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ABSTRACT.

- gt} GNy EED  GuB  sen

With the increase in the voltage of transmission many
problems arise, Of them the two important problems are Corona
losses and Radio interference. Unless the voltage gradient is
1limited, the losses can become very high and the interference
to radio listeners can become excessive. Bundle conductors, if
used deerease the operating voltage gradlient and thus bring the

above two factors under control.

In addition to the above two advantages, power transmission
capablility and the permissible voltage of operation, increase
substantiglly. The above advantages are obtained largely by
changing from one conductor to two conductors per phase. These
polnts are discussed in detall, Extensive tabdes of the

electrlieal parameters have been prepared,

An introducibry investigation of the unbalance evaluation
has been presented. A thorough study of unbalances is time
consuming as the number of variables to be studied is too large.
Calculations of the unbalances are done with the help of the
digital computer IBM 1620.

Bundle conductors have also been used for DC power transmiss-
ion. A comparison of the operation of.bundle conductors on AC

~and DC systems is presented.
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CHAPTER I
BUNDLE CONDUCTOR TRANSMISSION LINES

1.1. Introductions

An 1dea about the rapidly inereasing demand of electrical
power can be had from the fact that in our country, during the
last decade the demand has increased four times, This holds

good in other countries also, ofcourse at varying degrees.

To cope up with this ever-inereasing demand of electrical
power the generating capacitles of the existing systems should
correspondingly be increased. Often, the generating stations
are located away from the load centers of the sys-tem, Such as
hydro-electric stations, which are located where geographical

features permit them.

Thus large blocks of power are to be transmitted to the
consumers far away from the generation point, It is an established
fact that the use of high voltages givesrise to large savings,
especially for long distance and large block power transmission.
But, operation at higher voltage has many problems assoclated with

it, such as proper conductor selection ete,

To successfully design a transmisslon line and adequately
solve the associated problems, a design engineer may Pind the use
of single conductgrs,inlsteadily‘1ncreasing diameters reaching a
practieal limit, Consequently, a multiple number of smaller
conductors per phase, spaéed short distances apart, but metallically
connected, is gaining increasing prominence., This arrangement
popularly called as bundle conductor system, or synonymously as
split~-conductor system or multi-conductor system or grouped
conductor system, offers many advantages over single conductor

per phase arrangement,
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1.2+ Development of Bundle Conduector Lines:

The application of bundle conductors to transmission lines
was first proposed in 1909 by P.H. Thomas, A more complete
consideration of the electrical characteristics of bundling was

(44), and recently by,many othersﬁ28,43,98,110)

donevby E.Clarke
Chapter 3 of this work discusses the electrical characterlstics

in some detail, At about the same time és in America investigat~
ions were carried outin Europe on electrical éharacterietics and
economics of bundle conductor Lihes; The plethora of literature
available on bundle conductors 1s itself the proof of the suit-
ability 6f bundle conductors for EHV lines., As a result of these
investigations, one can sayy that the reliébility and advantages
were proved véry often and many lines have been:constructed or are
being constructed with this type of overhead line arrangément
throughout the world, Table 1.1 shows the development of bundle

conductor lines in a nutshell(sz).

Considerable work has been done on bundle conductors in
Sweeden<572; It 1s generally condluded that bundle conductors are
not economical at 220KV, but, for voltage ranges 400KV and above,
they are the best solution possible(eo). Whereas, Rusk and
Rathsman(s) declare that the economies of duplex system (two
conductors per phase) is amply Jjustified by the corresponding
inerease in transmission line capability., However, there are cases
vhere bundle conductors have been used mostly two per phase, at aa
low voltage as 68KV, for many reasons‘lz?sa). The author supports
the opinion that(a) bundle conductors can be used at 220KV and
above after a sufficlent justification is obtained about their

economy., However, at higher voltages the author feels they are

inevitable 85



In short the advantages of Bundle conductors can be stated
a8 follovs. They have lower:inductive reactance, thus reducing
surge impedance resulting in a higher ecapability. They have
higher disruptive critical voltages, éilowing for an increase in
voltage of operation, And, the increase in corona 1635 and radio
interference 1s lower when the operation voltage 1s raised,
However, before deciding upon the design of the liné, 1% remains
to weighi these advantages against the increased investhent.

These aspects will be discuésed in detall, some of them at present

and the rest in the chapters that follow.

Development of Bundle Conductor Transmission Lines,

Country  Year of Voltage No,of Intra-condr,
installation - Xv conductors spacing.cms,
sweeden 1950 380 2 45
380 3 45
200 2 45
130 2 45
Japan 1951 275 4 40
275 2 40
110 2 40
7 2 40
Great Britain 1953 400 4 30
' 275/400 2 30
275 2 30
132 2 30
Ttaly 1953 380 2 38

0

220 38



Country  Year of Voltage No,of Intra=condr,

installation KV conductors spacling cms.
Gormany 1954 380 4 40
220/380 © 2 45
220 2 45
France 1957 380 2 40
Spain - 1887 380 4 40
- 380 2 40
220 2 40
S 0 2 30
USSR 1959 500 3 40
| | + 400 DC 2 40
UsA 1959 500 4 48
600 3 45
500 2 45
345 2 45
Candda 1959 500 4 45
345 2 40
Czechoslovakia 1959 400 -8 40
220 2 - 40
'Rhodesia 1959 330 2 45
Zambia 1959 330 2 45
Australia 1959 330 2 19
Argenting 1959 380 2 20
Newzoaland 1960 220 2 35
500DC 2 43
Finland 1960 400 2 45

MAY mwa T AN

e

AN



Country Year of Voltage No.of Intra-condr,

installation KV conductors §pacing ems,
South Africa 1264 400 2 38
275 2 . 38

1.3 Cost Analysiss |

The bundle conductor lines cost more, The extra cost is>
due to the fact that they experience havier_wind'and ice loads,
need bigger transmission towers, sophisticated and expensive
har&ﬁare, and above all have maximum stringing costs, This
cost - increaseswith the’increase in number of conductors used
per phase, But on the contrary it is believed that, these lines
are less vulnarable to aeolian vibrations and swinging action

51) A figure of 13-20 percent

vhen sub jeeted to lateral forceg
- higher cost is given(l’lz) for a duplex 1ine of seme conductor
crosénsection per phase as that of a single conductor line. As
indicated earlier this excesslve cost is justified against the
increase in circult capabllity by some experts in this ﬁeld(53’942
Exact figures of increase in transmission line investment for
triplex and quadruplex lines are not available., However, the
absolute cost increase depends upon many other uncontrolled

factors such as location of the line, availability of material ete.

A method of cost estimation has been proposed, which
considers the effect of all the factors influencing the design of
transmission lines£72) It congists in evaluating the amnual cost
of the conductor and the cost due to joule losses viz.el and o
respectively,

L _ . .2 |
el - kll‘ LR LR B (1)



where,
kl = tech

t finanelary coefficient, considering annual charges on
investment, |

e cost of the conductor including transport and constructe
1on (B.per kg.). ,

b construction coefficient kg/km./sq.om,

ky
02 = ""é' s sen (2)
r ,
where, m,2 Be., I e »
/3 v cos f.n o

m = 1,06 to 1,1 dependj..ng. on fl $ 045 respectively.
energy transmitted, kw hrs,

fl plant' factor

I_ rms current/phase, Amps,

e energy cost k,/kvw.hr,

v  Line voltage, volts,
¢ power factor angle
n number of conduetoi-s

k1=0.04 for ACSR conductors.

In the above method, corona losses have not bean consldered.
By taking into account the effects of all pertinent variables,

the corona loss cost equation can be given as(75)

whers .
"ky=ky e = (156 x10"%)e

e energy cost B./kw.hr,



T, number of falr weather hours 4in year

tq number of foul weather hours in a year.

The total annual cost per unit length then will be the
sum (c1 + oo+ ca)c For a single conductor lige ey & ¢, are
lower where-as cé may substantially be large when compared with

bundle conductor line.

1.4. Transmission Capabilitys

Bundle conductor transmission lines are undoubtedly
capablé'df transmitting high power éompared to single conductor
lines of same total conductor area of cross section per phase.
 (Mathematically treated in Chapter 3). Transmission capability
is dependent upon various factors (i) conductor size (ii) intra-
conductor spacing (14i) conductors per phase and (iv) phase
separationsgs) Fig.1l.1 shows the percentage variation in capability
with phase spacing and intra~conductor spacing, when the total
conductor area is held constant practically. Fig.l.2 clearly
shows the possible increase in transmission voltage with 2, 3 and
4 conductors per phase. For oéerall 6pt1misation of the transmiss-
jon line design a careful consideration of both line reactances and
conductor cross-sections is necessary. An advantage of bundle
conductor transmission lines 1s clear from Table 1.2562) that,
Judicious use of bundle conductors results in obta;ning the
advantages of‘higher‘transmission voltages.without incurring the
extra cost of insulation,.switchgear and transformers, which
otherwise would have been essential. The following are

the effects‘of the varlables listed above on transmission

capabili ¥,

(1) Unless conductor current carrying capacity is

ineraased eonductor dimensian does not atter the tranamission
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capaclty.

(11) Intra-conductor spacing has significant effect on
transmission capacity. It is seen from Fig.l,l. that an inerease
in conductor separétion from 30 to 40 cm,. results in capacity
increment of 10%.

(141) With increase in number of conductors per phase a
small incremental capabllity 1s obtalned, but this. compared with
the inereased capacity obtainable by n different eircuits ;s very
less. For example, the resulting capacity increase of 25«30
percent with duplex system is considerably less when compared to
1008 capability obtainable with that of a double cireuit line,
Approximate increase in capability for 2,3, and 4 conductor bundles
is respectively 30, 40 and 50 percent,

(iv) Increased pﬁase separation decreases the circuit

capacity. This clearly is an additional advantage,

| TABLE 1,2
Equivalent Operating Voltages (KV) for Various Bundles

Simplex Duplex . Triplex Quadraplex
69 80 85. | - 90
138 158 168 176
230 260 275 286
345 | 390 410 425

1.5. Voltage Gradients:

At extra high voltages, voltage gradient or electrical
stress on dielectric surrounding the conductor becomes of paramount
importance. The characéeristic feature of the voltage gradients,
around bundle conductors is its non-uniformity, which makes 1its

determination a little tedius. But the tedium can be overcome
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capacity.

(41) Intra-conductor spacing has significant effect on
transmission capacity. It ls seen from Fig.l,l. that an increase
in conductor separation from 30 to 40 em. results in capacity

increment of 10%.

(1i1) wWith increase in number of conductors per phase a
small incremental capabllity 1s obtained, but this compared with
the inereased capacity obtainable by n different circuits ;s very
less., For example, the resulting capaclty increase of 25~30
percent wilth duplex system is considerably less when compared to
1008 capability obtaineble with that of a double circuit line,.
Approximate increase in eapability for 2,3, and 4'conductor bundles
is respectively 30, 40 and 50 percent,

(4v) Increased pﬁase separation decreases the circuit

capacity. This clearly is an additional advantage.

TABLE 1.2
Equivalent Operating Voltages (KV) for Various Bundles

Simplex Duplex Triplex Quadraplex
69 80 85. . 90
138 158 168 | 176

230 260 275 286
345 390 410 425

1.5. Voltage Gradients:

At extra high voltages, voltage gradient or electrical
stress on dielectric surrounding the conductor becomes of paramount
importance. The characteristic feature of the voltege gradients,
around bundle conductors 1s its noneuniformity, which makes 1ts

Astarminatinn a 11ttle teding. But the tedium can be overcome



with the_help of a digitel computer as is done in Chapter 3, For
the same area of conductor eross section per phase the maximum
voltage gradient decreases in order, for dup;eg,_triplex and
quadruplex systems, Tﬁis 1s evidently anladvantage. A gradient
reduction of about 20 percent is obtained.by bundling. The gradient
further reduces with incerease in the number of sub-conductors,
Mangoldt's equation(57) is being extensively used in industry.

It can be used with equal facility for determination of gradient

on centre as well as on outer phases, at any point around it,

Gradient varles sinusoidally around the circumference of
a sub-conductor, Iﬁ is minimum at a point on the conductor nearest
to the bundle centre and méximum at a poinp circumferentially
opposite to this: Of interest, usually is the value of maximum
surface gradient fcr‘&ete:mination of eérona disruptive critical

voltage eté.

1.6, Corona Losseﬁz
Since the operating gradient on a bundle conductor line is
less than thet for single conduetor 1ine, eorona initiation is(in
falr weather ) further delayed to higher line voltage(}5’35) In
foul weather the losses are definitely less than those for single
conductor 1ines(64)(discussed in detail in Chapter 4). While,
(6)

failr weather losses may be maintalned low or negliglbly small
by suitably selecting the conductor and hardware(}oz)'foul weather
108868(4) form a few perfent of the power transmitted., The case
will be worse if foul weather were to exist at the peak load period,
Even more important and interesting case is that of the losses
during over voltages of say twice or so, the order of operating

voltage. This aspect of corona loss needs further-investigationfgs)



The simplest possible method of measuring carona losses

on operating transmission lines 1s to 1hstall wattmeters in
every phase at both ends and measure the loss. This after deduct-
ion of copper losses gives the actual corona losses. A line
should be designed such that falr weather losses are zero or
negligible, The other methods of measurement are discussed
‘later. '
1.7. Radid Interferencez‘ |

| The problem of RI 1s of little importance at léw transmisse-
ion voltages,of the order of 220 KV, The study of RI becomes
important over and above this value, and 1s often of a major
concern to the 1ine designe;ls’gs) Strictly speaking, RI is a
nuisance faetor, which should not dictate at all, the design of a
tfansmissian line.(zl)

(73) are developed by classifyling the type

Design criteria
of broadéast'reeeption and limiting the radlo noise produced by
the transmission line by the eriteria. One such criteria develop-
96(92) indicates a SNR (Signal to nolse ratio)of 24 dB as the
acceptance level, as measured by Stoddart W20 meter, With any
other meter this valus should bgsggggggingly-depending on its

~ parameters,

Thé radio noise attenuates rapidly, lateral to the transmiss~
ion line(sg) This defines the distance between the residential
areas and transmission line, for a given class of reception(gg)
This again depends on the locality through which the line is
passing viz., urban or rural. Whereas in urban areas the probabi-
11ty of a radlo receiver being nearer and that of high signal

strength is high, but in rural areas it 1s quite probable that the

ranatvare mavr ha Panthor awsvr fram +hae 14na and +ha alonal



strength quite low, To maintain same class of reception the line .

design should be done accordingly,(”%)

1.8, Special Features of Bundle Conductor Iiness

Increasingfgﬁmber of conductors per phase involves many
mechanical problems unknown hitherto in the construction 6f single |
conductor transmission lines., One such is the maintenance of
constant separatioﬁ distance between the suboonéuctora; For this
purpose spacers are used, These spacers along with maintaining |
the required separation distance also connect ele¢tfiea11y all the
subconductors of the phase., This ensures that each subconductor
1s at the same potential practiecally. Rigid'Spacers'are apt to be
damaged under ghortwciycuit conditions and are apt to %ear out the
conductor strands practieally.(sz) During which period the electro=
mechanical foreces developed force all the conductors towards bundle
centre. Invesgigatiops on this problem reveal that spring type
spacers aré best sulted for bundle conductor transmission lines,
since, they allow a limited motion in a vertical plane, and some
longitudinal motionsl) Fach country has developed 1ts own research
projJects to 6pt1mise the design of bundle conductor spacers anﬁ
all seem to accept the above type of spacer., The spécers are
located at every 50-80 meter distance,a minimum of 4 per span
depending upon the terrain and the atmospherle conditions such as
wind, frost etec,, The spacers should have a 1life period of atleast
25 yoars, whicﬂ also holds good for other acceklsories,

Bundle conductors ean avoid grading rings around the
insulators, The top two conduetors in a quadruplex system can be
centered in such a manner tﬁat they provide the necessary grading.

With duplex and triplex systems a similar approach is possible.



Even though the modern practice is to avoid transpositions,
it will be economical to provide at least one or two cycles of
transpositions as indicated in Chapter &, at the compensating series
capacitors located at every one third of the total distance. This

has been proved to reduce the unbalances greatlyﬁ#”

In almost all transmission lines the intra-conductor spacing
is of the order of 40 ems, A slightest difference in'sag of sub-
conductors will be very conspiciouss A slight difference in length
of cables will resilt in difference of sags, It is necessary to make
the tendency’of’permanent°set of the’individual.candﬁctors same by
providing a uniform history of stress foom thelr production to final
stringing. For this purpose all the individual conductors per phase
should be selected from the same production run. This assures
uniform internal stress and tempgrature to be same during the producte
fon period. Wiring is made by uniforming the tension in each sube
conductor, | | |
i.Q'ASome Aspects of Mechanical Behaviour cf.Bundle Conductor Liness

" With bundle conductor transmission lines the aceldental
contact of conductors in thé same bundle is given rise to by (a)
aero-dynamic forces and (b) electro~dynamic foreces. These accidental
contacts may result in clingihg together df conductors even after |
the release of the forces just as in the caéé of severe short
circuits.(51’93) Such clinging. of subeonductors 1g aptvto cause
damage to the otiter conductors, this necessitates ldéation of
flexible spacers at intervals as méy be dictated by the above two

forces,

It is interesting to study and comﬁare horizontal or other

eircuit arrangements with_vertical arrangement: , Movement towards
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forces or aerodynamic forces 1s zero or quite less in the case
of vertical arrangement, Theoretically spacsers can be dispensed
with. But horizontal and other arrangements are vulanarable

to these and require spacers at intervals as mentioned earlier.

