is
dependant on both insulation and conductor design. Hence
one might think that this determination is one of the last
steps in the line design. This is usually not true since
the right-of-way width will determine the amount of land
to be acquired. This acquisition is a time-consuming
process; hence the importance to know the right-of-way width

as soon as possible.
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Legend: p = phase spacing

b = subconductor bundle

c] = clearance to ground

cp = clearance to right-of-way edge

c3 = conductor clearance to steel (for V-string
arrangement)

cq = conductor clearance to steel under extreme
wind conditions (I-string)

cg = conductor clearance to steel (for I-string
arrangement)

e —= edge of right-of-way

i; = insulator string

i, = insulator string in deflected position

r = right-of-way width

s ' =

maximum conductor sag
FIGURE 1

TYPICAL TRANSMISSION LINE STRUCTURE



In the next chapters, we will describe the
different design items, associated with each basic area,
and explain the relationship which exists between these

items.



CHAPTER II

LINE INSULATION DESIGN

Insulation Requirements

This part of the design will determine the insula-
tion dimensions necessary to obtain an adequate outage
performance of the transmission line. "Insulation dimensions"
is a very general term which includes mainly: insulator
string length, insulator quantity per string, insulator
creep and tower strike distances (see Figure 1l). Although
insulation design based on empirical criteria is still
quite common, more and more designers are evaluating elec-

trical performance of a transmission line by the aid of

statistical methods.

There are three types of voltage stresses which can
cause line flashovers:

1. Power frequency operating voltage

2. Switching surge voltage

3. Lightning voltage

The severity of the effect of a line flashover, on
system operation, is dependant on which particular voltage

stress triggered it. Hence it is logical to define an outage

- 10 -
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criterion for each type of stress. The line will then be
designed in such a way, that the number of outages is less
than that fixed by a predetermined outage criterion, and

this will be applied for each type of stress.

Power Frequency Insulation

There are two cases where transmission line insu-
lation has to be designed with regard to nominal 60 Hz (or
50 Hz) system voltage; these are respectively, insulator
string strength, and air gap strength between conductor and
structure, edge of right-of-way or another phase in the
instance that the physical dimensions of this air gap are

time-dependant and of short duration.

The insulator strings of a transmission line are
subject to atmospheric contamination such as agricultural
fertilizer, industrial pollution or sea spray. Under
certain weather conditions--fog or morning dew--the deposit
on the insulators will be wetted and leakage current will
flow. Eventually this can result in a complete insulator
string flashover (4) which will trip out the line. This
is a very serious condition since it is almost impossible
to reenergize this line as long as the strings remain wet.
Hence, it is important to provide an adequate number of

insulators in the string.
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The action of the wind on a conductor will cause it
to swing and this in turn will reduce the clearance between
the conductor and the edge of the right-of-way; if attach-
ment of the conductor to the tangent suspension tower is
through means of an I-string arrangement, the insulator
string will deflect also, and clearance to the structure
will be reduced. Finally, under unfavorable wind conditions,
the clearance between adjacent phases at mid-span can also
be recuced. The occurrence of a switching or lightning
surge, during the short time of minimum clearance, is most
unlikely. Therefore, most designers will calculate conduc-
tor position under extreme wind conditions, and provide an

air gap clearance with adequate power frequency strength.

This calculation implies however that the designer
knows the span length between towers, in addition to the
mechanical conductor loading, so that he can calculate the
maximum conductor sag; it also implies that he knows the
conductor size, so that he can evaluate the effect of the
wind on this conductor in order to calculate the swing
angle, The fact is, that conductor span optimization and
selection are part of a later study, which starts once the
insulation dimensions have been determined. In order to
get out of this loop, the designer will usually choose a
span, and a conductor configuration, which will yield him,

in his own judgment, a conservative clearance.
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Switching Surge Insulation

A switching surve travelling along a transmission
line will stress the insulation of the successive supporting
structures. The towers are to be designed in such a way,
that the insulation strength of the line is not exceeded
by the switching surge stress. Separate system studies will
determine the maximum switching surge which can be expected

on the system.

Until recently, transmission lines were designed--
with respect to switching surge insulation--in such a way
that tower withstand was adequate. Much research on full-
scale towers has provided ample data in this regard. This
was a deterministic design since it assumed that no switch-
ing surge flashovers would occur on the line. This manner
of designing resulted in EHV transmission lines with extre-
mely low flashover probabilities. In effect this méans that

the transmission line is over-insulated.

It has been shown (5) that much money can be
saved by treating the whole insulation problem as a statisti-
cal problem. The withstand distribution of any structure, for
a given clearance, can be determined as a function of
voltage. The switching surge distribution is assumed to be
normal (6). The convolution integral of the line flashover
distribution and the switching surge density function, over

the whole range of voltages, can be readily calculated with
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a computer. This convolution integral gives the line flash-
over expectancy, when a surge travels along the line. When,
for example, a criteria of one flashover in a thousand surges
is set, there will be a corresponding minimum clearance which
can be calculated. Of course, the number of towers on the
line should be known, which supposes again that span optimi-
zation has been performed. Again, the easiest solution is

to assume a conservative number of towers--i.e., on the maxi-

mum side--which will produce a clearance bigger than necessary.

Lightning Insulation

Depending on the system voltage level, air gap
clearances at the tower will be determined either by lightn-
ing surge or switching surge considerations (7). At 340 kV
levels,lightning considerations will be important, and line
flashover expectancy calculations will have to be made. At
700 kV levels, switching surge considerations will dominate
the lightning requirements. The latter can be eliminated
in low isokeraunic level regions. When flashover expectan-
cies for lightning and switching surge are calculated, they
should be combined to obtain a global line flashover

expectancy (7).



CHAPTER IIIX

CONDUCTOR SELECTION

Establishing Conductor Criteria

There is one basic criterion which has to be full-
filled at all times. The line impedance should be low
enough, in order not to endanger system operation from a
stability point of view, at the time of maximum power
transmission. This can be achieved by choosing conductors
of adequate size, by splitting the phase conductor in a
bundle of several subconductors, by incorporating series
capacitors to reduce line reactance, or by suitable combina-
tion of the above means in order to obtain the most econo-

mical solution.

In addition to this basic criterion a number of
criteria and/or arbitrary decisions might be dictated to
the designer; this will affect the design process and its
results. The fact that the design process is dependant
on some--not always predictable~-imposed criteria explains
to a certain extent the difficulty encountered in imple-

menting existing automated design programs.

- 15 -



Some additional criteria are:

l‘

Electrical criteria:

An energized EHV conductor will produce some

ionisation of the air (corona) around the

conductor. This ionisation, caused by the
intense electric field at the conductor
surface, will have the following effects:

(a) electromagnetic radiation from the
transmission line--produced by burst
pulses, streamers and/or corona glow--
can cause along the right-of-way, a
reduction of the signal-noise ratio of
local radio and television stations.
This situation could provoke complaints
and possibly sueing by residents living
near the line. Radio interference (RI)
levels and television interference (TVI)
levels are usually expressed in decibels
(dB), and criteria could be formulated
to limit the amount of RI and/or TVI
generated by a transmission line.

(b) the ionisation of the air discussed in
(a) above is accompanied by audible noise.
This audible noise is generated by the

pressure waves produced by the continuing



(c)
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discharges taking place around the con-
ductor. This noise can draw complaints
from nearby residents and again a crite-
rion can be developed to limit the
audible noise, at the edge of the right-
of-way, to an acceptable level.

the power lost by the transmission line
in ionising the air can be quite sub-
stantial and can be a big nuisance when
this loss occurs during a peaking period.
In the cases where this is important,
the conductor can be penalized for the
corona loss it produces. Usually the
amount of the penalty will be derived

by calculating the cost of providing for

the lost power.

2. Mechanical criteria:

(a)

(b)

For environmental reasons one might put

a limit to the height of transmission
line towers.

Conductor manufacturers usually recommend
that maximum conductor tension remains
below 50% of the ultimate tensile

strength (U.T.S.) of the conductor.



(c) In order to avoid wind-induced conductor
vibration, most designers will limit the
everyday tension of the conductor to 22%

of the ultimate tensile strength.

Some Factors Influencing the Phase Spacing

The minimum phase spacing will be primarily depen-
dant on the conductor-structure clearance (see Chapter II)

and on the width of the tower legs located between the phases.

In some instances, phase spacing will be determined
by 60 Hz insulation requirements at mid-span, under extreme
wind conditions. Although this is usually not a problem on
EHV lines, it should nevertheless be investigated, especially

when long spans are considered.

The phase spacing will also be dependant on the
insulator string arrangement. The conductor(s) can be iso-
lated from the suspension tower by a vertical insulator
string or by a V-string arrangement. There are three possi-
ble combinations: all phases have a vertical string arrange-
ment (I-arrangement), the central phase has a V-string
arrangement (M-arrangement), all phases have V-string arran-
gements (V-arrangement). In order to meet mechanical load
requirements several insulator strings can be put in

parallel.
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A different phase spacing will be corresponding for each of
the three possible insulator string combinations.

This is, of course, because the vertical insulator string is
subject to wind-provoked swing, and the conductor has to
have adequate insulation in all positions; therefore the
conductor structure clearance, with a vertical string arran-
gement, will be greater than the clearance required with a

V-string arrangement (see Figure 1).

Influence of Phase Spacing on Conductor Selection

The conductor electrical gradient is a function of
the phase spacing. Hence the phase spacing will directly
influence corona losses, audible, and radio noise levels;

it will also influence line reactance calculations.

The designer has one of the two following choices:

1. He can choose the minimum phase spacing
required, and then start with the conductor
optimisation.

2. He wants to use some arbitrary conductor size(s)
and bundle configuration, and wishes to know
the phase spacing required to meet certain

specific criteria.

Ideally choice number 1 should be taken. But seve-

ral phase spacings should be considered, and conductor opti-



misation should be performed in each case in order to find

the phase spacing that will provide the most economical

solution. This means of course a tremendous amount of work
which a designer could never try to perform without the use
of a computer. The important consideration though, in trans-
mission line design, is that the cost of doing an optimized
design is very small when compared against the line savings

involved.

The influence of phase spacing on conductor se-
lection, which we just discussed, is a "direct" influence,
i.e. phase spacing will directly influence corona losses,
for example, and this affects the cost of the conductor
under consideration. That phase spacing will also indi-
rectly influence the conductor selection will be seen in

the following section.

Some Factors Influencing the Tower Cost

The tower cost can be divided into three parts:
(1) cost of the erected steel, (2) cost of the installed
foundation, (3) cost of the insulators and associated
hardware.
1. For a given type of structure--e.g. self-
supporting, guyed-V-- the weight of the
steel, hence its installed cost, will be
mainly dependant on three independant factors:

(a) The maximum unbalanced mechanical load
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exerted on the structure.
This load, applied on the crossarm, is
the resultant load obtained from combin-
ing the lateral wind load and the longi-
tudinal load; the latter can be either a
broken subconductor unbalanced load, or
an arbitrary load chosen to take string-
ing loads into consideration.

(b) The tower crossarm height.
The tower weight is obviously a direct
function of the crossarm height.

(c) The phase spacing.
The crossarm length, hence its weight,
is a function of the phase spacing.
Also influenced by the phase spacing,
but to a lesser degree, is the amount
of tower window steel in the case of a

self-supporting structure.

The factors that influenced the steel cost
will also influence the foundation cost,
although in an entirely different way.
Steel and foundation cost will amount to
approximately 90% of the total tower cost.
Hence we can conclude that factors such as
span length, conductor tension and bundle

configuration, which influence both the
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unbalanced tower load and the crossarm height,
will affect the tower cost in a decisive

manner.