The following comments can be made with regard to vibrate
ion and danc;ng on bundle conductor transmission 1ines,(56) With
spacers located at distances as discussed, reduce effectively

the vibration as compared with the single conductor,

The transmission line is found to become practically
immune to dangerous vibration when 3 or 4 conductors are employed
as 1s the case at EHV, On the aontrary bundle conductor transmis-
sioﬁ lines experience a greater degree of daneing as compared to
single conductor lines, And 1f rigid spacers are employed, the
tranémission line is prome to torsional oscillations, Dancing
becomes an 1mportan£ factor deciding the spaeings of the trans=~
;1ssion 1line, 15 pléces vhere icing 1g accompanled by winds of
moderate veiccity. Daneing can be avoided by melting the ice

formed on the lines before vibrations set in,

1,10, Design of Bundle Systemss
1.10,1. Cholee of Number and Size of Conductors:

Thg factors controlling the conductor choice were
elucidated hitherto, and will be discussed further.. The choice
of conduetor (7 always an important factor in transmission line
design, assumes added significance in the design of modern EHV
11nesSB)As the voltage levels increase, a conductor cholce based
on the classical economic,approaeh, i.04 Kelvin's Law, will result
in conductor sizes that will ha#e an increased voltage grad19n£
at the conductor surface. Because of the effect of higher surface

gradient on corona loss and RI performance. as well as the



considerable expense of all elements of an EHV line, an optimum
cholce requires careful study of the performance characéeristies

of conductor alternatives, (21

A method of prellminary selection 1s Suggesteé?g) Such a
selection should provide minimum annual costs, The total annual
costs are given by the sum of the equations (1), &) and’(3)a
Differentiation of such an expression to get optimuk conductor
eross section would be & tedius job. If hoﬁever,the corona losses
are neglected an easy'rough”estimate can be done, Then we get
after differentiating and equatiﬁg tbvzerof | |

This radius can be checked against corundby ealculating the

eritical corona voltage.

Where as corona losses seem to be a factor restficﬁing the
reserve capaéity, they do not have a major influence over conductor
choice as compared to high frequency disturbancesa7}fhe permissible
radlo disturbance depends ypon the type of 1ocation~ urban br nural,
Based on the experience on the existing lines,'it,is possible to

(75492) surves representing

predict the performance of other lines
sueh predictions are shown in fig.(}.z). The tﬁo'graphs (A) and
(B) show t&pical pracfices 4n #anada and Italy, The ocurves can
be approximately représented by the respective eQuations inéerted
in each graph, These graphs can be used as a check against the
radius of the conductor caleulated on the lines outlined in the

previous paragraph.

It is generally recognised that for a given total cross

gsection of conducting material per phase, both RI and Corona loss
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decreasé as the material is subdivided into successively more
conductors, However many of the costs of achieving this sube
division are difficult to assess, such as the inereased eost of
stringing and the rather intangible cgst accompanying the overall
mechanical performance. The number of conducters in a bundle is
decided by the vcltage of operation. However, before selecting

a larger number of conductors in a bundle it 13 good to have a
check on the accompanying increase in cost and the mechanical
arrangements, Cireuit reliabllity is however increased with thé
number of conductors per phase, It has been usual practice to
have duplex or quadruplex systems., So at lower voltages say 220
to 600 KV a dupléx system may be employed and at 400KV and sbove a
quadruplex system 18 suggested.

1.10.2, Optimum IntradConductor Spacing:

All characteristle features which decide the dasign of
a EHV line are dependent upon the maximum surface gradient, While
determining the optimum intra-conductor spacing the surface gradient
equation should be considered, Mangoldt in 1942 presented an
equation to determine the surface gradient on bundle conductor

lines, The equation 13‘5L)

ﬁ' 1#12(n~1)r sin(%W/n) cos el/n
n r log, Y2/Yrl B WBD/B/o750Z 41)) -

er (4)

WHERR,
| gradient factor, KV/cm/KV‘to ground or neutral
number of conductors in the bundles,

angle from point of maximum gradient.

B © B @

distance between nearest subconductors.

i ]

conductor radius, cm.

conductor height above the ground plane



M goometric mean intra conductor spacingzn:]/mlamla...mm
'4s m for n =2 & 3, 1.12m for n = 4,

D geometric mear phase spacing.

 are .
The bundle arrangements/as shown 1n Fig.(l 3). The notat-

ions conform to those used in the above equation. BEquation (&)

for maximum gradient at @ = O can be written as,

for n=2 :
' 1* 2r/m .
6= f — KV/cm./KV - rotind
2 logemh/ rm(ﬁr +1) 1

o A ' | >n"oc (5)

- for n=3 S0

» 1 + 3,464 r/m - m/KV

3r logeIQh/ !:ym 4“5541)! vee  (6)

and lastly for n =4

1+ 4,242 r/m 4 ,
c2 . . KV/em/KV

4rlog,X2h/ (%/r(lglam)s./ ~—§%—- +1)}

| | o e (D)
Differentiating equations (56}, (6) and (7) w.r.t. m and equating
tc; zero, an equation involving all geometrical ;parameters is
obtained, Solution of this ’equatiqn provides the optimum intra

conductor spacing. 'For example équation (‘5) 18 consldered,

Denoting —2— = A,

/2w

D v
Y —) (-
3 = 0= (er 208, ) (- By -1 B 20 (o) () oo
_ /r (8)
- ; . = 2 -A_* - — [ XK} :
oy +vlogem lOga = Y
far n= 3 . ' ~ . ~.1/8

ground



and for n =4
0887y M 1., A 1,0887 rt
!'—l’-;—l J15-#l+2 log,m = log, X 1~0,75% |
Ar 5. e = "™ 7] osa7 ¥ A
ese  (10)
The values of optimum intra-conductor spacing obtainable
from equations (8), (9) and (10) are- less than those used in

practice,

1.11, Advantage of Bundle CQQductqr_Linesz
From the foregoing discugéions the advantages of bundle
~éon.ductor transmission‘linss can be stated as follows initpe order
of 1mportance, |
1) increase in operating voltage
1i) improved circuit reliabilityv
411) inerease in circult eapability
iv) reduction in reactance of the circuit
v) decrease in RI level
vi) decrease in corona losses |
viil) reduction in required circuit compensation, due to
inereased line capacitance | .
viii) Pacility in handling-due to light and smaller hardware
and accessories,

and 1ix) lighéer supporting structures,

On the other hand, there are some disadvéntages such as
increased investment, mechanieal problems, added accessories such

as spacers ete.

The design of bundles conductor lines should take into
account RI generated by the line, Intra conductor spacing used in
practice is usually greater than the optimum spacihg, due ‘to
mechanical limitations,



CHAPTER 2
VOLTAGE GRADIENT STUDIES

2,1, Introductions ‘
Whenever a conductor is meintained at a potential the
dielectric surrounding the conductor 1slelectrica11y stressed.
The electric stress decreases, as the distaﬁce from the conductor
increases, in a rapld menner. This electric stress is called
voltage gradient.surface voltage‘gradient'is defined as the
electric intensity of the electrostatic fleld surrounding the
conductor as measured sat its! surface in a direction perpendicular
to the axis of the conductor under the assumption that there is no
corona presents With the advent of the e%trawhigh voltage ¥rensmiss=-
ion for various reasons pointed out in Chapter=-l, the voltage
gradient and its' studles have gained importance for the reason
that with voltage gradient are associated a loss factor and a
nulsance faetor, With ;ncrease in gredient the surrounding air
will break down at its'! eritiecal value, which gives rise tb a
charged envelope around the conductor, virtually inereasing the
diameter of the conductor. This dielectrle break down 1s assoclated
wvith a power loss termed "corona-loss", and a nuisance factor which
is high frequency interference such as/the Radio and Television
broad-cast band, The electromagnetic waves from the\overhead
conductor interfere with the signal transmission and 1f due care
is not taken in the design, the nolse may even over-ride the signal
itsglf, - Chapter 4 and 5 discuss these two important factors of a
EHY bundle conductor lines, ;
Studies of voltage gradientts’v’la’ls) have»been made since
the beginning of the power transmission. However, bundle conductors
appeared in the transmiésion field only a few years ago and sinca

then attempts are being made to study thoroughly the volt age



involved in the caleulation of the voltage gradients due to its
Anherent Nniformity, certain assumptions are necessary, which
when made with a sound reasoning preserve the accuracy of the

calculations,

The following are the assumptions made in the analytical

studles:

1, The charge distribution on ecach conductor of an
individual phase 1s uniform; throughout the length of the
‘“transmission line, 80 a charge per unit length is considered
in the calculations, This assumption s based on the fact that

a transmisslion line is always considered to be at a constant

average height above the ground, unless specifieda

| 2. The 1line 1is perfectly balanced 1l.,e., the transmisgion

1ine 1s assumed to be transposed at regular intervals.

34 Spacings, 1ntra-conﬂuctor and intra-phase are respectively
 from centre to centre of the conductors in one phase and between
bundle centres of tﬁb ﬁhasesi It is assumed further that these

| distanees game throughout the 1ength.

4, The conductor surface is smooth and the radiius  of the

conductor is that of the outer circumseribing cirele.

6. The transmission towers and other accessories have

negligible effects on the voltage gradients.

6. The effect of the flelds on other phases on a particular
bundle has been neglected while the effect of the capacitances

on fields produced has been consldered,

Galoulations of Temoshok'S) indicate that the inflwence

of the factors such as ground wires (one or two) and finite
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and can be neglected altbgether, In the case of transmission
1lines ﬂsing one condugtor per phase gradient distribution around
the periphery i1s uniform. Where as, in the case of bundle
conductor transmission lines the gradient distribution is
essentially non-uniform, By the use of conventional method,
using maxwell's coefficients it is possible to obtain only the
surface gradient, which ofcourse, is sufficient sometimes to
predetermine the corona loss and RI characteristics of the
line.(7’15’26) But for a study of gradient dist}ibution around
and away from the bundle, conformal mapping will be very useful,
This was formerly tried by'chitsky(44) developed by sieenivasaﬂgs)
and recently throughly studied by Timaschef ?6) The same principle
of conformal mapping is used to outline the procedures. for

gradient determination,

2,2, The Case of a Single Conductor: | |

A thin conductor of infinite length and carrying a uniform
charge Q per unit length, gives rise to a potential # at any point
Py X meters,aﬁay from the conductor as given by the following
equation@_

§ = = s Logg(x) + k (V)
where,

ky is a constant o

Equation (1) reveals that equipotential lines (on which P
is constant) are given by cireles. A ecircular conduetor such as
used on transmission lines,.ean‘he superpose@ to coincide with one
of the equipotential lines of an imaginary infinitessimally thin
conductor, which essentially does not alter the fleld pattern‘
given by (1), This approach is further developed to meet the

requirements of bundle conductor lines,
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2.3. The case of the n Conductors arranged on the Cir cumference
" of a Circlet

Potentlal at a point due to n infinitessimally thin conductors
of c¢harge Q per unit length is given by

ﬂ : - 'é““gé'; Loge(xl.xz.....xn)'l'g' ree (2)

where, k' is a codstant,andxlg Xgese Xy, are distances to
the point P from conductors 1,2,.,.n respectively., Just as in
the case of a single conductor all the n conductors of finlte
radius can be superposed to coincide with the appropriate
eduipotential,linea. Equipotential 1ines are given by-

XysXg oo x# = constant ‘oo (3)

Fig.2.1 shows the srrangement of conductors and ths usual
nomenclature. Now by tiaking a transformation such that W=Z",
the éctual conduétor gystem in W plane can be mapped 1nx6 Z plane,
In Z plane'it_is necessary to consider only the field .due to a
single conductor, which when mlrrored a suitable number of times
depending on n, the actual field systemm is obtalned, The
transformation for a simple case of n=2 is indicated in Appendix A,

Extending fdf a case of n conductors,

R, = 0.5 (WI¥1 + n/I), |
r = 0,5 (nfi"—‘« + B/I:T) _ YT . (4)

| where % 4s the radius of the circle undergoing transformat-
ion from Weplene to Z plane, and in this case 1t is the actual
' eonductor radius to a scale;. From Fig,(2,1) and equation (4)-

a. , .
2 (xﬁ) sin (""‘ﬁ') Y (5) |

and
244, Bquivalent Radii P Gradient Determinations

. convenience, two quantities are defined VizZ., (i) a
or
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(1) a single conductor of same capacitance as the bundls and
(ii)‘a single conductor of maximum gradient as that of bundle,

both located at bundle centre, The radii of these conductors

respectively 1s given by(eg)
| n 2%5; %‘ ,
R = r.( e IR TR e (6)
¢ "o sin & ’ |
and R Log (~§-%ﬁ'rQ e ‘LOé - ¢ )
g e g : m*zr(nﬁl).sin(lk)- @ By .

It 4s worth noting here that the two”equations (é) and (7)
 would have been same if the gradieht distribution around the bundle
conductors were uniform, - ﬁqwever, the‘gradient distribﬁtion is
nonuniform, the radius of equivalent conductor representing maximum
surface gradient is (1+£) times smaller than that for uniform
field distribution ffrom (M},

where ~ | py
: g 1-‘8 2 n‘m L Sin(‘r‘l.ll") see (8)
Thgrefore 8pax © gnni(l +p) oo (9)

Bunt * §’Fglﬁb’ Q' = Total charge on equivalent
| © conduetor,

Since the variation of gradient around the conductor in a bundle
has been proved to be sinuﬁoidal, gradient at any'point at a
reference angle © (Fig.2.1) 4is given by

B = Bypy (24P cos o) TS (10)

Emayy On the otherhand can be obtained directly by solving

for Rg in (7) and is given by-

B

g = (X R (ll)
max Rg Logegs_ : 3
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vhere E line to nsutral voltage KV

D phase separation in meters,

There however exists a difference in the value of maximum
surface gradients between the centre phase ard the outer phases,
e.g+ as in the case of a hégizontal single q;:@uit. There however
also exists a difference though slightly in the maximum surface srd-

between the subconductors:themselves in any particular phase
| (Ref, Appendix B)s Siﬁce thélcalculations are carried out with
the help of a single equivalent conductor of maximum surface 2.
gradient the results are safe. Equation (11) can be corrected
~ for finite height above ground by using a factor nearly 0,97
according to Timaschef, and the effective phase distances can be .
taken 1nto§§§9%§§‘iactqrs_(ﬂ/3/2f3 and (3/2.D) for center and
outer phases respectively,  However in the opinion of the author
values (/Z,D) and (D) are the values that should be used for

centre and outer'phases, since”theSe represent the actual geometric

mean distances.

245 Gradient Distribution Around the Circﬁmferenues

8ince the é;@iié&i§3§e¢ge is a function of applied voltage,
1t varies sinusoidally at a point, The investigations reveal
that a sinusoidal variation around a conductor in a bundles can
be assﬂmed;(lo'gl’gs) Fig.z.z glves a graphical picture of this
variation around the conductor periphery, in the case of each
of the arrangements viz., Simplex, duplex e#g. It is evident
that at a point 180° from the reference line the gradient 1s
minimum, at 09 1t is maximum and at 90° it has the average talue.
A grephical estiﬁation to a good degree of agcuracy has been
presented by Schmidt; which gives the values of gradient 6n the
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surface and in the near vicinity at all possible angles and also
the determination of the corona angle(gz).The chart construction
is based on the conformal mapping principle. A recemt paper(ge)
presents a computer plotted equigradient line arrangement for

specific examples of duplex, triplex and quadruplex lines,

Fig.(2.2) gives the gradient values for intea-conduetor
spacing ihﬂicatea, for subconductor diameters listed in Table
2¢1s' In all further caleulations throughout this work the
conductor diameters are essentially these values unless otherwise

specified,

Table 2,1

Sub~conductor Diameters of same cross section
pRr phase,

Arrangement _ Conductor dia.cms.
Simplex . 3.924
Duplex .s 24776
Triplex .o 24358

- Quadruplex .. 1.989

2.6. Effect of Conductor Cross Section on Gradients

Conductor cross section has a direct effect upon the
gradient, Fig.2.3 shows the varlation 4n gradient factor for
the various atrahgements of a single horizontal eircult withont
ground wires"‘The gradient is inversely related to the conductor
diameter. The figure' also illustrates the difference in
gradients'on centre and outer phases. The following facts are
evident from the figure, (1) the gradient on bundle conduztors
is lower, The greatest difference occurs when changing from

simplex to duplex systemﬁgz) the gradient on centre and outer

mbhaMans toaves hos aTwmnnd o cdoumamboewd wadd o Fa a1 mdmcwaccmmaaaa I YN
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and (3) as the conﬂuctor‘diaﬁeter inereases the difference in

gradlent between the arrangements is reduced.

Appendix B, lists the variations of gradients on sub-
conductors of centre and outer phases for the system referred

therein.

.7‘ Effect of Conductor Height:
The conductor height has wvery little effect on the gradient,
In ract a correction factor of the order of 0.97 can be used for
the heights used in pracfice on EHV 1ines(68) However the
gradienzAvaries slightly from po1gt to point in a span. The
calculations show the difference as listed in Table 2.2$91)
TABLE 2.2

Gradient Variation in a Normal Span.