Although the cost of the insulators and its
associated hardware amounts to only 10% of the
total tower cost, it is still worthwhile to
analyse the influencing factors, considering
the large amounts of money involved. Again
there are three points to consider:

(a) The insulator gquantity per string will
be determined by insulation requirements
as discussed in Chapter 1II.

(b) We have already seen previously that
there are 3 possible insulator string
arrangements (I, M, V). These arrange-
ments affect the number of strings re-
quired per tower; hence the insulator
cost. The insulator string arrange-
ment also influences the phase spacing;
hence steel and foundation costs.

(c) The required insulator strength is de-
pendent upon span length, conductor size
and load conditions. Instead of using
strings with strength x insulators, paral-

lel strings with strength x/2 can be used.
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Span Optimization

"Let us consider a particular conductor which
complies with the electrical criteria. The designer has
now to determine the conductor loading conditions, the
tower height and the span length. He can also, for a given
span length, calculate the tower height in order that
conductor stress complies with the mechanical criteria and
that adequate conductor-to-clearance is maintained under
maximum sag conditions. He will calculate the cost of the
line (usually in $/mile). By repeating this calculation
for different spans one can arrive at the optimum span
length, i.e., that span length which produces the most

economical design.

$/milg

optimum span

T T T
1000 1500 2000 Feet

FIGURE 2

TOWER COST AS A FUNCTION OF SPAN LENGTH
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Figure 2 shows how the cost of the line-~for a
particular conductor--is affected by the span length. Small
spans require many towers; large spans require higher towers
which have to withstand larger overturning moments. Some-

where in between is the optimum solution.

Since the electrical criteria will determine the
minimum conductor size, for a given bundle configuration,
choice of this conductor will give the lowest conductor
cost. That it does not necessarily give the lowest line
cost will be discussed in Chapter V. Furthermore, going to
a different bundle arrangement will yield another minimum
conductor size, another optimum span length and another line
cost. It is evident that we are interested in the lowest

total line cost.



PART II

IMPROVEMENTS ON PRESENT DESIGN METHODS




CHAPTER IV

COMPUTERIZING THE PROBLEM

In part I we have tried to give an understanding

of the complexity of the EHV transmission line design pro-

blem. We have shown,

that in order to reduce the large

number of variables present, assumptions are made--some not

always justified--and simplifications are eagerly adopted.

Although rigor can never be claimed, nor error avoided, use

of a computer can do much to reduce the number of simplifi-

cations, and the effect of different assumptions can be

readily investigated.

In fact, in order to solve the highly

complex problem we are faced with, we are going to try to

establish a working computer—orientea system, which will

transform the design assumptions and criteria into a set

of transmission line characteristics (8)

Assumptions
and
Criteria

Design

(see figure 3).

Logic

FIGURE 3

TRANSMISSION LINE DESIGN PROCESS
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Transmission
Line
Characteristics




The design logic shown in figure 3 will be pro-
grammed and stored in the computer. This would be great if
changes in assumptions and/o? criteria did not change the
design logic, i.e. if the design logic was independent of
the input. Unfortunately this is not true; transmission
line criteria vary to a great extent and are not always
predictable. This has restrained many a designer from going
to computerized design. If he uses the computer, it will be
more as a big slide-rule than as a tool capable of making
logic decisions. The few designers who have made elaborate
efforts to put together a comprehensive program are not
anxious to change the whole program just because a few cri-
teria have changed. Hence, the danger arises that, in
order to be able to run the program, approximations will be
adopted which a designer would not consider during a manual
design. Instead, of an invaluable aid, the computer will
become the designer's enemy in that it can induce him to

relax his critical judgment.

The qualities which the design logic structure

shuld possess are:

- ease of following the logic
- ease of deletion, addition or change

- ease of programming
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This is especially important if several people
from different disciplines are collaborating on the design

logic.

In Part III we will discuss the Decision Table

technique which possesses the qualities mentioned above.

In the next chapter, a description of the design

logic of a typical EHV transmission line will be given.



CHAPTER V

THE DESIGN LOGIC

What We Have and What We Want

Before starting the design logic synthesis, one
should carefully divide the transmission line parameters in
groups of input parameters, i.e. basic assumptions, and out-
put parameters or.required results. Most of these para-
meters will be part of every EHV transmission line design,
but the separation in input and output groups is not
necessarily the same. Phase spacing could be given as input
in one design, and be a requested result in another. While
in most cases conductor selection is one of the big problems
in the design, it is conceivable that a conductor size might
be dictated from the beginning; the designer would then have
to play with the phase spacing and conductor bundle configura-
tion to obtain the most economic design under the imposed

conditions.

Figure 4 shows, as an example, how we can define
the problem in terms of what we have and what we want. A
change of one input parameter will most likely cascade into

a bewildering array of effects on the final design.

- 29 -



INPUT PARAMETERS

Line Length

- 30 -

OUTPUT PARAMETERS

System Voltage

Power Transmitted

> —— Insulator
> (—— quantity
Ly strength

Overvoltages

Weather data

Performance Requirements —p

DESIGN }|— Conductoxr

LOGIC — stranding
Electrical criteria — L » size
- » strength
Mechanical criteria—» ——» subconductor
quantity

Conductor data

Insulator data

» }—>» copper losses

Insulator string

__» corona losses

arrangement

Tower type

Cost data

REPARTITION

> — Tower

> L » quantity
—» clearance

> —» phase spacing
—» height
. » loading

FIGURE 4

OF DESIGN PARAMETERS
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That this can sharply affect the total cost was
clearly illustrated in a recent article (9). Tables I, III,

and V of the article are gquoted below.

Table I shows the effects of a change in conductor
size from 1.4 to 1.2 in. for a 735-kV single-
circuit line with 4-conductor bundles on rigid

towers:

Total transverse tower load - 9%
Tower weight - 3%
Conductor material and labor - 24%
Tower material and labor - 5%
Haul cost - 9%
Total installed cost - 9%

The design change of Table I saved $6-million on
375 miles of line. The smaller conductor, with
ice and wind loads, reduced the sum transverse
tower loads and, therefore, tower and foundation
weights.