'525.KV Iiney D = 10,52m3 m=45,67 cm.§ 2x4.07 cm,
Two @round wires, 16.5m apart, 41.2m high at tover and
31,7m high at mid span, (

CGnductor or | Max.gradient on Max.gradient on
helght meters outslde phase conter phase '
KV rmss/ems - Kﬁbms/cm
11,74 Mid.span 16,76 .. 17,82
18,30 AV.height 16,44 17,73
29,70 Tower 16.30 17,75

, Maximum variation occurs on outer phase and 1s about
0275 for about 18 meters helght difference, Temoshok's calculate

ions also indicate this fact(5)

. 2.8, Effect of Phase Separation and Intra-conductor Separations
| Phagse separation has significant effect upon the conductor
gradient. The calculations show that with decrease in phase

spacing the gradient increases 1argely(57)
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Intraconductor separation was discussed in Chapter 1,
Equations for the optimum intra-conductor spacing were drived.
The gradient is minimum for the optimum spacing and increases
greatly for values less than or above this wvalue., It 1s to be
noted that the values used in practice are little higher than the
optimum vaslues for facility in construction, It is very difficult
to maintain small intraeconductor spacings and, under mechanical
vibrations contacts between conduetors will be numeroﬂs resulting

in abrasions,spacer and conductor damage.

2.9. Comparison of the Methods of Gradient Determinations
The conventional method of gradient determination using
Maxwell's equations 1s tedlus and requires digital caleculationm,
The standard gradient calculatlon procedure can be fitted into the
system design programs, to study the alternative solutions{42'46)
This method ‘considers all the variables and system features vigz.

height and ground wires, and yives accurate results,

The méthod of conformal mapﬁing is useful in the study of
gradient pattern around the subconductors and so can be developed
te study more clearly Qhe,phénomena such as corona and RI that are
associated with EHV 1ines, This method involy es some assumptions
vhich altogether;neglecf the affects-finite helght and ground wires,

which as known are of secondary in nature.

Mangoldt's equation used in Chapfer 1 neglects the secondary
effect &ué td ground wire and provides quick determination of the
gradient, This equation is widely used in industry.(57) Calculate-
ions done by the autﬁor show a good agreement emong the methods
within acceptable‘limits.
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CHAPTER 3
ELECTRICAL CHARACTERISTICS OF BUNDLE CONDUCTOR LIKNESs

$.1. Introductions

The presence of conductors in the close vicinity reduces
the inductance, while increasing the capacitance. This led the
piloneers in the transmission field to adopt bundle conductor
transmission lines, The caleculation of the parameters has been
revised about three decades ago which once again established the
advantages of bundle condustor-linesq(ég),Since then many others(za’
100’19;)khave attempted presenting all the parameter in a ready-to-
use form., A recent paper deals with the method of calculation for
all arrangements of simplex, duplex, triplex and quadruplex 11ne§11°)
Exhaustive tables have been prepared which allow ready estimation
of the parameters at very close intervals of the different variables,
In the design of transmission line 1t may be necessary to incorporate
a program which can calculate all the sequence=self and mutual 5

parameters for each canductor.(42'199)

3.2+ Method of Calculation and Assumétionss__

The inductance and capacitance can be gplit up into two
components, conductor component and separation component. The
conductor component is same for all circult configurations viz.,
horizontal etec., depending only upon the number of subconductors,

radius of subconductor and intra-conductor separation.

In addition to the assumptions made in the voltage gradient
caleulations, it is also assumed that the transmission line is
perfectly transposed and that the current diatribution betﬁeen
subconductors is equal. The caleulation procedure can also be
extended to untransposed transmission lines provided the unbalances

are compensated by terminal impedances,



X=X, + X ohms/phase/km, at 50 cycles ., (1)
vhere, - X, is inductive reactance due to both, flux inside the
conductor and that external to the conductor out

to one meter radius, is called conductor component.

0,1446 | 1
2 2= Log :
n -Gmomlgomlaaoya “»mln

GMR co@ductOr geometric mean radiusy meters

mlz"mln» distance between conductor 1 and conductors 2.,.n,
meter,

and X; inductive reactive reactance due to flux external
to the conductor out from one meter radius, to 2
radius of equivalent phase spacing, called as 1ine
- eomponent, or separation component,
= 0,144€ Log (CMD).

GMD geometric mean distance between phases
= 3/BD for Horizontal arrangemont
= D for triangular arvangement,

capacitive reactance of a n conductors/phase line is given
by Xt = xg + Xty megohms/phase/km. at 5@ cycles. ese (2)

where, Xt

a is capacitive reactance due to both electrostatic

flux inside the conductor and that external to the
condustor out to.- one meter radius, called as

conductor - component,

0,05094 . bR A
MR -

= n Logr c_mla omlay seve vmln
r radius of the conductor,meters

and Xa is capacitive reactance due to electrostatic flux
external to the conductor out from one meter radius,

to a radius of equivalent phase spacing.

28
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The proof for these expressions, based on the geometric

mean distance prineiple, is given the rererence.(aa)

3.3. Sequence Impedancess

The positive and negative sequence impedances are equal

,,,,,

and are givéh by~

olqpee u.mm

Zero sequence 1mpedance‘with earth return 13 given by=-

zlszz =B +10.1446 Log (Gﬁ.m GUD_ —)ohns/km.  (3)

z, = B +0.1480 4»3(1.3030-:0 1446n Lag(GMDz.GMR.!lz...m )1
OhﬁlS/Kﬂh A (4)

vhere, | : : —
R Resistance of the subconductor ohms/Km,

The eéuations (3) and (4) are modified and are presented
1n Chapter 6.

344+ Reactance of Single and Bundle Conductor Lines: '

Table 3.4 lﬁsts the values of cenductor componsnzs for
simplex, duplex, Triplex and quadruplex liney essentially with
the same area of cross seectlion per phase, Evidently, the inductance
decreases with bundling and with inereasing number of donductors.
On the other hand capacitance increases with inorease in number
of wonductors, and capacitive reactance in effect decreases,

© TABLE 8.1

Effect of Bundling on Reactances:
ﬁﬁmber of] (Sub)condr,lintra=condr.] Conductor component of

condrs., Jdiameter Ispacing IInductive React-JCapacitive React
. Yems, . Yems, _ JYance ohms/km, Jance MOhms/lm,
1 3,924 .- | 0.26023 0,08695
2 2,776 30 0417880 = 0,06062
3 2,355 30 0.14779 - 0.056926
4

1.989 30 0,12692 0,04355
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From the table it is evident the bundle conductor lines,

offer great advantage b# reducing the inductivelreactance. This
leads to reduced surge impedance and inereased 1line capability,

Curves for percent increase in 11ne'capability have been presented

in Chapter 1,

3,5, Effect of Number of Conductors and Intra~conductor Spacing on
Reactancess P ,

Fig.(3,1) and (3,2) illustrate the effect of number of
conduetors in a bundle gnd the intra-conductor separation, on
inductive reactance and capacitive snscaptanée¢: Fo£ com¥§£ative
purposes the value for single eonductor line is also indicated.
Table é-lland'these two figures show only the conductor component;y
the separation component for a given phase separatlon is constant
for all systems (simplei,dnplex etc.)s There exists a uniform
decrease in iﬁduetive reactance with inerease in number of sube
donductors, from 2»to 4, The intraaconductor spacinﬁ further
decreases the ihductive reactance, 'However, ét practical intra-
conductor spacings éomparatively large reduetion i1s obtained, By
increasing the number of conductors per phase from 1 ﬁo 2 or
a 1atge reduction in inductive reactance is evidenced., Further
splitting ofvthe area of conductor cross section’résults in only

lesser reduction of the inductive reactance,

Capacitive susceptance on thé_other hand inereases with
number of conductors,. Figd3.2) 1llustrates the fact that the
inerease in capacitive reactance is nonihiform being greater for
increased intra-conduetor separation. However the inerease in
capacitive suscep@ance is uniform with incﬁease in nnmbeerf

conductors above 2.
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18k CONDUCTOR COMPONENT

. ONLY
2
b4
<

16
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2
< ns2
+
<
w4
¥
u
é n=3
Y.12; INDUCTIVE REACTANCE OF
0 SINGLE CONDUCTOR LINE :-26023 £ /km.
z

n=4
10 i 1 | } 1 i 1 | 1 1 | |
3 20 25 30 35 40 45 50

INTRA CONDUCTOR SPACING - CMS.

FIG. 31 INDUCTIVE REACTANCE OF BUNDLE CONDUCTORS

30 - CONDUCTOR COMPONENT
[ onwy

CAPACITIVE SUSCEPTANCE 'OF
SINGLE CONDUCTOR LINE = 145 4 U /Km.

CAPACITIVE SUSCEPTANCE AL U7/ km

- 1 1 ] l
5 20 25 30 35 40 45 50 .
INTRA - CONDUCTOR SPACING ~ (MS.

FIG. 3.2 CAPACITIVE SUSCEPTANCE OF BUNDLE CONDUCTORS
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3.6.-Tables for Quick Estimation of Reactaﬁcesz

Tables 3,2 to 3,4 1list the conductor components and separat-
1on'components of inductive and capacitive reactances for the
double eircuit, single eirecuit- horlzontal & triangular, lines.
These tables give the values of the reactances at close intervals
and cover a voltage range of 66 nﬁOOKV.(llo) For single circult
lines the sum of the conductor and separation cdmponents, as listed,
gives the value ef the required reactance, But, for a double
circuit 1ine only halr‘thg conductor componentois to be added to
thé 1isted separation ecomponent, to obtain the'féactancé-ihductiVe
or eapacitivssllo) These tables will be of great use in quick
estimation of the pertinent parameters and thus facilitate the
selection of the most suitable configurationzin the design of
EHV lines. ' N

‘o
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65
14
67
98

86

48
17
88
61
4.8

111
138

38
98
00

49
13
15
22
55

34
37
24
85
77

79
90
36
38
25

‘25
98
06
22
24

43
60
96
34
75

56

IN OHMS PER PHASE PER KILOMETER AT 50 HZ

- 25

14431
14480
14533
14563
14652

14714
14782
14853
14927
15013

15077
15104
15204
15164
15066

15315
15279
15181
15388
15421

15400
15303
15490
15451
15542

15444
15556
15702
15603
15891

15791
16064
15971
16187
16090

16309
18725
18361
19000
19340

19622

30

13668
13716
13769
13800
13888

13951
14019
14090
14164
14250

14313
14340
14440
14401
14303

14551
14516
14418
14624
14658

14637
14540
14726
14688
14779

14681
14793
14939
14840
15128

15027
15300
15208
15424

15326

15546
17962
17598
18237
18577

18859

NUMBER OF CONDUCTORS PER PHASE

INTRA-CONDUCTOR SPACING IN CENTIMETERS

35

13022
13071
13124
13155
13243

13305
13374
13445
13518
13605

13668
13695
13795
13755
13657

13906
13870
13772
13979
14012

13992
13894
14081
14042
14134

14036
14147
14293
14195
14482

14382
14655
14563
14779
14681

14901
17317
16953
17592
17932

18213

.

40

12463
12512
12565
12596
12684

12746
12815
12886
12959
13046

13109
13136
13236
13196
13098

13347
13311
13213
13420
13453

13432
13335
13522
13483
13575

13477
13588

13734
13636
13923

13823
14096
14004
14220
14122

14341
16758
16394
17033
17373

17654

45

11970
12019
12072
12102
12191

12253
12322
12393
12466
12553

12616
12643
12743
12703
12605

12854
12818
12720
12927
12960

12939

12842

13029
12990

113082

12984
13095

13241
13143

13430

13330
13603
13511

13727

13629

13848
16265
15900

16539

16880
17161

30

11597
11634
11673
11696
11763

11809
11861
11914
11969
12034

12081
12102
12177
12147
12073

12260
12233
12160
12315
12340

12324
12251
12391
12362
12431

12357
12441
12550
12476
12692

12617
12822
12752
12914
12841

13006
14818
14545
15824
15279

15490

35

10871
10908
10947
10970
11037

11083

11135
11188
11243
11308

11355
11376
11450
11421
11347

11534
11507
11434
11589
11614

11598
11525
11665
11636
11705

11631
11715
11824
11750
11966

11891
12096
12026
12188
12115

12280
14092
13819
14298
14553

14764

40

10242
10279
10318
10341
10408

10454
10506
10559
10614
10679

10726
10747
10822
10792
10718

10905
10878

. 10805

10960
10985

10969
10896
11036

11007

11076

11002
11086

11196
11122

11337

11262
11467

11397

11559
11486

11650
13463
13190
13669
13924

14135

4

4t

096¢
097:
097¢
097¢
098¢

099cC
099¢
100¢C
100¢
101z

1017
101¢
102¢
1022
101¢

1035
1032
1025
1040
10473

1041
103
104
104
105

1044
105
106
105
107

107
109
108
110
109

110
129
126
1317
133

135

VI I IS I WK K H R IR IS T I IO I I K RSN
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AWG

780000
590000
510500
431000
351000

272000
192500
113000
033500
954000

900000
874500
795000
795000
795000

715500
715500
715500
666600
636000

636000
636000
605000
605000
556500

556500
500000
477000
477000
397500

397500
336400
336400
300000
300000

266800

266800
4/0
3/0
2/0

1/0

LR E b R ah R R R R R R R B R R R R ok R R *%%*%%****%*%**»t
Y

BIA

¢ CONPR

CcMS

44069
34924
34825
3,721
264617

34510
34399
34284
34165

34038

2952
24911
2776
24814
24896

24631
24670
26748
24540
24082

2¢538
2588
2e421
2:454
24355

26421
26296
24179

24243

1,989

24047
1,831
1.882
14727
14778

1.631
1,608
1.430
1,275
14135

14010

GMR
CMS

14622
164585
14545
16523
14460

l1e417
14372
14326
14280
164228

16192
14177
lsl22
14143
1,198

14064
1,082
14134
1027
14011

1,021
1,070
0+978
06997
0954

1,000
04948
Oe884
04927
0.808

0e847
Ce744
Qe 777
0s701
04735

0661
04209
0s248
00183
Oel56

04136

i
CONBR

25882
26028
26187
26278
26543

26730
26936
27149
27369
27628

27818
27899
28199
28081
27786

28532
28425
28131
28752
28852

28789
28496
29057
28941
29216

28922
29256
29695
29399
30261

29960
30779
30503
31151
30857

31516
38765
37672
39589
40610

41454

TABLE 3e2 Xo INDUCTIVE REACT

NUMBER OF CONDUCTORS PER

2

INTRA—CONDUCTOR SPACING IN

15

18898
18971
19050
19096
19229

19322
19427
19531
19641
19771

19866
19906
20056
19997
19850

20223
20169
20022
20333

20383

20351
20204
20485
20247
20565

20418
20585
20804
20656
21087

20937
21347
21208
21532
21385

21715
25339
24792
25751
26261

26684

20

17994
18067
18147
18193
18325

18418
18521
18628
18738
18868

18963
19003
19153
19094
18947

19320
19266
19119
19429
19479

19448
19301
19582
19523
19661

19514
19681
19900
19752

20184

20034
20443
20305
20629
20482

20811
24436
23890
24848
25358

25781

25

17294
17367
17446
17492
17625

17718
17821
17927
18037
18167

18262
18302
18452
18393
18246

18619
18565
18418
18729

18779

18747
18601
18881
18823
18961

18814
18981
19200
19052
19483

19333
19743
19604
19928
19781

20111
23735
23189
24147
24658

25080

30 %
16721 * 169 -
16794 169
16874 163
16920 . 164
17052 1@%
17145 18
17248 167
17355, &8
17465.-"189
17595 “1F1
17690 173
17730.-°17
17880, 173
17821 ,17%3
17674 1?L
18046 ~1z§
17993 175
17846;"&K%
18206 rﬁi
18175- 17q
18028 178
18309 1t 7g
18251 177
18388 179
18241 177
18408 179
18628, 11§l
18480 179
18911 184
18761 182
19170 186
19032. 185
19356 188
19209 ;8%
19538 14q
23163 ' 226
22617 221
23575 250
24085 246l

"o
24507 240
"P

s

—T e
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547
» T4
)93
12

'34

'S6
'80
105
132
163

184

194
129

T4

35

04420
04446
04465
064486
04507

04529
04553
04578
04605

04635

04656
04667
04702
04692
04671

04741
04731
04709
04767
04785

04768
04753
04803
04793
04823

048503
04842
04880
04859
04948

04926
05008
04988
05052
05030

05094
05104
05191
05275
05361

05446

NUMBER OF CONDUCTORS PER PHASE

b
INTRA-CONDUCTOR SPACING IN CENTIMETERS '
40 45 30 35 40 45 50 55 60

|
04223 04049 03959 (03704.03482 03287 03112 02954 02810
04250 04076 03980 03724 03502 03307 03132 02974 02830
04268 04095 03994 (0373803516 03321 03146 02988 02844
04289 04115 04009 0375303532 03336 03162 03003 02859
04310 04136 04025 03769 03547 03352 03177 03019 02875

04332 04158 04041 03785.03564 08369 03194 03036 02891
04356 04182 04059 (03803 03582 03386 03212 03054 02909
04381 04207 04078 03822 ;03601 03405 03231 03072 02928
04408 04234 04098 03843 03621 03426 03251 03093 02949

04438 04265 04121 03865 03644 03448 03274 03116 02971

04460 04286 04137 03881 C3660 03464 03290 03132 02987
04470 04296 04145 03889.03667 03472 03297 03139 02995
04505 04331 04171 03915 03694 03498 03324 03165 03021
04495 04321 04163 03908 03686 03491 03316 03158 03014
04474 04300 04148 03892 03670 03475 03300 03142 02998

04544 04371 04201 03945 03723 03528 03353 03195 03051
04534 04360 04193 03937 03715 03520 03345 03187 03043
04512 04339 04177 03921 03699 03504 03329 03171 03027
04570 04397 04220 03964 03743 03548 03373 03215 03070
04587 04414 04233 03977 03756 03560 03386 03227 03083