[

Table III shows the effects of a change from singl
to two-conductor bundled ACSR for a 315-kV double-
circuit line:

MCM/phase From 2,167 to 2,057

Sum transverse load + 47%
Tower weight + 18%
Conductor material - 3%
Conductor labor + 28%
Tower material and labor + 17%
Foundation material + 62%
Total installed cost + 19%

Table III indicates the economic penalty of bundle
conductors for one particular design study.

Table V shows the effects of a change in the phase-
spacing from 50 to 45 ft for a 735-kV line on rigid
towers:
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Tower and foundation weight -13%
Tower and foundation material and labor -13%
Haul cost - 9%
Total installed cost - 7%

Many 500~ and 345kV lines have air gaps sufficiently

large to provide a switching surge performance of

no more than one trip-out each 10,000 years. Table

V examines an experiment in reducing such air gaps

for a more realistic figure.

A change of 5 to 10 percent of the total transmis-
sion line cost can run easily in the million dollar range.

Hence the importance of accurately representing the inter-

action between the different parameters in the design process.

Transmission Line Parameter Interaction

One such representation is given in figure 5.

This flow chart, which at first view might seem
quite complicated, does not represent all of the possible
interactions. However, it is a big step in the right direc~

tion when compared to empirical transmission line design.

The flow chart fulfills a specific need; it is the
tool which will yield us--with specific basic assumptions--
certain desired results. If our basic assumptions or our
desired results change, then another flow chart should be

assembled.
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FIGURE 5

FLOW CHART REPRESENTATION OF TRANSMISSION LINE DESIGN PROCESS

CALCULATE

insvlaltor
quanH f‘y

CALCULATE
sfrfng
’engf'h

Fig. b5a



-34 -

Cond.
shructure

NO
ga

Cleara
g%%f//fYES

CALCULATE

approxmof«

Clearance

Vﬁ

N=zO

¥

CALCULATE
£ PRINT

hm: Flasha/cr
expeclancy

CALCULATE
q PRINT

hnz CIOSIW over

expectancy

REDUCE

INCREASE
clearance

C’QCH‘CH‘)C‘@

CACULATE
Phase Spac?ng

Fig. 5b




- 35 -

l'\;k,,r&

WA
5y

READ

Conduclor

data from
hst

Subt
conduclor

CALCULATE
current in

subconductor

CALCULATE

Cond. surf.
grad:'mf'

sahsfactor

YES

rry givan
?

SET
subc . glty = |

CALCUVLATE
current In

subcond.

NO

INCREASE

subcond. qH‘y
by |

L

CALCULATE
cond. surf.
grad:anr

>




- 36 -

Vi

PRINT
case humber
conduck Type

subcond. grty

SET
cond. tension
under max.
load condifions
= max.allowab'
condtlion fensicr

Il

CALCULATE
& PRINT

external
conduch, load

CALCULATE
Sog/Span
vnager EVD
condibions

-

CALCULATE
averyday
fension

SET
Span = in span

REDUCE
conduclor
tension under
max. load
Condifions

?

\7

CALCULATE
Sa /S?dn
under max.
temperafure
condihons

CALCULATE
max. Cond.
Sag

2

CALCULATE
towar hdlsfﬁ'

\7

Fig. 5d




- 37 -

PRINT
towar hczrshT
exceeds ha:ghr

limnif

been calctla:
NO Tacj batore

USE ,
values obtaned
durmg previous
span¥run for

further,
calcvlations

%

CAL CULATE
Q/W cost

B
v

AV 4
CALCULATE

string loa.d

Fig. 5e

&

CALCULATE
& PRINT

fowzr cosf,
line cosr

X7

Span, max,

PRINT

cond uch, tension

towar hargM‘
4

‘ onhe
YES the previoys
soan

the ling
tost exceed Hhe
obtained In

ruon

INCREAGSE
SPOn

|




- 38 -

7

READ
strenoth . of
first msvlaTor
nan increc -
SING sTréngHw
insufat., hist

!

PRINT
insulator
madaquaTa

Yo supporle
ling PP_

V

YES

1S
nsulattor

READ
strenath o
next “insvlator

In hsT

ey

sTrcm@n
oK 7

CALCULATE
cost € Total
cond.uct. cost

-

CALCULATE
Corona losses

Copper losses

v

CALCULATE
Total annual

ch arges

VJ;'

PRINT
Fesults




- 39 -

%,

INCREASE
aubconduclor

OT[’Y by.l

|

CALCULATE

sTr:'nS load

Fig. 5g



- 40 -

If we can separate the flow chart in individual
parts or modules, we can hope that certain modules will not
have to be modified. This will reduce the amount of repro-

gramming to be done.

On figure 5a, we can isolate one such module. It
will calculate the number of insulators required in the tower
suspension strings and the length of these strings. A second
module appears in figure 5b. It calculates the conductor-to-
structure clearance in order to satisfy a specific switching

surge outage performance criterion.

Also on figure 5b, calculation of the phase spacing
can still be regarded as a design module. In this case the
phase spacing is either given or calculated empirically. The
effect of a change in phase spacing on other design parameters

can readily be investigated.

Once the phase spacing has been determined, we have
taken the approach to investigate total transmission line cost
as a function of the conductor choice. A list of suitable
conductors--and their respective characteristics--is compiled.
Conductor data is read in, one at a time, and the conductor
is checked whether it complies with the required electrical
criteria. Unless the subconductor quantity is given, one
subconductor per phase is assumed at the start. If the elec-

trical criteria are not met, the subconductor gquantity is
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incremented, one at a time, to a maximum of four (figure 5c¢).

In the flow chart under discussion, two electrical

criteria were assumed:

(1)

(2)

current in a conductor should not exceed the
current-carrying capacity of that conductor,
the maximum surface electrical gradient on a
subconductor bundle, should not exceed the

corona inception gradient--under dry weather

conditions--of that conductor.

A span optimization algorithm is introduced in

figure 5d. For each span under consideration, the conductor

will have to conform to the predetermined mechanical crite-

ria. For the flow chart under consideration the mechanical

criteria include:

(1)

(2)

(3)

Maximum conductor tension (final) should re-
main at all times below the 50% value of the
ultimate tensile strength of the conductor,
Everyday tension of the conductor (final)
should remain below an arbitrary chosen--
usually 22%--percentage of the ultimate tens-
ile strength,

It is possible to specify a maximum permis-

sible tower height.



Once the first two mechanical criteria are satis-
fied, the conductor sag under maximum temperature conditions
can be determined in order to obtain the tower height.

Criterion (3) can then also be checked.

Knowing the tower height, the phase spacing and the
tower loading conditions, we can calculate the corresponding
tower cost and hence the total tower cost for the line
(figure 5e). This cost calculation is repeated for different
spans; the minimum total cost will then indicate the optimum
span. The most critical item in the preceding calculation is
the determination of the tower cost. Empirical formulae (10)
exist which will calculate the tower weight as a function of
crossarm height, phase spacing, and applied loads (transverse,
longitudinal and/or vertical). Existant tower designs of the
same type will permit us to determine the coefficients in the
above formulae. Other coefficients will transform the weights
into costs. Foundation weights and costs can similarly be
calculated. In the determination of the optimum span, the
tower cost is only of interest from a comparative point of

view. Small errors in tower cost are of little importance.

Once the optimum span and associated total tower
cost have been calculated for a specific conductor bundle
configuration, right-of-way costs--dependant on phase spacing
--and insulator costs will be determined. Insulator cost is

dependant on the insulator strength. In the flow chart under
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consideration, the insulator arrangement is given as input.
Since we also know the conductor loads we can calculate the
necessary insulator string load. Insulators with adequate
strength--a 2.5 safety factor is normally used--are then

selected.

Depending whether the transmission line is used
primarily for power transmission or for system interconnection,
power loss in the conductors can be charged accordingly.

These charges will penalize the smaller conductors. Where
these charges are substantial, they will have an important

effect on the conductor selection.

Power loss in the conductors is due to: (1) R12

losses and (2) corona losses. The R12 iosses and the mean
yearly corona losses will produce a yearly energy loss which
can be charged accordingly. The peak corona losses, when
occurring in a period of maximum power delivery, can be charged
for the loss of power they represent, i.e., cost of replacing
this lost power by auxiliary power can be charged to the

conductor.

The annual charges--due to losses--calculated above
can be added to the yearly cost on installed capital to obtain
the total annual charges associated with selecting a particu-

lar conductor bundle configuration.

The conductor configuration corresponding to the

minimum total annual charges will then be our logical choice.



Other Possible Improvements

Many of the empirical formulae used in the flow chart
of figure 5-- e.g. the tower cost formula--are apt to be im-
proved either by better empirical formulae, or by small de-

signs which can be treated as subroutines.

The flow chart under discussion was assembled pri-
marily for use at the 700 kV voltage level. Conductor-struc—
ture clearance, for V-string arrangement, is determined solely
from a switching surge point of view since lightning outages
do not dictate the clearance at this voltage level. If lightning
is expected to be a problem the design logic should be changed

to take this into account.

Instead of considering standard conductors, gather-
ed in a conductor list, it would be more logical to treat the
conductor as a structural element just as the towers or the
foundations. The conductor could then be speéified as to the
stranding and the ratio of steel to aluminum (if ACSR is in-
dicated) in order to obtain the desired conductor strength.
Of course, the conductor should be checked for conformance
to the electrical criteria. This manner of proceeding would
permit us to find a conductor tailored to our needs, rather

than using the best conductor out of a given list.

Although we have tried to optimize every transmis-

sion line parameter in order to obtain the minimum line cost,
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it should be noted that the optimum values of these para-
meters are not necessarily the ones that ought to be chosen.
For a slight increase in total cost, some safety factor--on
the tower loading, for example--might be appreciably increas-
ed. This can be very desirable if the occurrence of failure
of some element of the transmission line is of a statistical
nature. How much we are willing to pay for a certain in-
crease in realiability will require considerable judgment

from the designer.



PART III

REPRESENTATION OF THE IMPROVED DESIGN PROCESS

WITH THE USE OF THE DECISION TABLE TECHNIQUE




CHAPTER VI

DECISION TABLES

Introduction

In Part II, the design logic of an EHV transmission
line was assembled in a flow chart form. Transforming this
flow chart to an efficient program is a tricky job, and
requires close communication between persons both within and
outside the computer operating field. Decision tables will
provide these peréons with a tool that will ensure good
communication. Decision tables will also be an extremely use-
ful aid in converting the design logic into a program. This

can be done either automatically or by hand-coding.

The use of decision tables provides a powerful
means to convert complex, logical problems into an easily
digestable form which will permit more effective analysis.
Decision tables differ from flow charts in that they stress
primarily the analytical rather than the documentary point
of view as is the case with flow charts. Very complex pro-
blems can easily be partitioned in a set of interconnected

decision tables.



- 48 -

Each decision table is problem-oriented, i.e. we
can write down a set of actions to be executed for a parti-
cular problem which demands a decision. This contrasts with
flow charting where we have a sequential order of opera-

tions.

Once all the individual problems and their solu-
tions have been tabulated in the decision table format, the
designer will be in a much better position--through his
better understanding of the problem--to interconnect the
different modules and come to a correct representation of

the whole system.

Basic Concepts

A decision table is a representation of a situa-
tion which requires a decision. It is two—dimehsional in
nature, thus enabling us to express and consider both the
sequential and parallel aspects of logic. The table is
divided into four parts (see Table 1).

Table 1

DECISION TABLE ELEMENTS

R1 R2 R3

I. Condition Statement IIT Condition Entry

II. Action Statement IV Action Entry
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To the left of the double vertical line we will

write:

(1) All possible actions that can be derived
from the situation, once a decision has been
reached. The order in which these actions
are written is the order in which they have
to be executed. The complete set of actions
represents part II--the action statement--of

the decision table.