04571 04397 04221 03965 03743 02548 03373 03215 03071
04556 04383 04210 03954 03732 03537 03362 03204 03060
064606 04432 04247 03991 03769 03574 03399 03241 03097
04596 04422 04239 03983 03762 08567 03392 03234 03089
04626 04453 04262 04006 03785 03589 03415 03256 03112

04606 04432 04247 03991 03769 03574 03399 03241 03097
04645 04471 04276 04020 03799 03603 03428 03270 03126
04683 04510 04305 04049 03828 03632 03457 03299 03155
04662 04488 04289 04033 03812 03616 03441 03283 03139
04751 04577 04355 04100 03878 03683 03508 03530 03?05

04729 04556 04339 04084 03862 03667 03492 03334 03189
04811 04638 04401 04145 03924 03728 03554 03395 03251
04791 04618 034386 04130 03909 03713 03538 03380 03236
04855 04681 04433 04178 03956 03761 03586 03428 03283
04833 04660 04417 04162 03940 03745 03570 03412 03267

04897 04723 04465 04209 03988 03793 03618 03460 03315
04907 04734 04473 04217 03996 03800 03626 03467 03323
04994 04820 04538 04282 04061 03865 03690 03532 03388
05078 04905 04601 04345 04124 03929 03754 03596 03451
05164 04990 04665 04410 04188 03993 03818 03660 03515

05250 05076 04730 04474 04252 04057 03882 03724 03580
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AWG

780000
590000
510500
431000
351000

272000
192500
113000
033500
954000

900000
874500
795000
795000
795000

715500
715500
715500
666600
636000

636000
636000
605000
605000
556500

556500
500000
477000
477000
397500

397500
336400
336400
300000
300000

266800

266800
4/0
370
270

170

CONDR
DIA
CMS

44069
36924
34825
36721
34617

34510
36399
34284
36165
3.308

24952
24911
2776
24814
24896

24631
24670
24748
2540
2¢482

24538
24588
24421
24454
24355

26421
24296
26179
24243
1989

24047
1e831
1.882
16727
1778

1e631
14608
14430
1,275
1135

1,010

1
CONDR

08615
08695
08752
08813
08876

08942
09012
09089
09171
09261

09325
09356
09461
09431
09368

09580
09547
09483
09657
09709

09660
09616
09764
09734
09825

09764
09881
09996
09933
10198

10134
10381
10320
10510
10446

10638
10669
10928
11182
11438

11695

TABLE-343 X; CAPACITIVE REACTANCE{(CONDUCTOF

NUMBER OF CONDUCTORS' PER PHASE

15

06406
06446
06474
06504
06536

06569
06605
06643
06684
06729

06761

06776

06828
06813
06782

06888
06872
06840
06927
06953

06928
06906
06980
06965
07011

06980
07038
07096
07064
07197

07165
07289
07258
07353
07321

07417
07433
07562
07689
07817

07946

2 .
INTRA CONDUCTOR SPACING IN CENTIMATERS

20

06087
06127

06156

06186
06218

06251
06287
06324
06365
06411

06443
06438
06510
06495
06464

06570
06554
06521
06609
06634

06610
06588
06662
06647
06692

06662
06720
06778
06746
06879

06847
06970
06940
07035
07003

07099
07114
07244
07371
07499

07627

25

05841
05881
05909
05940
05971

06004
06040
06078
06119
06164

06196
06211
06264
06248
06217

06323
06307
06275
06362
06388

06363
06341
06415
06400
06446

06415
06473
06531
06499
06632

06600
06724
06693
06788
06756

06852
06868
06997
07124
07252

07381

30,
..‘ ..“
05639 -

35

05469

05679405509

05707
05738
05769

05802
05838
05876
05917
05962

05994
06010
06062
06047
06015

06121
06105
06073
06160
06186

06161
06139

06213

06198 °

05537

05567
05599

05632
05668
05706

05747

05792

05824

05839
05891
05876
05845

05951
05935
05903
05990
06015

05991
05969
06043
06028

06244 06074

06213
06272"
06330«
06298

06043
06101
06159
06127

06431'06260

06399,

06522 °
06492
06587
06555,

06650
06666
067956
06922
07051

07179

06228
06352
06321
06416
06384

06480
06495
06625
06752
06880

07009

40

05321
05361
05389
05420
05451

05484
05520
05558
05599
05644

05676
05691
05744

05729

05697

05803
05787
05755
05842
05868

05843
05821
05895
05880
05926

05895
05954
06011
05980
06113

06081
06204
06174
06269
06237

06332
06348
06427
06604
06733

06861

45

05191
05231
05259
05289
05321

05354
05390
05428
05469
05514

05545
05561
05613
05598
05567

05673
05657
05625
05712
05738

05713
05691
05765
05750
05796

05765
05823
05881
05849
05982

05950
06074
06043
06138
06106

06202
06218
06347
06474
06602

06731

15

05669
05696
05715
05735
05756

05778
05802
05827
05854
05885

05906

05916
05951
05941
05920

05991
05980
05958
06017
06034

06017
06003
06052
06042
06073

06052
06091
06130
06108
06197

06176
06258
06238
06301
06280

06343
06354
06440

06525

06610
06696

-

£

05¢
05¢2
05z
05z
052

052
053
054
054
054

054
054
05¢
05¢
054

05¢
055
055
05¢
05¢

055
055
05¢€
05¢€
05¢€

05¢
05é
057
05¢
057

057
058
05¢€
058
058

059
059
060
061
061

062
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TABLE 3.4 SEPERATION COMPONENTS X4 AND X3 FOR DIFFERENT ARRANGEMENTS.
X4 IN OHMS PER PHASE PER KMe X'y IN MEGOHMS PER PHASE PER KMe AT 50 HZ
D DOUBLE CIRCUIT SINGLE CKTo HORIZONTAL SINGe CKTs TRIANGULAR
MTSe Xa Xq X4 X X4 X4

3000 003868 +01363 + 08350 e 02942 e 06900 «02430
3¢25 « 04119 001451 «018853 403119 +07402 +02608
. 3450 ¢ 04352 +01553 «09318 203283 «07867 402772
3475 + 04568 «01609 009751 « 03435 «08301 002924
4400 e 04771 201681 010157 «03578 «08706 « 03067
bedb 004961 «01748 010538 003712 «(9087 203201
4450 005141 «01811 +010896 003839 « 03485 003328
4e75 «05310 201871 011236 203958 209785 ¢ 03447
5400 005472 001928 11558 0 04072 «10107 «03%61
5425 005625 201982 011865 « 04180 10414 + 03669
550 « 05771 + 02033 012157 004283 « 10706 «03771
575 «05%10 +02082 012436 « 04381 +10985 +03870
6425 06172 02174 12960 ¢ 04566 «11508 « 04054
6450 006295 «02218 013206 « 04652 011755 04141
6e 75 o 06414 «02260 ¢ 13643 04736 011992 004225
7.00 206528 +02300 013671 + 04816 12220 « 04305
Te25 006638 + 02339 «13891 « 04894 012441 «04383
Te50 006745 002376 «14104 « 04969 012653 +04458
7475 « 068438 $ 02412 014310 + 05041 012859 « 04530
8400 006947 0 02447 +14510 ¢ 05112 013059 + 04600
Be25 o 07044 «02481 014703 005180 013252 06668
8450 +07138 o 02515 » 14890 05246 « 13439 +04735
8475 « 07229 0 02547 «15072 +05310 13621 « 04799
9400 « 07317 002578 015249 v 05372 «13798 « 04861
925 «07403 « 02608 015421 ¢ 05433 «13971 204922
950 007487 « 02637 «15588 005492 014138 « 04980
975 « 07570 202666 213752 005549 014301 «05038.
10,00 007648 202694 15911 005605 « 14460 +05094
10425 « 07725 002722 016066 + 05680 e 14615 +05150
1050 « 07801 «02750 016217 « 05713 14770 005202
10475 + 07875 02774 016365 005765 143914 «05254
11.00 o 07950 - 402799 216509 «05816 015058 + 05305
11425 « 08012 «02825 016651 205866 015200 +05355
11,50 +08087 002849 16790 05914 «15338 005403
11475 « 08154 202875 16924 005962 e 15473 +05451
12,00 008220 « 02896 017056 + 06009 «15605 ¢ 05497
12425 « 08285 002919 017185 ¢ 06054 15734 «05543
12,50 « 08349 « 02941 017312 +06100 +15861 «05588
12475 008411 402963 017437 »06143 «15986 + 05632
13,00 « 08472 +02965 017558 +06186 «16108 05674
13425 +08532 «03006 «17678 v06228 016227 $05717
13450 « 08590 +03026 17796 006269 « 16345 +05758
13,75 008648 «03047 «17911 006310 « 16460 005799
14,00 « 08704 203066 018024 +06350 016573 »05838
12425 008760 «03086 +18135 + 06389 016684 205877
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CHAPTER @
CORONA ON BUNDLE CONDUCTORS:

The term 'corona' is derived from French word 'coronnae’,
which means crown referring to the luminous portion around the
conductor, Corona or partial break-down of air can be visualised
by considering a corresponding virtual 1ncregse in conduector
diameter, |
4,1, Corona Phenomenons '

There always existg a small quantlty of ionisation due to
various natural radiatiéns_ viz,._{coémic rays etc. The free
electrons present dué tb,natutal ionisation however céllide with
neutral molecules but cannot.cause further ionisation, However,
1f the conductor pbiehtial is inereased so that greater amounts
of charges are aceum&lated on the conductor, these electrons
acquire velocity and succeed in separating electrons from the
neutral molecules, These newly created electrons can themselvesv
cause further ionisation and for each electron, anflsctrom

avalanche is produced.

If the éppiied potential is positive, the positive ions
formed.mov§ outward, at a low veloclty into ever decreasing
poteﬁtial gradient regions'forming‘positlﬁe space charge all
around the conductor group., The chargé density however depends

~on the gradient and 1is nonuniform for bundle conductor lines.

If the appiied potential 18 negative, the electrons being
repelled from conductor group move out faster and'get attached‘to
the neutral moieculés which obviously move outward at a ldw
velocity forming a négative space charge similar to the case of

the positive potential,
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4,2, Theory of A.C. Coronas

If the applied potential is alternating, the phenomenan
in a half cycle'will afféct that in the other half c&cle; '

Corona starts on negative half-cycle, this is evidenced
by the 1arge number of expsriments performed over decades(zo)
The main feature of negative corona is, it is confined, normally,
to the fegions of highegradients caused by mechanical damage,
dust collection, precipitation and contaminationa With the
negative corona at a single point, the discharge currents
consist of a large number of short pulses concentrated at the
top of the applied voltage wave_ In the region nearer to the
negative corona inception voltage, a few pulses of current are i
present, but they increase fast with increase in applied voltage.
From experimental evidences it 1s observed that the instantaneous
inception voltage of negatlve corona and the amplitude of the
eurrent pulses remain practically constant over a wide range of

(

voltages.go)The negative corona 1is bluish in ecolour and produces

a hissing noise of relatively high frequency.

Corona inception on positive half=-cycle is dependent on
many factors. On clean metal surfaces the corona inception
voltage may be as much as one and half times that of the positive
corona, vwhereas with conduetors on which some mechanical damage
or contamination is present the difference is levelled out, Even
though positive corona in general appears at'the same area of the
preceding point of negative corona, the point of occurance may
not be same, Positive corona is stabler on damaged or contaminated
metal surfaces, on the other'hand it 1s intermittent over a wide
range of voltages on clean surfaces. With positive corona at a

single point, there exists only a current pulse per half-cycle of
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magnitude as much as 10° tines ihat of the negative corona

current pulse, The positive corona is similar in appearance to
that of pdsitive streamer of a lightning discharge, and in a
similar manner it can jumpt upto a few cms, from the corona point
and form a tree 1like structure. The colour of positive corona ié
reddish~orange and wives a crackling sopnd of low frequency, With
a little exﬁerience one can!easily distinguish between positivé

and negatiﬁe coronas from these differences in sgund and colour,
The discharges due to positive corona are of a few nanosecond

duration.

o When alternating potential is applied, the lonisation
process begins at the negative half-cycle with the help of the
ffee electrons present due to natural lonisation, As stated
earlier with an inerease in the potential gradient, the electron
avalanches are formed which eventually appear as the pulses of
current described hitherto. Due to the presence of electric
field, the positive lons are attracted towsrd the conductor (in
| the negative half-cycle)-and electrons are repelled from it
- sinece they carry negative charge, This charge movementvoccurs
both axially and radially, Axial movement is due to charge
concentrations at particular spots. Due to the inherent
| difference in masses of positive lons and negative electrons,
the latter move faster away from the conductor, wherea# the former
move relatively slow in a half cyéle. At poténtial zero or at
some particular distance away from the conductor where‘the electric
field is weak, the electrons can attach themselves to electro
positive oxygen atoms and become relatively immobile. The
attachment can also result in reglons of high-gradlent between

two collisons ﬁhen the electron velocities are ldw. This type of



rolease the electrons thus attached.

Towards the end of the megative half-cjrele two space charges
are created, A positive sﬁace charge near the conductor and a
negative space charge away from the conductor, Fpr a cage.whera
the corona is existing at a pérticular point only, the two space
charges can be visualised as cones, the apexof poaitivévspace~
charge cone polnting awéy from the conductor and that of tha
negative space charge towards the conductor. The height of the
positive space charge cone ofcourse 1s relatively smaller, There

exists a difference in charge concentrations in both eases,

Now, with the start of the positive half-eycle, the positive
space charge starts moving slowly away from the conductor, and
the movement of negative space charge 15 quite fast and opposite
in direction. The negative space charge eventually rsaches the
conductor and thus the gradient increases at the conductor giving
rise to a spark discharge., With the emission of this gpsrk
discharge both the space charges tend to be neutralised and the
process repeats itself in the next cyele. This feature of a
spark discharge in the positive half ecycle elueidates the nature
and instebllity of positive corona. In fact, it takes qulite a
few cycles for the positive corona to become stable and give

regular spark discharges.(zo)

4.3+ Corona in Foul Weather:
Corona phenomenon on transmission lines in foul weather is

(79480) 1 our country only

treated in detail in the references.
the losses due to rain assume: importance as the reglons of snow
are relatively less, The effect of weather is discussed in detail

in the paragraphs titled "Corona loss results from test projects"
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4.4, Corona Initiation Voltages

When the surface gradient exceeds a critical value the
corona is sald to have formed on the conductor, The voltage at
which the air breaks down allowing formetion of corona is known
as "disruptive critical volt age". Peak's formula for visual

eritical voltage ig=-
v 2 21,1 Mar(l + *"*le“ﬂ KV,ns to neutral (3)

where, .
M, surface factor

r radius in em.
(disruptive critical voltage is less than visunal critical voltage
by a factor of about 0.9). |

In practice, the critieal voltage of a conductor at which
corona starts may be 80 to 85% of this value because of surface
imperfections and environmental conditions experienéed._in the
field, These surface and envirommental econditions ars cuudely
summarised mathematicélly by the use of the factor 'M!. Particles
caught between strands or nicks and abrasions can become local
polnts of high surface voltage gradient and cause localised break-
down of air surrounding them. Stranding itself can reduce
eritical voltage on a smooth tube by as much as 10 to 168, depend=-
ing upon the ratio of strand diameter to outside conductor

diameter,

However, an an actual transmission system the eritical
corona starting voltage is dependent upon the line geometry., If
%? 18 large, the eritical voltage is given by(44’45)
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The above equation gives the critical voltage on a

conﬁuctor 1ot phaée 1, where conductor 1 can be any conductor

and phase I can be. any phase of the three phase line.

Equation {3) and_(é) give values of critical voltage at
mean sea level and normal temperature aﬁd pressure, However
the varlations in these_quantities can be accounted for by defin-
ing a relative air density factor , And the variation of»
critiéal voltage 1s proﬁoféional to two~thirds power of .
The conductors while being'strung are given due care to see that
the mechanical daméges are minimum, A newly strung line is_
however vilnerable to low corona starting voltage and higher |
1o§ses. It takes a few weeks for the corona losses to stablllise.
Rain or snow can enhance this process of "ageing"by cleéning the

conductors virtualiy.

Equation (4) assumes that (g%ﬁ is large. In actual EHV
lines however, the ratio will be around (2.0 % 0.2)., Thus for -
EHV lines the above equation is modified and is given as=

(2}1)11 \/(al}i, e .aln.) (an"on uamn)

lo.ssmﬂhoze r(mtzaaonmln) :

ol 12 :t:. ——g 3 rms
,/Ef:%; cos 8, I+ N sin @, | - Bp neutral
LEY T (5)
dyqe
vhere, |



4.5, Effects of Coronat

Ag noted already corona cen be visualised by a éorresponding
virtual inerease in conductor diameter, This fact ecan be further
developed to study the actual effects of corona. 'A conduetor
under corona has space charges associated with it., AC transmisse
ion line conductor has got surrounding it twospace charges which
move to and from the conductor in each half cycle, It is this
gspace charge that causes the virtﬁél increase in the conductor
diameter () times‘iﬁe actual conductor diametar).»_rhls however
leads to an increase in the charge on the conductor, Finally the
gradient increases on the conductor in corona, at all points,
Infact, the space charge is surrounding the conductor and 1is not
residing on it,hence,only the gradient in the vieinity of the
conductor should:-increase, The inerease in voltage gradient, in
the vicinity of conductor, results in the increase in intensity
and depth of corona bringing in the additional losses,

Assoclated with inerease in charge is 1ncrease in electro~
static flux lines around the cqnductor. This increase in electro-
static flux should be lover for higher number of cqnduétors. A
_ large difference};ncrease can be expected when the number of
conductors are increased from 1 to 2 per phase, It remains to
develop a mathematicalyggisthese chenges and thereby compute the
actual gradient on conductor in corona, since gradient on
conduetor 1B corona 1s definitely different from the one calculate
ed by any of the three methods given in Chapter 2, In the case of
AC lines the space charge changes in every half gele,.. .
s0.the gradient on conductor in corona should change depenﬂing apon
the intensity of corona. This indicates a possiblz extension

of the corona phenomenon for further gstudy,
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4,6, Corona loss Calcuiationsz

Mathematical determinatlion of corona loss 1s possiblg ir it
can be assumed that the losses are due to a fictitious resistance
of the corona envelope surrounding the conductor. Then the loss
is the product of corbna current,and the resistance of the
ehvelope, squared.. In single conductor lines the corona forms
uniformly arcund the conductor, but on bundle conductor lines
only a portion in which the gradient is in excess of or equal to
critical value 1s under corona. This region is around the maximum
surface gradient point, opposite and away from the bundle centre,

A loss equation has been derived on the .above 1ines.(38)

gel

g |
p=ker’n (g2, Log, =2 e g2, Log, 39-2—- ) (6)

where,

-k empirical constant (determined from experiments,
varies with the type of weather).

“"‘é‘i

o = angle of eorona

.y By "8
3“*81111 [4) =av

\ sav LLL‘:I).E sin Jﬁ”

n

radians

8,y average surface gradient (at 8 = 0), KV, ./em,

However, during rain corona angle extenﬂs to a reglon
covering the bottom pértion of conduetors and the angle increase
depends upon the number of conductors, Corona angle is a funetion
of rain ;ntensity with heavy rain the entire conductor will be in

corong and thus a saturation of corona losses results in,

4.7, Bundle Conductor Efficiency Coefficientss

The corona initiation voltage on bﬁndle conducgor is higher
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efficieney coefficient can be defined asge

ﬂ]::-—-g ‘e ‘ ) “os (7)
Vo1 '
where, Vo eritical corona voltage on bundle conductor

line

vcl eritical corona voltage on single codductor line,

Ticho&eevg%irst derived these coéfficients for thé éase of 30
transmission line, The proof of these coefficients is based on the
assumption that the field due to the conductors of the same phase
is uniform 1n the regiqn of the conductor and that the effect of
fleld dua to other conductors is negligible. Crary developed an

equation for the gradient at any conductor of any phase as(45)

;gml,%Q!\/(i%ﬁEOS'Gm)g*(i'-l-insin IR | —%l
' (@)

whare )
1 is any conduetOr in any phase,

Designating the phases on a tower (single circuit line) as
I, 11 and III and that 1,2.,.n% l',e'..un';'l”,Z";onun” as the

n conduetors in each phase respectively, we have,
Vy = PpaQy + Piglp becesentPynQn + P13 aQys Pimilpitenes
*pqunn*x’lluqln '-"p]_ganu‘*'nn ""’plnﬁgn" (®)

From the usual maxwell'dquation, P's are the respective
potential coefficlents, When the charge on thé reference conductor
is Q (1.9. the total charge on that phase is nQ) the charges on |
respective conductors on other phases 18 assumed to be ~'"Q'(charge‘

on respective other phases = £g>). Then we havew

Vy=QUP #0000 v#P 1y H (P1y  #Pyorts oo ¥Pyp 1 Py n#Pygnte s Py )



Crary in his derivation of the critical voltage used the
assumption that -%E;-is large but in EHV systems i1t is advisable
to reduce the height and phase separations for the reasons of
economy and the latter especlally for the reasons of increasing
the transmission line capacity (Chapterl). 8o the derivation
should takeAinto aceount . the phase separation.and helght into

consideration and usually they are almost equal,
Then we have-

‘ " o
Py @ 2. Loge még $ Pij 2 Loge ﬁjii .. (11) |

Whére ’ | ‘ ' v '
i1 & § are any two conductors of the system,

However, the intraeoaductor‘separation is small compared

to the height and it 1s evident that %ﬁ; is large=
Therefore Pln = 2 loge 2h oo - {12)

"1n |
By substituting the value of Q from (8) in (10) we get

the equation for the eritical voltage in terms of gradients.
The derivation for the case of a duplex system (horizontal
arrangement), single horizontal cirecult is illustrated, The
system configuration 1s as shown in Fig,.{4.3).

2Q4Q(‘%"*"&) .88 ‘ ) _,.Qov. ‘ (13)

where the suffix 2 denotes that there are two conductors

in each phase, 'm' intra conductor spacing.,

Denoting the conductors as 1,2 ete:, as shown for the
conductor 1, considering a horizontal line through the conductor
1l as x axis and a line parpendicular to 1t as Y axis,

| 2 2 2
‘ : 4h“+
Vcaqua Logaé% &2Loge & ~§(Log° i!3--«2---»--!-1,0 -—~12§Ql~

0
(D+m)
- A(h 2) . . 4h2+ A(ODM)Z Y FEW Y
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v N 82 Log_1 4 A tl“’ acs
¥ .= 0g ——
@ 2@+ ) T be /(D) (190,552D)

I (15)

where,

a =»§~ $ b =Fﬁ% and c.='ﬁ%

and eriticel voltage for a single conductor horizontal circuit

line 4s~
el .
Vo —i Lo, e (16)
b2 / (1+a%) (1+0.252%) |
2¢, L I A §
[ 4 og. e s iy Pl
2 7770 7 pe/(1+a%) (£+04252%) an
p'. "\ = : g ) .
. d 8 ¥
B4 {1+ ~=)Log, I k . 3
_1 m % p2/(1+a2) (240.2562)

Bundle conductor efficiency coefficlents for Varicqs.conductoa
arrangements are given in Flgures (4.2ko 4.4) Fig,.(4.1) shows the
eritical voltagés for'three possible arrangements of single circuit
sinplei lines, The arrangement of the line and various notations
used in the forﬁula are as shown in the diagram against each

formula,

-4.8. Methods of Corona Loss Measurementsi

Corona losses assume importance in the design of transmisse-
fon lines, since a severe unanticipated loss would mean a restrict-
ion on reserve capacity avallable. Hence it has been given due
1mportance in all the tests conducted over EHV transmission lines.
The measurémsnt of corona losses has been reported as far back
as 1878 by Dr., Sceott and subsequently many have reported on the
" techniques and results of measurement of corona losses, A few

of the references aras(2’4’11’23'38’41'64’65’68v38o90991)

Considering the methods used for loss determination, a broad
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classification can be done as followss

(1) direct method: (11) wattmeter method (i41) Bridge
method and (iv) Antenna method,

Direct method consists in measuring input to the transformer:
and transformer loss at both eads, The differance of the two
glves the corona loss of the transmission line, This methed 1s
usually ampldyed on lines in operation to obtain;ah apprdximate
value of the losses, This method avoids the use of any sophisge-

ticated measuriag eircuits‘(so)

Wattmeters Specially construeted can be ﬁsed for loss
measurement either on test lines or on actuél lines. Stringent
accuracy restrictions on wattmeters due to relatively large errors
with small changes in powerfactor, can be reduced by operating
the meters at ground potential.(lov’ag) This also reduces the
viltal compensation necessary to counter the large errors. |
However a method of meésurement in which a wattmeter located at
high potential taken from an extension of HV winding has been
reportedéé) This while avoiding the necessity to subtract transform
loss requires compensation for power factor erroré and so is

inferior to that reported in the reference(as)

The Schering bridge ¢an beiused for corona loss measurement‘:?9
This however requires an antenna as a plck up of charge on the
conductor, A'self'compénsating three phase bridge has been constru
ted vhich can be used to measure losses over a.wide range with
good aocuracy.(41) The %oltage and line current are meaéured with
the help of a precision high accuracy SFy capacitge and frequency
modulated transducer, The latter method has produced satisfactory

results over the many years of testing.(41’88) Evidently the

"ln'h*l-_n;vv moaanrine awatam 4a anctldon.
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A system of antennaclocated directly below the line conduct= -
ors with two shielding antennaealong with the'necessary'electronic
equipment can be used to ﬁeasure losses with equal facility on
test lines as well as on éctual lines,(l;) A method combining

the bridge and antenna is indicated above.

In addition to ;oss measgurements it 1s necessary to record
the weather conditlons prevﬁiling to classify the loss and thereby
study the effect owaeather on losses. 'Effects such as altitude
change cannot be easily obtained in practice, However after
taking into account some assumptions regarding the prevailing
conditions a good correlation can be obtalned of the results

from such projectsﬁ(4$97)

4,9, Corona Loss Results from Test Projects:
4,9.4, Factors that Influences -

Vhen a line either on test\project or in actual system
is energlsed thellosaes fluctuate greatly due to the so called
weathering phenomena. So a reliable data can only be obtalned

after a contineous energisation of the line for some time,

It is very difficult to correlate the results from the test
projects unless some allowances and approximations within certain
limits are made due to inherent methods of loss measurement, pre=

vailing weather and line conditions, However

In the testing unloaded EHV lines early observers noted that
morning dew, light rain, and fog will appreciably increase corona
losses as well as RI levels of the conductors 3% Since, in such
test projects, the conductors carried.only thelr chamging current,
the surface temperature could be less than the surrounding air and

moisture would condense on the surface, Limited tests with
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that the corona losses and RI would appreciably reduce. Some of
the recent test projects have employed the techniques of heating

the conductor. S8

4.,9,2, Hourly Loss Variations: ‘

Since corona losses are deépendent on numerous factors
one can expect fairly high variations in lossés., Flg.(4.5) showé
loss variations under weather conﬂitiona such as dew, fog, frost,
snow and rain, In our country snow logses will not be of great
importance as any transmission system would rabely pass through
the mountaineous terrain vwhere snow fall is severe, Snow 1s found
to be causing much mechanical damage due to twisting of subconduct-
orsy so the absence of snow fall is clearly a green signal for the

adoption of bundle conductor transmission systems,

1) Dews 1In absence of rain dew is often the cause of increased
losses on the line at low load. Fig.4.5(A) shows the effect of
dsﬂ. On actual transmission line éon&uctors operating at cons@der-
able load the losses are not in#reased by the presence of dew, This
is so because moisture cannot deposit on the conductor due to its

inherent inereased ambient lavel,

11) Fogs Similar explanation-holds good for Fog also, Whereas the
losses on an unheated line inerease tremondously, the losses on
heated or line in practice remain substantially congtant ruling out

the effect of the two frequently occuring weather variables.,

111) Frostt Frost causes a slight increase in losses on heated
line and considerable amount on unheated line. This shows that load
current of relatively small magnitude is enough to stop the deposite

ion of frost on econductors,

iv) Rains Rain is an important aspect to be considered in the
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every vhere on earth, Drops of rain as they fall on the
conductors collect at the bottom of the conductors in the form
of small globules thus catalising the formation of corona.
‘Corona under raln conditions forms uniformly throughout the
length of the line. This obviously leads to a tremondous
increase in corona losses almost about a hundred times the
normal falr weather loss, The number & hours’or rﬁin‘in a
year can be fairly dstimated with the weather data ;vuii§ble

for the terrain under investigation, This leads to a good and
approximate estimation of losses due to rain. Fig.(4.5§3)‘shows
the variation of losses, On left hand top of 1t is a curve
showing the average rain rate. The loss curves follow the shape
of the intensity of rain curve. The loss is almost same for all
load conditions, Losses on center phase are also shown. Losses
are more on center phase by nearly the same pfoportion as the

gradlents,

Fig.{4.6) shows the probable decrease in losses after rain
as the conductor dries up. The test was conducted with an arti-
ficial rain spray of constant value, quever, the time cgnstant
of drying is dependent on the high wind following the rain, or

(

high ambient or conductor temperatures.aa) The corona loss varies

as=-

where, ‘ l
t = time constant of drying

and P = loss before rain stops (initial value).
v) Bnow: Cenerally, the precipitation measurements - may be due
to snow or raine are difficult due to many side effects such as

‘wind, Moreover the precipitation rate measured ak a particular
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due to the same reason. Thus only a rough estimate can be made
when these effects are neglected. Measurement of snow fall rate
is more vulnapable to errors depending on whether it is stieky,
or wet or dry. Snow will increase the losses. The increase in
losgses due to wet snow 1s more than due to dry snow, The load
current plays an important role at the beginning and end of the
snov storm as evidented by Fig.(4.5~B). The settled snow melts
and falls off 1f the conductor temperature is higher, However

if the rate of snow fall is greater than the raﬁe of snow removal
the losses are not affected by the load current, they increase
steadily with the rate of snow fall, It is evident from the
figure that at the peak of snow fall rate, the losses on a loaded
1ine will be higher than the line at low load. This 1s because
as the ice melts and forms water globules at the bottom of the
conductbr,more space 1s cleared for the fresh snow to fall on the
conductor, This in tﬁe anthor's Qpinion leads to increased corona

losses.,

It can be noted that the corona losses folléw the shapes of
the curves showing rates of rain or snow fall eiucidating the

direct effect of these two weather variables on the corona losses.

4,93, Losses and System Variabless | |

Study of the effect of the system variables on losses are as
important as thé study of houriy loss variations. A significant
system Yariaple is voltagé, With the increase in voltage the
losses increase great;& under all weather conditions. Fig.(4.7)
shows comparative loss values under all of fhe weather conditions
and thelr variance with voltage, e® a triplex line.(lg) Losses
inerease with the intensity of raln, and after some value of rain

3 ceacne]
intanaitv/tha lnsseg almaat tand o aatnrate. Mha anthar Panle
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that the reason for this 1s, after a eertaih intensity of rain

‘13 reached the entire circumference of conductor is in corona

49

and water drops falling on the conductor have very little effect

afterwards. The experimental results in evidenqe of this are

shown in Fig.(4.8). Lastly the losses predicted (average annual

losses) for duplex, triplex and quadruplex systems are shown in |

Fig,(4.9).
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_CHAPTER 6.
RADIO INTERFERENCE FROM BUNDLE CONDUCTOR. LINES:

5.1. Introduction: |

Radio interference (RI) from EHV transmission line is
peing studied since the ineception of the transmission at ERV.
Radio and'Television inferrerense is not a major problem on
transmission lines urio about QQOKVY Bundle conductors ara used .
at 220KV and above and the studies relating to the Rl phenomena
on EHV transmission lines are important. RI level on buhdle
conductor line 1s less than that on single conductor line, One
obvious explanation is as follows, Gradient 1s non-uqiform
around the bundle, being maximum on each conductor at a point
opposite and away from the bundle center, So, when the operating
gradient is limited corona forms on lesser surface area than on
single conductor lines, Thus high frequency electro-magnetic
vave emissions are comparitively less, This obviously is a
ma jor advantage, However, on EHV lines the nolse levels are
quite high, thus the limitation of operating RI level forms an
important design conslderation, Curves representing typical

practices in various countries have been presented.

5.2+ Noise Generation and Propagations |
Interference from power lines is due to the high frequency
currents generated by a parsial or complete break-down of an
insulation medium,.such as conductor corona, or across corrosion
products in hardwere or in small metal-to-metsl gaps due to
deficlencies in design or in construection of lines or apparatus,
The presence of some corona, he&ever does not mean an interference
problem, and a certaln amount of conductor corona can be just;fied

economically in EHV systems,



st

Corona discharges oceur in the region of negative and
positive peaks of conductor voltage when the gradient exceeds the
eritical value, The impulsive noise produced by positive corona is
mush higher than the negative corona and the latter can be ignored
in evaluatlion of noise generation, excepting at extremely high
voltages.(ag) @orona sources are randomly distributed along the
conductor, and each source produces a train of irregular nolse

pulses of varying height, shape, and separation in time.

_: The random nature in space, time and pulse height of the
corona noise led to the consideration of power density spectra.
Bgcauselof the randomness, the noise level is proportional to the
square root of the number of sources, or the noilse 1s power additlve.

and that the sources are uncorrelated.(lg)

RMS noise meters have been developed. These are most adapte
abie in correlating the fundamental theoretical study of Adams with
the experimental data on noise generation and propagation.(ao) The
nost commonly used nolse meter, however, is equipped with a quasi
peak detector. Specifications for éuch a meter are based on tests

of nuisance value of the noise within the audible band.