(2) All conditions necessary to execute the ac-
tions; this is represented in part I--the

condition statement--of the decision table.

To the right of the vertical double line are a set
of columns each one of which represents a decision rule (R1,
R2, R3,...). Each rule indicates a set of actions--below
the double horizontal line--which has to be executed when
the conditions for that rule--above the horizontal line--have

been fulfilled.

Decision tables can appear in three different
forms: (1) limited-entry table, (2) extended-entry table,
(3) mixed-entry table.

1. In a limited-entry table, each condition row

contains the condition to the left of the

vertical line. Each rule, to the right of the
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vertical line, will contain one of the follow-

ing: "Y" (yes), "N" (no), " " (irrevelant).

Each action row contains the action--left of
the vertical line--and if the action has to be
executed the rule contains an "X", otherwise it
contains a " " or a blank. An example of a

limited entry table is given in Table 2.

Table 2

EXAMPLE OF LIMITED-ENTRY TABLE

Rl R2 R3
Thesis completed Y Y N
Thesis approved Y N .
Continue work X
Rework thesis X
Grant degree X

An extended-entry table consists of extended
entries. An extended condition-entry is a row
where the condition values for this variable

and the rules contain values for this variable.
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An extended action-entry is a row where the

action stub does not completely define the

action, i.e. part of the action is implied in

the rule.

A simple example of an extended-entry table

is given in Table 3.

Table 3

EXAMPLE OF EXTENDED-ENTRY TABLE

R1 R2 R3
Money available to
spend on new car <$2,000 =$4,000 E
Buy V.W. Ferrari Mustang
The "E" in R3 indicates an ELSE rule. All

possible combinations which are irrelevant or

impossible are grouped in one ELSE rule; i.e.

all combinations not defined in the previous

rules will fall in this ELSE rule and a

common action will be executed.
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3. A mixed-entry table consists of limited-entry

and extended-entry rows.

in Table 4.

Table 4

EXAMPLE OF MIXED-ENTRY TABLE

An example is given

R1 R2 R3 R4
Thesis completed Y Y Y E
Quality of thesis Excellent| Good Bad .
Issue degree X X
Mention Honours Satisfac-

tory

Work Take Take Continue

Vacation Vacation Rework Work
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Extended-entry tables can always be transformed
to limited-entry tables. For example, Table 3 can easily

be transformed into. Table 5.

Table 5

TRANSFORMATION OF EXTENDED-ENTRY TABLE 3
INTO A LIMITED-ENTRY TABLE

R1 R2 R3
Money available is
less than $2,000 Y N N
Money available is
less than $4,000 _ Y N
Buy V.W. X
Buy Mustang X
Buy Ferrari X

When considering limited-entry tables we can have
either simple decision rules--which contain only "Y" or "N"

--or compounded decision rules--which contain one or more

. A compounded decision rule, containing x dashes is

the equivalent of 2X decision rules.
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For example:

Y Y Y Y Y
N N N N N
- = Y Y N N
N N N N N
- Y N Y N

A table is complete when it contains all the
possible combinations of the condition statements. If there
are x condition statements, there should be 2¥ simple deci-
sion rules or it should be possible to reduce the rules to 2X

simple decision rules.

Advantages of the Decisilon Table Technique

Many articles have been wriften on decision tables
and their advantages. Some of them have been listed in the
"Bibliography”. In the preceding sections, we mentioned
some of the advantages attached in using the decision table
technique. In this section, we will list a number of
important advantages from a system analysis and programming

point of view.

1. Since decision tables are problem-oriented,
they will force a clear problem statement and
show where information is missing.

The problem will be described,; in logic terms,

and all possible decisions will be defined.



Experience has indicated that development,
presentation and reading of complex logical
systems is vastly improved when using the
decision table technique; effective flow
charting is very difficult for such systems.
In addition it will provide for better commu-
nication between management, design enginéers

--or system analysts--and programmers.

When the decision tables have been prepared
according to some well defined rules (11), it

is possible to translate these tables automa-
tically into a Fortran or some other high-

level computer language program. In addition,
algorithms exist (12,13) which will determine
the optimum sequence for testing the condi-
tions in a decision table. The optimum segquence
will either benefit processing time or amount of

memory space required by the program.

Conversion of the system representation into
a computer program is inexpensive when using
decision tables. This is not so when one has

to convert a flow chart representation.
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Modifying a computer program is much easier
when using decision tables. This is because
of the more explicit documentation and modular
form of the system representation. The effect
of system changes on the decision logic can

easily be determined.

The decision table technique is easy to learn.



CHAPTER VII

REPRESENTATION OF THE IMPROVED DESIGN PROCESS

Problem Definition

By asking the right questions about transmission

line design, and by examining the different possible al-

ternatives to each question, we can completely define the

design problems.

We will partition the design process in distinct

problem areas, and ask some questions in order to explore

these areas on a preliminary basis.

l.

Conductor-structure clearance.

Do we want to calculate this clearance? Some-
times it is convenient to fix this clearance
to see what the corresponding flashover per-

formance of the line will be.

If a clearance calculation is required, we

can calculate an approximate clearance and see
whether the line flashover expectancy cor-
responding to this clearance is adaquate? If
no, we will increase the conductor-structure

clearance, and ask the former question again.

- 57 -
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Conductor conformance to electrical criteria.
This problem area will also contain the sub-
conductor quantity determination, if required.
For a given subconductor quantity and con-
ductor size we can see if the electrical cri-
teria are met. If not, we can either in-
crease the subconductor quantity or go to a

larger conductor.

Conductor conformance to mechanical criteria.
This problem area contains also span optimis-
ation. A certain span length will be assumed,
then conductor tensions will be adjusted so
that the conductor conforms to the mechanical
criteria. The span that corresponds to the

minimum total cost will be the optimum span.

Phase spacing.
Is it required to calculate the phase spacing?
If yes, an empirical calculation, based on

conductor-structure clearance, can be made.

Insulator quantity.
Is it required to calculate the insulator

guantity? If yes, calculate it.
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6. Insulator strength.
Will a given insulator strength be adequate

to support the conductor loads?

All these problem areas should be worked out in de-
tail and put in decision table format. Once this has been
done, it is relatively easy to interconnect decision tables

of different problem areas.

Decision Table Generation

As an example of decision table generation we will

detail problem area 5, i.e. insulator guantity determination.

In EHV systems, the insulator quantity is determined
from a contamination point of view with regard to power-fre-
quency flashovers. The creep distance of an insulator is
the distance along the surface of the porcelain between both
ends of the insulator. The specific creep ig the creep
distance per kV of maximum system voltage necessary to obtain
an adegquate flashover performance. Hence, the formula to
calculate the insulator quantity is:

_ VMAX sC
10TTY = 1.73 * CRCED

H

Where: IQTTY insulator gquantity

VMAX = maximum system voltage (kV, phase-
phase)

sC = gpecific creep (in./kV)

CREEP = 1insulator creep distance (in.)
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The insulator string length is then simply:

STRLG = IQTTY X SLENT
12

Where: STRLG
SLENT

insulator string length (ft.)
insulator length (in.)

Contamination of the insulator string varies from
one location to another. We will assume a specific creep of
0.9 in./kV for slightly polluted areas, and 1.0 in./kV for

moderately polluted areas.

Figure 6 is a decision table--in mixed-entry form--
which represents the whole problem. The table is written in
such a form that it can automatically be converted in For-

tran.

The first rule (operand 1) gives the actions which
have to be taken when:
(a) IQTTY = 0, i.e. we want the insulator determi-
nation to be done.
(b) CREEP = 0, i.e. we do not know the insulator
creep distance.
(c) IHCONT = 0, i.e. we have a slightly polluted

environment.

The latter condition asks for a specific creep of
0.9 in./kV (row no. 5). Since we do not know what the in-

sulator creep distance is, we will assume it to be a stand-
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ard 12 in. (row no. 6). We will also assume that the insu-
lator length is a standard 5.75 in. (row no. 7). Rows 8 and
9 perform the calculation of the insulator gquantity and the
string length. Row 10 states that the next problem to be

handled can be found in Decision table 12.

There are 3 condition statements, hence we expect

23 = 8 rules. We have eight rules, since the two

en-

tries can each be reduced to two rules.

The 35 decision tables, which make up the main
logic of the EHV transmission line design process, are ex-

hibited in Appendix A.
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PART IV

CONVERSION TO PROGRAM FORM AND APPLICATION

TO A SPECIFIC EHV TRANSMISSION LINE DESIGN




CHAPTER VIII

AUTOMATIC CONVERSION OF DECISION TABLES

Once the design logic has been expressed in deci-
sion tables, in a prespecified format, they can be punched
into cards, and fed into the computer. The 35 decision
tables of Appendix A conform to the specifications of a
Fortran-oriented decision table language. This language is
converted by a "Decision Logic Translator"” (11) into Fortran
statements written on disks or tape, or punched, and/or
printed. The Decision Logic Translator is designed for use
on an IBM System/360 Model 25 or 30 with 32 K bytes of main sto-
rage and two disk drives. The language used is System/3€C
Assembler, with the appropriate System/360 Disk Operating

System (DOS) input/output macrc instructions.

The main advantage of this system is-that it
accepts extended-entry decision tables. The main disadvan-
tage of the translator is that on-line manipulation of the
decision tables from a remote control terminal is not
possible. Furthermore, the Model 25 or 30 compiler is already
old, and for large problems, not ecconomical when compared to

the latest computer models available.
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The printed output of both the decision tables
(input) and the generated Fortran program (cutput) is exhi-

bited in Appendix B.

A different "Decision Logic Translator" (24) is
available which will convert PL-1 oriented decision table
language into PL-1 statements. The IBM System/360 Model 85
has this translator program in its library and on-1line
remote terminal manipulation is possible. One disadvantage
of this translator is that only limited-entry tables are accept-
ed by the pre-compiler. However, the possibility of doing
interactive computer aided design, more than compensates for

this disadvantage.



CHAPTER IX

APPLICATION TO A SPECIFIC EHV

TRANSMISSION LINE DESIGN

The Fortran program obtained from the "Decision
Logic Translator" was used in order to determine the basic
characteristics of a 765 kV transmission line, i.e. conduc-

tor-to-structure clearance, phase spacing, conductor size.

The significant part of the computer output is
exhibited in Appendix C. A glossary to the variables and
subprograms used in the main program is exhibited in Appen-

dix D.

The first three computer sheets show how the
clearance is increased until the line flashover expectancy
is smaller than 0.0001; the 246 inch clearance corresponds
to this condition. The chosen criteria of 0.0001 flashovers
per switching surge--or 10,000 surges per flashover--is part
of the input data (actually, this value is very conservative

and will result in a heavily insulated transmission line).

A list of conductor sizes, in the input, will be
read one at a time. When a particular conductor size con-

forms to the electrical criteria, it will receive a case
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number, and an analysis with regard to the minimum trans-
mission line cost will be performed and the results printed.

In Appendix C, we have included the first four cases of the

computer output.

The printed output corresponding to each case
consists of three computer sheets. The first sheet shows
how the optimum span is determined in order to obtain minimum
installed tower cost. The second sheet gives information
with regard to conductor gradients and corona losses on the
line. The third sheet summarizes design information, such
as clearance and phase spacing, and prints transmission line
cost data corresponding to the conductor under consideration.
This data consists of total installed cost and total annual

charges.

For this specific transmission line problem, case
number 1 has the lowest total annual charges and hence the

corresponding Cardinal type conductor is an obvious choice.



PART V

CONCLUSIONS




CHAPTER X

CONCLUSIONS

The following conclusions can be drawn with regard

to the use of decision tables in EHV transmission line design.

l.