; Nbise impulses, produced on one ﬁhase will induce current
1mpﬁlses in the adjacent conductors. This induced noise éan be
calculated from the electrostatic line eynations, considering the
ad jacent conductors to be at grounﬂ_potential. Conduetor corona
~ and hardware discharge involve a limited charge, The equivalent
noisé generator 1s thus considered to be constant current genéraﬁar
with high internal 1mpedance.(27) The noise current flowing in the
eonductor is directly related.to the amount of noise generation and

can be referred to single or uniformly distributed sources per

casm B A Manmdmdl BN e Nainh Thcm bV awa Lle conVein AP mad an avememmnd A
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power corresponds to a limited bandwidth, such as that of AM
broadecast bandwidth, |

Since conductor noise is random and repetitive in nature,
some assumptions are to be made before any ana;ytical method can
be adopted. Modern analysis of crorona pulse propagation is due to
'Adams.(14’27’17) His method demonstrates the effect- of power line
parameters on the natural mode,compqhentsvor elgen vectors, calculat.
ed from the conductor system matrix, He directly applies natural
modes to the electromagnetic fleld at grouhd level at-righh angles
to the transmission line. Various recent workers réfef to his
work on many aspects of corona noise generatibn,proﬁagation and
the field strength of.RI£41’46)
5.3. Aden's Theory and Analytical Determination of RIz

The corona avalanche's give rise to currents which flow in
the space near the conductor, However the motion of charged
particles in a plane perpendiéular to the line predominates over
sueh current and this also causes currents to flow invgrbund as
well as in the conductor..'These currents are transient in nature e
and propagate along the line in accordance with the electromagnetic
theory (Maxwell's dquations). Since these currenps'aﬂd the electro-
magnetle field associated can be propagated over great distances '
before they are completgly attennated, corona on one secﬁion of the

1ine can cause disturbance in a receiver far away fromvit,

In case of bundle conductors, the line crossesectlon can be
divided into Pi shaped volumes with an inner and outer circles
selected sultably depending on the line. The total corona current
is obtained from the summation of the elemental currents over &

length 1.' The equivalent cireult for a  line section of length l:

ia ahawn in Mo (5.1).
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An empirical expression for spectral density of nolse

current density for a single conductor is given as14)

SD(J) = 10 (8‘80)/[3 : Amp.z 8e¢./m2 | 00; | (1)

The above expression considers only change in generation
due to the difference befween actual surface gradient(g) and
aritical gradient (g) for a particular cgnductor and gir density,
and 1s based on the observed changes in noise level with voltage
on transmission lines, The expression 1s sultably modified for
bundle conductor lines.as stated in the previous paragraph wrt

corona current,

' The corona impulses are assumed to propagate in a number of
modes equivalent to the number of conductors (each bundle of a phase
is assumed to be a singlé conductor for such considerationy, In each
mode the transmission line represented by connecting the equivalent
circults of various sectiogstagetﬁer. The current from each generator
divides and flows in the two opposite directions. In transit the
'currents and corresponding line to ground veoltages are attenuated.
This attenvation is different for different frequencies and for
different modes. For a long 1line on which the sections are all
identical, the specfral density of the total current at any section

for any particular mode 13 given ag-
SD (Ip)total = {3 SD(I) . [ X X ' e (ED
where | o
P =k (_e""l + "2 “1, e"a“ 1 +.404)} propagation constant
At any point on the line the total current is obtained from
the summation of all the mode currents., However, the 1iine to ground
mode 1s predominent as regards the interference near the ground, The

mndes for a Renhase line with #wo ground wires are as shown in fie.
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In terms of modal analysis the relafion between spectral

mth mode is glven

(m) S (m) -
SDIY = ves 4
r . SlhL (4)

complete analysis of the resulution of noise quantities on each
§59)

densitibs of currenf and current density for

by~

phase has been presented in the reference,

Thg disturbing field at any point is influenced to a great
extent by the noise sources at remote points. To account for this
s fleld factor can be defined and for a single circuit line it 1s
given by~

® + 10,7670 {0 s/ W 5 B ano{®
U i x2 et L xgend 1 g

[ X N LE X (5)

To determine the electric field the following expression
(89)

2hg

has been derived.
2, (m)\2 | |
spje™y= -——2—:@—-— 1 8D(c,) (a{®)y2+sp(cp) (a{® )%

sD(ag) (¢ W12 i vos cee (6)
where, sp{@) = r jgxllé2r(~9§gﬁosin J%-¢cqs 9!2.
SD(GD)A® AmpZ,sec./mets
= generation per unit length.
Z, = 377 ohms, , | 4
The above discussion outlines in brief the method of ealculat.

————

ion from the fundamental theory of Adam's, It has been used in
determination of the corona noise levels on project EHV4(41’89)a
However, this theory gives only rms values of noise levels and all

the tests conducted worldwise use only quasi«peak response meters,

Uanan 4+ 4a nannacane +a aarnalate hoth hafare the annliention of
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544 Design Factors: - - . _

1) 8N Ratios RI is a nuisance factor which the traﬁsmission
systems have to glve due care, largely depending upon the locality
through which they pass viz, urban or rureli. Thus the absolute
value of interference in itself is not wholly significahi. RI in
one locality may be entirely satisfactory and same at another
point may be intolerable, This is due to the'fact'that radio
slgnal strength is a variable, decreasing with diatanée; avay from
the bioadfcasting station, ‘Table 5.1 shows the various signal to

noise ratios adapte& for EHV transmission lines.

. TABLE 8.1,

Signal to noise ratios for EHV transmission systems:

Type of Recebtion . SR 4B
Ideal reception . 10021 ve 40,0
Reasonable urban reception 40121 v 32,2%
Reasonable rural reception 2531 .. . 28,0*
Satisfactory reception 1631 ., - 24,0%%
Tolerable reception 1031 .S 20,0%

Iimit of acceptability 431 . 12,0%

*Ontorio hydro research news, Jan. 1969, **Reference 76.

The radiated interference (RI) from a transmission line,
however, drops off very rapldly with distance from the line follow-
ing the pattern shown in Fig.(@.S) Therefore, the distance from the
line deiermines_thé SNR for a piven receiver, For example, if a
listuer living 60 meters from the transmissionkline prefers to 1listn
to a radio station "A%, he will not be affected by the transmissiggi
(excepting in foul weather with intense rain)j where as a listner
at a greater distance say 90 meters, who prefers to 1isten station
"B* will find the transmission line noise objectionable, Obviously
the selection of a standard interference maximum level to apply

throughout the system 1s arbitrary., Listening teste reveal the
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of reception(gz)‘61gna1 to noise ratlo adaptable for a transmisse
~ don system is decided depending upon the locality and class of
reception required. The radio signal in a particular 1oca11ty

iz quite uniform for all listeners.

TABLE 5.2

Signal to noise ratios for various Classes of Rece

Class of Radio Reception ' Signal to Noise
Entirely satisfactory e o 32

Very good, back ground unabtrusive 27

Fairly satisfactory, background plainly :

eVident L 2 X I L I ) 22

Back ground very evident, but speech

easily understand ose cos 16

-

11) Conductor Selectionz 1In the design of an EHV transmission
- 1ine for a given voltage a careful selection of a combination of
conductor size and hundling for various phase spacings must be
madé-based on experlence and judgement of operating conditions
and environments to obtalin an estimation of the RIV generation,
Once a conductor and the geometry of the system 1s deeided upon
with the help of the figures in Chapter 1, the adequacy of line
perfprmance mé& then be eétimated using some design criteriaj

- for example, comparison of broadecast station signal strength

with noise levels at the edge of right of wayx

111) Surface and Environmental Factorss Precipitation, such
as rain or snow or dew or fog, can increase the generation of
conductor corona 5 to 10 or more times, Even under apparently
identical envisonments of fair weather the RI levels may vary
from the average value by asbout 6 dB.<41) So when seiecting a

radio noise figure for the performance of a given transmissioh
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obtain a statistical value are used.  Statistical data collected
over a long time provides the best measure of the RI performance
of a transmission line, Gap noise, in contrast may be reduced :

or completely eliminated in wet weather.

The best basils avallable for making a 3udgemént of the RI
generation to be expécted from a conductor system is by a comparison
with data from existing lines of simllar parameters operating under
similar environméntal conditions, If necessary, test line data
must be used for such evaluation where no such comparable line 1s

existing.

An analytical method for comparison outlinéd as above has
been develaped3f57) The differences in field strength at ground
.1evel between two lines (A and B) at a distanee X from the lines
1s given bys - o

L | , . 2 2
dBy~dBy = 3,5 (Vy46,<Vy.Gp) = 30 Log ‘Hf ~30 Log --QhAI-—--L——A—I'. 5 o

where,

X distance from centre of the line,

»Even thqﬁgh the gradient or center phase 1is higher than an
~ outer phas§s, With phase spacings of the order of 6 mts., the RI
fleld from the outer phase'predominates at the edge of the right
of way, Therefore in RI calculations on EHV lines gradient on

outer phases is often used,

5.6+ RI Formulaes
Results from the various test projects and the operating
experisnce on existing transmission lines has led the workers in

thls fleld in various countries to form semiwempirical formulae
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predetermination. give absolute value of RI, the semiempirical
formulae are limited in their use and_givé only comparitive
valueé. Such comparative values on the other hand are useful and
often sufficient for a designer who wishes to know whethé? the
line is qideter or not than the line with vhich 1t 1s being compar-
ed. Moreover, the simplieity of the formulae 1s what makes them
versatile and useful in selecting a particular solution among

many other possible solutions, Table 5.3 shows the formula

against the country in vhich 1t 1is practised,’

, TABLE 6.3,
Bemi-Empirieai R1 Predetérmination Formulae

Country | | Formula

1. America* R see RI = RIO*4(Q*80)+ 401og{d/d°)“
24 Germany(63)‘  see RI = RI°+ 4(g~go)-
3. Italyx(73) .., RI = RE *4(g-g,)40 log (4/d.) +

, | | 1010g - (n/n,)+(q=q,/300) «
4, Japan(69o70) coo Rl = Rx°+a,5 (g-_-goa} 2 Ed

, ¢

5. Russia(®®) Ge BRI = RIS (gog, )00

*Ref.Chapter 1. N
The symbols used in Table 5,3 are as followss

RI, RI, RI electric field (in dB abéve JHV/m) for the
1line under investigation and standard line

respectively.,

8184 Gradient (in KV/cm; on the surface of conductors.,
max, in case of (1),(2)(4) and (5)3 average in case
of (3) .

d,4, Subecogductor diameters.

nyn, nuber of subconductors

439, helghts above sea leavel

4E4 {dB abovel V/m), a eorrection factor for the

diameter (Fig.l5 Ref.210).
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The Russian formula has essentlally been‘developed for
use on triplex and quadruplex systems, Depending upon the exisf-
ing conditions in a country the formulae can be modified, since a
line similar in nature produces different radio noise levels at
different places, Such variatlon can be accomplished by changing
the constants used.in the formulae. As an extenslon of this study,
a comparitive analysis of éhe above formulae can be_made once an
EHV 1ine is constructed with bundle conductors, and;sﬁudy their
sultability to evolve a formula sultable for the conditions in

our country.

5.6+ Measurement of RIs . |

RI can be measured wiﬁh the“hglp éf four types of detectors,
quasi-peak, rms and average, Quasi-peak meters are being used
extensively on all systems. The peak detectbr is especially useful
in obtaining by visual means the corona pulses on any conductor,
since corona pulses necessarily occur at different g;mes on a
3 phase system./ Thg,rms detector is advantageous in that the
raniom noise ehergy can be determined and is cpable of correlating
the analytical‘theorﬁes develpped.(39’31> However, of all the four
only quasi-peak type of meters are commercially available,

There exist two standards of meaSurement,(92’73) These two

standards are different from each other in that the USASI
standard speéifies the lateral field measurement at ground level
and the CISPR specifies the heter location Q,meters above ground
and the point of meaéuﬁiment is different from each other, The
former is used in American Continent and the latter in the
Furopean countries, At present vertical rod and loop antennae

are eing used followling the specifications given in referenceggz)

M cncmmmnwnalt i TVer AeradT T mabann AL anama handed Adh wanAd
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differently on_thé same line, and the variation can be as much

s +2.35 4B on the qéasiupeak detector} This in comparison with
the reading of the meter and range of measﬁrement is suggested to
be tolerable.(gz) When measuring RI levels onfa line simultaneously,
the meters should be porrelated and accurately ealibrated, The .
‘"human error® in measuring the metarsfﬁccaunted as ﬁz @B when the
same meter was read by 14_opergtors;and‘(i) 545 dB at 0,145 MHE ond '
04495 MHE and (11) only 1.54B at 1,04 MHz when the same operator

read seven stoddart WM20%s %7

5;7. Frequency Spectrums .
, 1fhe current pulse due to conductor ccrgna, vwhich is the

main cause of RI, has a very fast rise time of the order of lengths

of micrpseconﬁsy(gs) However tpe frequency spectrun typical of

cbnductor ecorona on long lines{between~0.35_and 3 MHz.generatly

has %0 form whieh follows the relation (ﬂ%),vpver and ébove

4 Mﬁz-is follows the relation (~%§9.(47> Therefore for the usual

EHV line design, the frequency spectrum 18 such as to fuill ofl so

rapidly as not to be the cause of interference in the FM and v

bands. Mostly-the conductor corona noise frequency spectrum is

measured between 0.2&nd 1.6 M,qu(s’n

If a gap t&pe discharge exists on a line, then the freﬁuency
spectrum of such lline will be entirely different,‘being flatter
than that of conductor corona and extends quite a bit higher in
frequency before an appreciable decrease in field strength can

be observed, In such a case TV interference can become a problem,

The radlation characteristlcs of line and towers can
affect the frequeney spectra measured, causing peaks and valleys

eorresponding to natural electric lengths of the radiating line

frrms
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On the frequency spectrum the RI levels at varlious distances
such as 30 and 60 mts. lateral to the line can be superimposed to
study the effect of line noise on radio reception at various
frequencies at the particular locatin. By sultable adjustment of
1ine geometry, if necessary, the required satisfaptory radio'
receptioﬁ can be attgined, However, in rural areas, where the
signal strength 1s evidently lower it may not be possible to safe
guard all the signals in broadcast band. | ‘

“Extensive expérimentai investigations on the frequency
spectra on & 750 KV test project have been presented in the -

literature‘(gc’gl)

5.8, Radioc Interference and System Variablesa

To study the transmission system RI thoroughly it is
necessary to consider the effect of the SYStem variables such as
voltaga, transients and prevailin??ggggiticns.var‘anch a study
1n absence of experimental results the results obtained over a

long period on many existing lines and test projects are used,

(1) Voltages Voltage has a significant effect on RI, RI varies
linearly with the voltage in fair weather. Small changes in
voltage have véry little effect on RI, However, a casual
relationship 1s observed for unintentional small changesvof system
voltages, Infact, in such a case the RI is observed to go down
with the increase in voltage.(ag) Table 5.4 1llustrates the
‘above points through experimental values.(71) In falr weather

an increase of 3 dB of 1 KV,,./cm change in maximum gradient is
typical, |

11) Conductor Cross Sectiont The effect of conductor cross

section is evident from the formulae listed in Table 5.3, RI



(WA

TABLE 5.4
Effect of Voltage on RI Levelss

Applied voltage RI,dB Standard deviation
(KV) . |
470 (XX 6100 ae 404
520 vee 71.0 °s 5.4
570 ‘ LR R 74 Q? 40 4 98
625 tes 81l.5 .o . 6.8
675 oo 84,6 ., 3.9
730 'Yy 94 Qo 'R ] . 4 00

dependent ﬁpon the number of corona points, one can expect a
higher RI level with larger conductor diameters Hence a single
conductor line;having,uniformly!distributed nolse sources around
and along the con&uctor will have higher nolse level. A bundle
conductor'liﬁe using a number of conductors of same dla. as single
conductor line have the same RI level, However, a bundle conductor
line uses a smallgr conductor diaﬁeter, hence an inceease in
operating voltage can be effectively done without increasing the
RI levels along with it. Infact RI levels on 400 KV, 4x240mn?
ACSR line are same as on 275 KV, 2x240 mm? line.

441) Rain: Rain i3 an important factor in the studies of RI, RI
levels increase by tbn times the falr weather values, The
intensity of rain has the same effect as on the corona losses,
RI increases with increase in raln intensity upto some value,
above which the RI curve is flat. Fig.(5.4) elucidates the
above statement, RI variation with rain fall on hourly basis is
shown on Fig.(4.1B) where the relative variation in corona loss
is also shown., After the rainfall the conductor will be wet
and in this state the RI levels will be higher. An empirical
relation between rain intensity and RI is as follows.(?q”

81,31 "

e rain aem . se O oA e
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(4v) Relative Humiditys: Coﬂtradictory-opinions exist on the
effect of relative humidity on,radio_interference; Japenese
reports show that the RI levels decrease with inerease in relative
humidity. The rate of decrease however is high for higher | |
voltages, Fig.s.s-(7°) Knudsen reports a lesser effect than |

this, (64) ‘Results from project EHV show that RI Level increases
by about 0,5 4B per 10% increase in rh, and reduction of the

same order below 50% relative humidtty,(sg)'

(v) Relative Alr Densitys: Relative dir deﬁsity when increased
above unity will cause a reduction in_RI'levelﬂlinearly. The
reduction of RI level is as shown by Fig,.(516). American investi-

gations reveal a lower reduction than the one illiugtrated,

(vi) Dew, Fog and Frost: The RI as affected by dew, fog and
frost are illubtrated in Fig.(4.5) and B) respectively, The same
figure also 1llustrates the effect of load current on RI leveld
under these conditions, lLoad current has a very‘litt}e-effect
in that the RI levels are lower than on loaded lines, Frost
increases the RI and'when 1t melts due to load current or due to
ambient temperature it further inereases the interference 19V91¢

This is 111ustrated in Fig.(5.7)»

(vi1) System Over Voltagess Transients and system over voltages
have very 1little effect upon the RI levels, - Over voltages when
they execeed two or three times the normal operating voltage may
give rise to an impulsive noise. By suitably designing the system

however, such noise spurts can be reduced to a good degree,

5.9, The 8ase of a Distribution Line Crossing The BHV Line:2
Radlo noise generated on an EHV line is not only radiated
but is also conducted. The latter process will be of great



6l

transmission lines, There exists a mitual coupling between two

such lines and thus radio. frequency waves are induced into the
latter which propagate in both the directions from the crossing
point and can reach reeceivers quite far off, For a case of a
distribution line of equal length on both sides of erossing (for
simplicity mutually perpendicular erossing is assumed) and terminat-
od at both ends by its characteristic 1mpedance, the coupiing ratlo
will be given by’ | '

Vpp 2 B
Vg w cezq

where ‘ . | .
’ fo Radlo freguency wvoltage between transmission line and

earth,

re Radio frequency voltage between distributlon line
and earth,

Zo

= 'RI.U)T- C.b Log (ﬁg_). | |
RE Field intensity under transmission line,
Zo Gharacteriétie impedance of distribution line

c Coupling capacitance between the two lines,

(]
5+10. Reduction of RIs

While a suitable design can reduce to a great extent the
offoct of RI, counter-measures should be taken by the individual
receivers which are severely affected, For instance the aerial of
a recelver can be shielded, vhich improves its performance, Or
the aerial itself can be 1oéated away from the disturbing field,
thus improving the signal to ﬁoise ratio., While these methods may
be of good use in rural areas and medium populated areas, the use
of an amplifier along with isolating the aerial from the interference
fleld 1s the solution for densly.. populated localities.



to the quarter the wave length can be connscted to. the
transmission line conductors, This effectively attenuates

the particular frequency nolise selected.

p—— ot 1. st
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CHAPTER 6
UNBALANCES OF UNTRANSPOSED BUNDLE CONDUCTOR LINESs

6.1, Introductions

The modern trend 1ln power transmission is to avold trans=
positions, Transpositions if employed at regular intervals,
make the transmission system perfectly balanced but on the
other hand they are the major sources of short eircults. BEspeci-
ally with bund%g conducetor lines transppiitions are not only
uneconomical but are also cumbersome. So the necessity arises
to evaluate to_a goéd approximation the unbalances that exist
on such lines, Unbalances are of two types= electrostatic and
eiegtromagnetic» These unbalanceé are mostly'because of
geometric. dissymmetries with respect to each phase and in
turn with respect to ground. As a result of these two unbalane
ges cirauiating currents will flow in transmission lines wilth
solidly grounded neutral. In high impedence or resonant
grounded lines the effect is to introduce a voltage between
line neutral and ground, However unbalance is not restricted
to zerow-gsequence quantiti s only., Negative sequence charging
currents result from capacitive unbalance and-magneticall&
induced negative sequence currents flow in‘the linesy trans=-
former and generator windings, The operation in sensitive
elements in ground relays may be affected by charging current
vhere as undesirable losses may result in rotating machines,
Electostatic arfectS‘occur under all conditions of operation
and are essentially independent of load currents, Electromag-
netic effects on the otherhand depend on load currents and so

are negligible under open circuit conditiohs,'

6.2. Tnvastieation of Unbalancest
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unbalances, the other types of arrangements viz., horizontal

and vertical have unbalances in increasing order, Raising the
centre phase over the outer pheses 1s found to reduce unbalances
in high voltage lines, but not in the case of ektra high-voltage
lines without ground wiresgtég) On lines with ground wires
raising the center phase upto a éertain‘height lowers the
unbalance, but heyond thié héight the hnbglances incre;se. Ground
wires definitdly reduece the unbalance., But by suitably lowering
the center phasé on lines with or without ground wires unbalance
can be practically reduced to zero. In certain cases the lowering
might be objectionable. A study of the variation of ratio of

* intra~conductor spacing of center to outer phases reveals that,
with the ratio about 2,5 it 1s possible to reduce the electro-
static unbalance practically to zero. Thasibility of adopﬁing
such rvatio should be considered along with other factors of

line design, There is very little effect of ground wire diameter

on electrostatic unbalance,

There exlst reports on unbalance éomputations of simplex

(25 49 ,49) L on bundie Lowdy. \iweg
lines, \“V¥e” But no extensive reports,have been encountered
by the author. However a report dealing with caleulation of a
particular transmission line exists.(sa) The author agrees
fully with the opinion expressed in the referende(aa) that 1t is
extremely tedius to compile general charts, if not impossible,
of unbelances on bundle conductor lines, And often such charts

are of academic interest only.

In the present investigation the range of caleulations are

limited to horizontal single circuit lines only.
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6.3, Electrostatic Unbalance to Grounds
6+3.1. Outline of the Method:

The method of caleulation of electrogtatic unbalance assumes
that the voltage drop due to capacitive charging current and load
current 1s zero. This is practically true in the case of extra=
high voltége systems. A general solution for determination of
electrostatic unbalance to ground is indicated. Diglital calculate
ion of unbalance is carrled out with the help of IBM 2620,

Electrostatic unbalance to ground fastor or simply ground
displacement factor do is defined as the ratio of the nettral
displacement voltage E, to the phase to neutral voltage E,

" .
do = —E'g_" se s és e (l)

The above definition holds good for ungrounded sjstems, In
the case of grounded systems, the neutral displacement voltage adjusts
1tself as a neutral to ground current and so d, can also be defined as

I ,

d T~ -—-&— ase [N ] (2)
Q IGF
where, I, |unbalance current
~SE
g = —x0

xg capacitive zero sequence shunt reactance

Both the.definitions essentlally lead to the same resultss49)
However, the solution based on the former definition is general in

nature and is used in the investigation.

It 1s a well known fact that a system of charged overhead
conductors and the ground can be replaced by an equivalentAsystem
composed of the actual conductors and the image conductors, vhich

are suspended in free space and are separated vertically by a
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image conduetors carry a charge that is equal in magnitude and

opposite in sign to that of the actual conductors., In such a case

V2  [Par Pap eer Popl (% |
. = . L] . (3)
» L ] [ 3 » [
. o » ] '
f‘_ nl pn2 pnnﬂ _gq
where, 2
Pan = 2 Logg =3 T, | '
, A‘ o
P = 2 108 g0

dypp *8py end P # P ifném

It 1s eéident that equation (3) holds good under the assumpt-
ion that the charge 1s concentrated at the centre of the céﬁductor. |
This 18 perfectly true in the case of single conductor iineé. However,
for bundle conductor lines of practical intra-conductor spacings
employed in the existing BHV lines, the above assumption is equally
valid and has been analytically,proved.(ég)

643424 General Solutiont

A general solution can be obtained for all the cases with
duplex, triplex and quadruplex systems, with conductor disposition as
shown in Fig,l.,3. If a bundle conductor ling is represented as in equat-
ion (3), the matrix to be handled will be very big, A short cut
however exists, This consists in representing each bundle by an equi-

valent conductor of same total capacitance of the bundle, The equation
for R, 1s (Chapter 2)-

R, =1 n ——) Rn - (e)
: - op Sin.fa“

= {AA‘S Tarn n = O



0

= 61? )‘666 For n=3

= 20125 (-%l") 76 For n=4

Table 5(AyB &C) liéés the values of R, for all conductors
used in practice and the iﬁtra»conﬂuctqr spacings. Thus when each
phase 1is represented by a singlq conduqtor carrying the same total
charge per phase a large simplification results, since the line
essentially would consist of a maximum of 6§ conductors for a single

circult and 8 conductors for a double circuit,

6.3.3, Line With no Ground Wiress

For a line without ground wires equation (&) reduces to,

Wﬁ Paa Pab Pac | rQa
“W ® Pba Pob Pre % (@
F@ F&a pcb Pc -8

For a horizontal circuit Poa © Ppy = Pcc
and Py, = P, = Py = Py,
Subsiituting these into (5) and nnt;ng‘that Vo + W +V, = 3B, and
that Qg + Qb + q° = 0y wo got=
3Bg = (Pap = Ppe) @ o0 (6)
and also from the second gquation of (5)=
B« EO s (P‘aa - 'ab) Qb s (7)

From (6) and (7)=

E~EQ - ”?aa - ng
o Pab = Pae
B P, =P _
or 4. = -—9.-.—@ — __.a.rb ac__ (8)
© B SPaa.” Pap = Pao
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TABLE 5=A, EQTe RADIUS OF SAME CAPACITANCE PER PHASE DUPLEX=SYSTEM

DIA«CMS

44,069
34924
34825
34721
34617

34510
34399
34284
36165
3,038

2951
2,911
2,776
24814
24896

24631
2,670
24748
24540
20482

24537
2.588
24421
24454 .
24355

20421
24296
24179
20243
1.989

24047
1,831
1,882
1727
1,778

14631
1,608
1,430
1.275
14135

1,011

15CMsS

552432
5442515
5435624
5428283
520838

5413099
5404865
4496303
4487199
4477324

4470490
4467240
4456307
4459428
4466015

4444250
4447454
4454006
4436463
4431415

4e36245
4,40590
4,26083
4428979
4420230

4426083
4414984
4,04288
4410136
3486214

3491846
3470608
3475713
36459917
3465171

3049716
3447256
3427493
3409243
2491811

2475353

20CMS

6437893
6426442
6018485
6410008
601412

592476
5482968
573081
5462569
551166

5e¢43275
539522
5426898
5430502
5438108

512976
5016676
524240
5403984
4498155

5403732
5.08749
4491998
4495342
4485240

4491998
4479183
4466832
4473584
4e45962

4052464
4627942
4433836
4415596
4421663

4403817
4400976
3478156
3457083
3436954

3417950

INTRA«CONDUCTOR SPACING

25CMS

713187
7600384
6491488
6482010
66472399

6662409
6451778
6e40724
6428971
6e16222

6407400
603204
5489090
5093119
6401623

5673524
5477661
5486119
5463471
5656954

5463190
5468799
5450070
553810
5042515

5450070
535742
521934
529483
4498601

5,05871
4478453
4485044
4e64650
beT1434

4,51481
4448305
4422791
3,99231
3476726

3455479

30CMS

7681257
7467232
Te57487
TetT7104
7636576

7425632
7413987
701878
6489004

6475038

665374
6460777
6645316
6649729
6459045

6428264
6432796
6442061
617252
6410112

6016943
6423088
6402572
606668
5494295

6402572
586877
571750
5+80020
5446190

5454153
524119
5431339
508999
5016430

4494573
4491094
4463145
4437335
4412683

3489407

35CMS

8e 43854
8428705
8418179
8406965
7695593

Te83772
Te71195
7458115
Ta 44209
729124

T¢18686
7613721
6497021
7.01788
7411850

6478603
6483498
6493505
6466708
6458997

6466375
6073012
6450852
6455276
6e41912

6450852
6.33899
6417561
6426493
5489952

5498554
5666114
5673912
5649782
557808

534199
5030442
5400253

4oT2376
4e45748

4420608

40CMS

9.02118
8485923
8474670
Be62682
Be50525

8437888
8e24442
8410459
7495593
Te79467

768307
Te62999
Tet5147
Te50243
7460999

T425457
7430690
741388
7612741
Te04497

7412385
7419480
6495790
7.00520
686233

6695790
6477667
6460200
6469749
6430685

639881
6:05201
613537
5487741
5696322

5¢71083
5467066
5634793
5004991
4eT6525

4449649

45CMS

9456840
9439664
9427728
9415012
902118

8488714
BeT4452
Be59622
Be43854
8626749

8414913
809283
7490348
7e95752
Be(7162

Te69463
Te75014
7486361
7455976
Tek7232

7455598
Te63124
Te37997
Te43013
727860

Te37997
Tel8774
7600248
710376
6468943

6678697
641912
6450755
623394
6.32#95

6605725
6e 01464
5667234
5435624
5405431

4476925

Tt 36 36 36 I3 38 3 303 3 I A 36 3 66 336 336 B I 30 I 5 36 I 36 36 369 2 S50 I I HH W I H RN
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ABLE 5-B. EQTe RADIUS OF SAME CAPACITANCE PER PHASE TRIPLEX-SYSTEM

DIA.CMS 15CMS

44069
36924
3.825
34721
34617

34510
34399
3¢284
34165
34038

24951
24911
2.776
24814
24896

24631
24670
24748
24540
24482

24537
24588
26421
26454
24355

2¢421
20296
24179
24243
1,989

24047
1.831
1.882
1,727
1778

14631
1608

14430
1,275

1,135

1,011

7470685
Teb1l434
Te54972
7448058
741013

7633655
Te25785
7417555
Te08753
699143

6492454
6489261
6478467
6.81556
6,88056

6.66461
6.69663
6,76183
6458650
6453562

6458431
6662796
6.48165
6451099
6,42216

6448165
6436860
6425869
6431890
6407074

6412961
5490608
5496019
579193
5484817

5.€8197
5465529

5¢43863
5¢23465

5403603

4484485

20CMS

9433617
9422410
9414582
9406206
8497672

8488758
8479224
8469254
8458592
8446950

8438846
8434978
B421902
B4.25645
Be33519

8407359
8411237
8419136
7497896
791732

7497630
8402918
7485195
7488749
7477988

785195
7471500
758185
Te65479
735416

Tel2548
715469
722024
Te01641
7408454

6488320
6.85088

6658842

6434131

6410071

5486910

INTRA~CONDUCTOR SPACING

25CMS

1083365
10.70361
10,61277
1051557
1041654

1031311
10,20247
10.08679
9696305
9.82796

9673393
9.68905
9453732
9458075
9467211

936856
9641356
9+50522
9425876
9e18722

925567
9431703
911137
9615261
902774

9411137
8495245
8e¢79795
8488258
Be53373

8461649
8430227
8437834
8,14181
8422087

798723
7694973

Te64517
7435843

7,07923

681048

30CMS

12,23381
12,08696
11498438
11487462
11476280

11464599
11.52106
11439042
11425070
11,09815

106499197
10494128
10.76994
1081899
10,92216

10457937
10463018
10473369
1045537
10437459

10,45189
10452118
10,28893
10433551
10,19450

10,28893
10410948
993501
10.03058
9663665

973010
9437527
9446117
9419408
9428335

9401952
8497717

8463324
Be30945

" T499416

7469068

35CMs

13455790
13439516
13428148
13415984
13403591

12.90647
12476801
12462323
12446839
12429933

1218165
12,12548
11,93559
11,98994
12,10428

11472439
11,78071
11.89542
11458698
11449746

11,58312
11,65991
11440253
11445414
11,29787

11440253
11.20365
11.01030
11,11621
10467965

10.78321
10438998
10448517
1018917
10.28810

9499572
9494879
9456764
9420880
8485939

8452306

40CMS

14,82018
14464228
14,51802
14438506
14424959

14410809
13495674
13479849
13.62923
13644442

13431579
13,25439
13404683
13,10624
13,23122

12,81596
12.87752
13400291
12.66576
12.56790

1266154
12674547
12.46413

12452055
12,34974

12446413
12,24674
12.03538
12,15116
11467395

11.78715
11,35731
11446137
11,13781
11,24595

1092634
1087504

10445841
10,06616

9468422

9431657

45CMS

16,03079
15.,83835
15470395
15.56012
15441358

15626053
15.09682
14692563
14474255
14454265

14440351
14433710
14411258

14,17684
14431203

13.86285
13492944
14,06507
13.70038
13459453

13.69581
13.78661
13448228
13454331
13435854

13,48228
13424713
13.01851
13.,14375
12,62755

12475000
12428504
12439760
12,04761
1216459

11,81888
11,76339

11.31272
10.,88843

10447529

10407761
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ABLE 5~-C. EQTe RADIUS OF SAME CAPACITANCE PER PHASE QUADRUPLEX-SYSTEM

DIA«CMS

44069
36924
34825

32721
34617

34510
34399
34284
36165
3.038

24951
24911
2776
20814
24896

24631
24670
24748
24540
26482

24537
2588
24421
20454
26355

26421
20296
2179
24243
1,989

24047
14831
1,882
14727
1,778

1,631
14608
1e430
14275
1,135

14011

30CMS

16469499
16454446
16443905
16032601
16421056

16408969
15496007
15482415
15.67834
1551863

15440715
15435384
15417315
1522494
15433370

14497134
15,02524
15413483
14,83954
14,75347

14483583
14450954
14466202
14471177
14456098

14466202
14446980
14,28211
14438503
13.95922

14006061
13.67428
13476814
13447559
13457360

13,28325

13423645
12.85428
12449098
12,13382

11,78668

35CMS

18474115
18.,57218
18445385
18432695

1819736

18406167
1791616
17,76358
17459990
17,42062

17.29547
17423562
17.03278
17,09093
17.21301

16,80624
16,86674
16,98977
16,65830
16,56167

16,65413
16473687
16445901
16451486
16434559

16445901
16,24324
16403255
16414808
15467008

15478391
15,35022
15445558
15,12718
15,23720

14,91126
14,85873
14442971
14,02189
13462096

13423127

INTRA-CONDUCTOR SPACING

40CMS

20071526
2052849
20439769
20425742
20611418

19496419
19480335
19463470
19445378
19425561

1911728
19405113
18482694
18489120
19402614

18457653
18464341
18477939
18441300
18430620

18440840
18449985
18419273
18425446
18406736

18419273
17495423
17472134
1784904
17432069

1744651
16496713
17.08359
16472060
16484221

16448194

16442387
1594967
15449889

15405572
14462498

45CMS

22462845
22642442
22428155

22412832
21497184

21480801
21463231
21444809
21425047
21403399

20,88289
20481063
20456573
20463593
20478334

20629220
20436525
20451379
20411357
19,99690

20410854
20420843
19,87295
19.94038
1973599

19,87295
1961242
19435802
19449752
18492036

19405780
18453415
18466137
18426485
18439770

18.00415
17494072
17442273
1693031
16444621

15497570

50CMS

24448910
24426829
24411367

23494785
23477851

23460120
23441106
23421169
22499782
22,76355

22460001
22452181
2225678
22433275
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6.3.4, Negative and Zero Sequence Unbalancess

| As a result of the geometric dissimilarity, in addition to
ground d1sp1acement another two unbalances exist such as negative
and zero sequence unbalances, These unbalance factors are defined

in terms of mutual sequence potential coefficients, given by(g)

D 4. 4 .4d
=5.8342x10610g -5§E§§-99—§9-§9339~ Farads/Km.,

Py =P
11722
R Do Dae Dyg

2 2 42
® d D% d
Ppy= =5.3342x10% .0g 28D — *30.866 Log g_bléc >

2
nbchcdbcDae Dab cc ac ab
- Farads/Km,
a | /DD | D DD
6 aa be ac ab ., - _“ec ac ab
=5,3342x10" I Log “T a4 *Jo.866Log X
For™: BypD cnbc ac%ab Dyp 44, ¢ Dap
Farads/Km,

P X Farads/ka

00" 5’3342 X 106 {Log -

The sequence unbalances are defined by=-

P.. P
2 ?22 .9 00

Fig.é.l. illustrates the result of the computer caleulate
ions oﬂiid ané dé.y The following facts are highlighted from this
figure. Ground displacement factor is increased by reducing the
intra-conductor separation, On ﬁhé'contrary d§ is small at smaller
conductor h@ights. Increase in phase separation further reduces
this factor, For EHV lines in practice the factor can vary between
4«11 percehtc

The zero sequence electrostatic unbalance factor on the
other hand is not effected by height, The calculations indicated
that at greater heights than those used in practice (about 30m or
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conductor aeparaéion excepting for very slight differences. Contrary
to do’ d; inereases with phase separation, For typical lines in
practice this is about 14 percent.