The problem-oriented nature of decision tables
is ideally suited to the representation of the
highly complex and logical EHV transmission

line design process.

Conversion of the decision tables to a high-
level computer language can be done automati-

cally.

Change of the transmission line design logic can
easily be achieved by modifying the decision
tables. The use of computer based design of
EHV transmission lines is made attractive by

this important advantage.

The possibility of using computer based design

results in the following additional advantages:

1.

An important gain in time is realised. The

great quantity of possibilities that can be
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investigated by the computer in a minimum of
time would require months of engineering time

in conventional design.

2. An important gain in design cost is realised.
The cost of converting the decision tables in
a computer language and running the problem
is approximately fifty dollarsl. Even when
including the cost for modifying the decision
logic to suit the particular design problem,
would result in a total cost much lower than
the cost of conventional based design with its

fewer investigated possibilities.

3. A possible gain in transmission line cost.
Since computer based design can investigate
many more possibilities than cqnventional
design it is quite possible that a more econo-
mical solution is found. As an example, the
gain of one transmission line structure on a
line corresponds to a $20,000 savings. This
amount of money alone is about equal to the

entire cost of the transmission line design.

lThe reason for this relatively large cost is that
the "Decision Logic Translator" was stored on a disk which
had to be installed by an operator in order to run the pro-
gram. Should the program be "on-line" the cost would be less
than ten dollars.
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The design logic for the transmission line design,
used in this paper as an example, is apt to be considerably
improved. The Author is presently working on these improve-
ments. He is also investigating the use of interactive com-

puter based design in order to implement these improvements.
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APPENDIX "D"

GLOSSARY OF IDENTIFIER AND SUBROUTINE NAMES

(listed in order of occurrence in the programy

CLEAR conductor-structure clearance (ft.)

IQTTY Number of insulators on one string

PFAC Precipitation frequency

WIDTS Tower truss width (ft.)

WIDLG Tower leg width (ft.)

RDENS Relative air density

STRLG Insulator string length (ft.)

SURGFO Expected quantity of switching surges per
flashover

VNOM Nominal system voltage (kv, L-L)

NTOWS Number of towers on the line

CSSFO Critical switching surge flashover voltage (kV)

SSIGMA Standard deviation of the switching surge

distribution (kV)

DIST Length of transmission line (miles)
FOPROB Line flashover probability
NPRNT Printer location identification
NCRDR Cardreader location identification
TOWWS Tower withstand probability
CFOSTR Insulator string critical flashover (kV)
CFOTS Tower truss critical flashover (kv)
CFOLG Tower leg critical flashover (kV)
ISTRIN Insulator string arrangement

1l = single V

2 = double V

3 = single I

4 = double I

5 = single M

6 = double M
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CDIA Conductor diameter (in.)
GRDCL Minimum ground clearance (ft.)
FASP Phase spacing (ft.)
NSC Number of subconductors per phase
CGRAD Center average conductor bundle gradient (kv/cm)
CORGR Corona inception gradient (kV/cm)
BUNSP Subconductor bundle spacing (in.)
SURFC conductor surface coefficient
SAG Maximum conductor sag (ft.)
LBC Equivalent U.S. climatic area:
1l = Northeastern U.S.
2 = Southeastern U.S.
3 = Western Steppe
4 = Western Mountains
5 = Western Desert
6 = Coastal Pacific Southwest
7 = Coastal Pacific Northwest
OUTG Outside average conductor bundle gradient (kV/cm)
CTRG Center average conductor bundle gradient (kV/cm)
CORL (1I) Corona losses (kW/3 phase mile). The probability

that these losses will be exceeded is:

I =1 Prob. = 50%

2 15%

3 10%

4 5%

5 2%

6 0%
INSSTR Insulator strength (1lbs.)
COSTIN Insulator cost ($)
VMAX Maximum system voltage (kv, L-L)
CREEP Insulator creep distance (in.)
SLENT Insulator length (in.)
SSMAX Maximum switching surge (kV)
ANGLE Angle between truss and insulator string (deg.)
RWSCOS Right-of-way cost ($/acre)
IHCONT Insulator contamination level

0 = slight
1 = moderate

IDFOPR Desired line flashover probability
NSCG Number of subconductors (given)
MVA transmitted power (MVA)

XIICE Radial ice thickness on conductor (in.)



WINDL
AVTEMP
TOPTMP
ALFA
YOUNG
HTLIM
COEVDT
TCCOEF
ACOIC
ALOSC
DCOC
CWGHT
AWGHT
SWGHT
CO, TYP
ICCcCC
CUTS
BAZCOS
CONRES

GRADNT

ORDER3

GRACOL

GCFO

FOEXPL

TOWITS

NDTR (X,P,D)

(V)

wind load
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(1bs./sqg.ft.)

Average temperature (Deg.F.)
Max. conductor temperature (Deg.F.)

Coeff. of

linear expansion (1/Deg.F.)

Final modulus of elasticity (psi)

Crossarm h
Coeff. of
Tower cost

eight limitation (ft.)
everyday tension (% of U.T.S.)
coefficient

Annual charges on installed cost (%)
Annual loss charges (mills/kwh)
Demand charge on corona ($/kw)

Conductor
Aluminium
Steel weig
Conductor
Conductor
Conductor
Conductor
Conductor

weight (1bs./ft.)

weight of conductor (lbs./ft.)
ht of conductor (lbs./ft.)

trade name

current carrying capacity (A)
ultimate tensile strength (1lbs.)
basic cost ($/1,000 ft.)
resistivity (Ohms/mile)

SUBROUTINES

Calculates
phase and

Calculates
equation.

Calculates
Calculates
Calculates

Calculates
voltage V.

Calculates

the average gradient on the center
the corona initiation gradient.

the real root of a third order

gradients and corona losses.
critical flashover of a gap.
the line flashover expectancy.

tower withstand probability at

normal probability and density.