63,5, Line with Two Ground Wires:

For a line with two ground wires equation (3) can be written as-

V; : §aa Pab pac Pay pag ' ha

Y - [Pra Pob Pre Pow Pox %

Vel ® [Pea Pep Pee  Pow Pex . Qq (®)
Pya  Pup pwc Pow Pux %

P.. ?xa pr ch. wa pxx_ Q&

A single circuit horizontal line will have~

Paa = Pyp = Pee Pab © Poa = Py ® Pop
Pow = Pox = Pox *Pow  Pyw = Pxx = Pgg
Pax = Poy Pyx = Pxu

Substituting these into equation (7) and defining the .equivalent
coefficients after eliminating the last two rows

v Pla Pl Pad  |%a

\/ o

B * |Pap Paa PébT %

v

L€ Pac  Pab Pég %

vhere, 2P, Py P o+ P

ot ep. o —ortw Pix Pux GG‘ 1y * P1g )

11 11 P?:G p
P, (P Pas) Pas(Pl VE L,:
1w ix Pux w GG

and Ply =Pyq+ r‘P J Y
Poc 66

It is evident that the effect of ground wires is to

introduce correction factors depending on disposition of ground wires,

. x - .- - " am a - - & _
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p! - pl
4 = ab__ac (10)
aa ab ac ‘

The sequence unbalance factors are given as=

P : 4
21wx Olwx
d TS e and d' - ™
X Pooux wx Poowx
However unbalance factor given by equation (10) only was

calculated.

Fig.(6.2) shows the ground displacement factor on a single
circult duplex line with two BeWa comparison.with Fig.(s.l) shows
that the ground displacement factor has greatly reduced. Thus the
presence of ground wires reduce the unbalance of the system. The
ground vire was maintalined at a c;nstant-height of 2.5m, The comments
regarding variation of the dispiacement factor with height and phase
spacing without ground wire hdld,good for .the case with ground wires
also, Evldently a thorough caleulation 15 necesgary to study the
effect of other variables such as conductor dimension.:, intra-conductor
upacing, conductor disposition, phase spacing, ground wire height etes

author
The/proposes guch thunough calculation as an extension of tnis work,

" 6e44e Electromagnetic Unbalance:

6e4¢ls Line with nmo Ground Viress |
Inherent grometrie unbalances of a transmissiod system give

rise to mutual-sequence impedances, not present in the balanced

system. Bocause of the existence of these mutual sequence impedances,

the respective sequence currents circulate in the line, The unbalance

factors Fy and F, are defined for a linewithout ground wires as

follows,
I Z '
2 21 __ . %2 g .
Fn = = - = F = E- I (1
A T T a1 E 1

where Ial’ Iaz and Iao are'p081tive, negative and zero sequence
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defined asfollows,
Zyy 25 (Zgg * Byp *Z0) = ‘%“ Zap * Zge * e
Zoo =§'% (2o *Zyy *Zy,) - %L (Zyp * Zge + Bye)
%'(zaa *ady, * azzco) M %'(azvzab *+ aZyy + Zyo)
261 = % (Zg, + s‘2~be * azy,) '"é (2 2, + azzac +20)
zoo'zll = Zoo “Zp2 ?'(zdbj+zaé‘*zbc)
By = Zgp = Ty = Bpb Zoo | (12) .
and gz, =R+ &R, + IX, 4_-%— X,) ohms)xm.
| d14§=ay,borec (
=§ R+ IFE - Kyl omms/am.  (3)
In equation_(}?), |
R, = 0.002078f = 0,1489 ohms/km at 50 cycles
X, = 0.008732f Log (2162 /4~ ) = 1,3030 ohms/Km.at 50 cycles

and P=100, earth resistivity in ohge per m°,

%q = 041446 Lot “GyR.m —m—s oy, ohms/Kinsat 50 cycles.

Xh(ij) = 0,1446 log (Dij) ohgs/Km.at 50 cycles.,

Certain simplifications in equation (13)' result in due to
inherent characteristies of the line such as, similarity of conductors,
same geometric mean radli and same resistance per conductor per kilo-

meter. This leads to- \

ol "é"(axab*a xac x'oc

= 0,289 (X 4~K, )+ g-(xbc ~0 5xab 046X ,)

= 0,04179 Log gbg " - 30.0723 Log -g-@-
a ac

sa aman - S0OMD .
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Zgy = §0.1446 Log (-2 ) (15)

ac

An obvious result of equations (14) and (15) is=-
Z21 = 2201

So also the positive, negative and zero sequence impedances

can be simplified and the corrected ezpressions for bundle conductor

11nes are as follows(87)
y A A +30 1446 Log(ﬁ———iﬂgl——;~—9 ohms/lam (16)
1 %%" 1 mm.ml i .

2,2 B + 0, 1439+311.3oao~o.144an 10g (GMD,GMR.T 0 sy ) X
‘ o ohms/km, (17)

The calculation of the two ﬁnbalande_factors are done with
the help of_IBM 1620, The results are plottéd in Fig.(6.3)& (644),
The variables considered are 1ndicated?%he respective figures, It
is to be noted that the magnetic unbalance without ground wires 1s
gssentlally - independe;: g?’ﬁbn&uctor on the lines in practice. The
following facts are evident from the figurds, The zero sequence
unbalance decreases with the increase in number of conductors, maximum
being on duplex line. Incréase in intraeconductor spacing further
decreases the zero sequence umbalance factor. However the range of
reduction 1s same for all arrangements duplex, triplex and quadruplex

lines,

Negative sequence unbalance slightly inereases with the number
of conductors. And also inerease in intra conductor-spacing increases
the unbalance. The difference in increase of unbalance factor however

seems to be almost same an all arrangements,

The intra-phase spacing in general decreases the unbalance in a

logarithmic manner in both the cases .

~ a4 - s -2 s u -~ ;M A RS —_
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impedances, ‘Thus the unbalance factors can be defined for lines

with ground wires as follows-

T R T S L

F
2wx Ial Z2wx zlwx
and F 2 -T—--Iao ﬁjm | Hbca (3.8)
owx
Line

For a horizontal:with two ground wires having 30° protective
angley Dy = w-.'nbx‘« ox? where W and X are ground wires,
a, b & ¢ are phéses in order from left to right,

With the help of ﬁhe’above equality, the sequerice impedances

of a line with ground wires can be written as(g)

. o |

oy .2

Zo1x" 201" 5 N %z (“1"4 401)~1% “5"? ““134*‘”1 3)
4

*bé
i " U
2 2y
Z ( )= )*JI ( v ]!
2 221 g ag+ ba 84 "b4 % aa*ba ay *"4 |
b2 a, +2a,b,b ’

m__;._fs.__.;.;._. -y 2 -

Zoowx"Co %’ o2 4 b2 +§ Neg-5-(2ay8,by *b2b4 8§P4ﬂ
2 4 24 [ X X ] (&9)

yA =0+ g’l $
1lwx ™1 3 *.2 2
ag+bg 8, *“’4

8 b5 @ 4 1+3(k1‘§ a b 3, bzb4
where,
&y + by = Zgy * Byy * 2oy
g + Ibg = By + 8Z,, * a® Zow .
*‘3"3 Aw = B
8y + Joy = zww b
ey + 3y = 2y
Cy + Y5 = 2y,

4. — & s - - - - - - - - - .
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' But, the effect of bundling being only on the self-sequence
impedances, with suitable modification for these effects equations

(20) can be used on bundle conductor lines with ground wires,

The two uhbalance factors for a duplex line are illustrated
in Figs.(6.5) and (6.6 A%B). The fact that ground wires reduce
the zero sequence magnetic unbaiénce(los? is evidenced by these
figures. Fig.(6.5) shows the variation of zero. sequence unbalance
factor with ground wire height above the line and with the intra-
‘econductor separation, The effect of ground wires is diminished with
increase in their height. Increase in intra-conductor separation

displaces the curve to the right thereby inereasing the unbalance.

Ground wire presence and its height have very 1ittle effect on
negative unbalance, However a comparison of Figs.(6,6 A & B) shows
that increase in intra«conductor spacing increases the negative

gequence unbalance also,-

Increased phase separation evidently decreases the unbalance,
However, the rate of decrease is less in the case of negatlve sequence

unbalance,

6.5 Reduction of Unbalancess:

Unbalances are reduced to a great extent by transpositions.
As pointed out eérlier too many transpositions may be the source of
trouble, A suitéble location for transposition. 1s at the series
capacitor 1océtion. Series eapacitor banks are essentially used on
long distance power transmission lines for compensation purposes,
These may be located in the middle of the line, Three of the posslible
arrangement of phases with and without transpositions are shown in

F1g.(6.7- A,B & C). More adequate balance can be obtained by

increasing the number of transpositions to 2 as shown in Fig,.(6.8),
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at each onethird length,

Introduction of mnequal impedances can reduce the unbalance., By
suitably altering the phase voltages at the sending end, with the help

of transformer taps can give balanced receiving end voltages.

6.6+ Conclusionss

. Introductory investigations have been carried out in calculat-
ing some of the unbalances on untransposed bundle conductor lines,
The study indicates thé vast scope for further investigations. A
thorough study of all the arrangements of circuitg, number of
- conductors per phase and their disposition is time consﬁming and
1s being considered to be undertaken in future.

A method unexploited ti1ll now has been used to calculate the
'ground displacement factor due to electrostatic unbalance,
. Evidently this method has resulted in a large simplification in

the size of the matrix to be solved,
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~ CHAPTER 7
'BUNDLE CONDUCTORS FOR DC TRANSMISSION:

7.1, Introductions

DC transmission 18 gaining importance due to the inherent
advantages over AC power transmission bundle conductors have been
used to a limited extent on DC lines. This fact is well illustrated
in Table 1,1, of Chapter 1., Till now only duplax arrangement has

been used for DC power transmission, either monopolar or Bipolar,
7.2+ Voltage Gradlentss ,

Voltage gradient on a mohcpolar duplexlline at a height h is
given by~ | | ‘

1 2r y '
= - 1+ KV -l ¥ KV 1
Cnax = Tog, §2h2§r-( =) KV/cm./ (1)

voltage gradlent for a bipolar duplex line at a height h and
intra pole separation D is given by =

__*bl; - 1+ §£~$-KV/cm/KV | (2)
r Lo_ge f<9? ’
rmf1+ (307

g b~ §
€max

7.3+ Corona Phenomenont

The corona phenomenon is different on DC lines from that on AC
lines. Each bundle in the case of a DC line 1s subjected to potential
of one polarlty only, Each bundle is therefore associated with the
particular space charge only, and this space charge hangs on as long as
the polarity of éhe voltage is not changed, Thus a positive space-
charge formson a negative bundle and a negative space charge on
positive bundle. Hence the charge released from a bundle must be
carried to ground or the conductor of opposite polarity only., This

1s not the case with AC corona, the space charge changes in sign in

anah AT eV Mlicasne bloe Meamimwe ol cescie wmecesw s 32 . ta e S L& AL
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a bundle of DC transmission. Ilne has a suppression effect and thus
decreases the potential gradlent, This evidently results in a decrease

ed corona loss,

As a result of the difference in lonisation phenomenon around the
positive and negative bundles, the corresponding eorona is also
different. On the bundle at positive"polarity the corona pulses are
infrequent and are assoclated with greater charges, The positive
corona pulses are of a fraction of microseéond dﬁrat;on. The conducte
ors at negative polarity are assoclated with negative corona pulses
frequent in nature and of‘relatively small charge., The duration of
negative éorona pulses are relativély s@orter, The cblour of positve
corona is reddish-orange and gives a cracking sound of low frequency,
On the other hand, the negative corona is bluish in eolour and produces
a hissing noise of relatively high frequency, Farwe11(77) estéblished
formulas for critical corona voltage at positive and negative pola?it~

ies,
Critical gradient for positive corona=35 5+11.4/( 674) KV/cm. (3)

Critical gradkent for Negative corona=31.6 §+11,9/(s /73) KV/em, (4)

Under same pressure, temperature and other ambient conditions
positive corona??;;st,on conductors of small diamater‘ However for
conductors used in practice negative corona may gppear'first.
Tichodeev(gg) has derivgd efficibnc?*coefticients for DC bundle
conductor lines, Such coefficients have»been presented for AC lines
in this work. | ‘ 105156

ST e ESITY LT TR
HOUIKEE.

Relatively not many investigations have been done on the behaviour

7.4, Corona Losses on DC lines:

of bundle conductors, However, time and again,reports have been made

of measurement of corona losses anﬂVRI.(74’78’84) Most of these
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7.4,1, Effect of Weather on Corona lLossest
The various contingent weather variables have different

offect on corona losses of DC bundle conductor lines.

Rains Rain virtually increase the corona losses on both DC and AC
1ines, In both cases the increase in loss 1s due to wetting of the
conductor, In the case of DC lines the losses increase only by
sbout 10 times 7% the fair weather value, as compared to an increase
of 100 times 4D on AC lines. Inhcrently total lossew on DC lines
will be relatively less than the total ldsses on three phase AC
lines, Fig.(7.,1) shows the variation of corona losses on a bipolar

duplex line in ratn, (78 |

Winds Coronsa losses are due to eventual drift of ions at di€ferent
velocities inltheir reSpectiﬁe directions, Under contineous potent-
lals these lons move in one direction only either away or towards the
conductor, Hence they are likely to be pushed towards or caﬁried

away from the conductor in the presence of wind.

On lines at alternating potentials, ions oscillatelwithin a
small distance from the conductor. Whereas, the ions oscillate
over the whole distance between the conductors at opposite polarties
on DC lines, Hence wind has- no effect practically on AC lines as

conpared to DC lines,

Corona losses on IC 1lines are lnereased by wind éue to two
processes namely ionisatlon at the conductors and mixing of charge
between them, Wind glves rise to both the processes by altering
the rate of flow of ilons by acceleration, Wind reduces the suppres-
sion action of space charge by carrying asway some charge from‘the
first conductor encountered and by adding this charge to the other
conductor in the leeward direction, at opposite podarity. Thus
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In the meanwhlle there is a fast intermixing of positive and

negative ions which adds to the above process.

On bundle conductors, suppression of space charge on wind-
ward conductor is decreased while that on leeward conductor is
increased. With a similer process on the bundle of ppposite
polarity a differential intensive ioniSatién takes place eventually

increasing the losses.

Extensive investigations have not yet been carried on either
test lines or actual lines in practice,of bundle conductors so it is
not possible at present to give the quantithtive ana1y81s of the
wind effect.(74) |

Other weather variabless Snow increase corona losses in the
same manner as rain, on both AC and DC transmission lines, Increase
in percent relative humidity increases the losses due to settlement
of moisture on conductors. Effect of relative air density on

corona of DC transmission lines 4s not well known.

7+4.2, Effect of Voltage on Corona Losses3

Fig.(7.2B) shows the variation of corona losses at direct
potentials, The curve also shows corona losses on AC lines for
comparison purposes; Bipolar corona lésses are higher than monopolar
corona losses as can be expected, Corona losses on monopolar lines at
‘negative potential are more than those at positive potential., The
ratio of losses on negative to positive polarity 1s between 1 and
1.2 (84) ‘The curves represent falr weather corona losses. It is
observed that the losses are not as sensitive to voltage as on a

three phase AC system, The losses on a DC line can be represented
(84)

W= F(g) .na.rz sve P (5)
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the equations (1) and (2), This suggests the reduction of losses
on bundled lines inflirect proportion to the square of the number

of subconductors, This however, is an optimistic value.(84)

Fig.(7.2A) illustrates a different comparison. The eurves show
only monopolar losses, both at positive and negatlve potensials
under dry as well as wet weather conditions, These curves show the
losses on unweathered conduétorsg With aging the losses will still
be lower, The losses are shown to increase with voltage both in
fair and foul weathers, but, the ineremental rates differ for both
dry and wet losses. On monopolar lines the losses in wet condition

may be as high as 10 times that in dry weather,

75+ R from DC Liness
7+8¢1¢ RI Generations | o
EHV 1ines DC or AC are invariably associated with the high

frequency interference, such aé RI and TVI, EHV DC t;ansmission
line gives rise to RI in three ways. o

(1) By pulses, conducted from the converter sﬁation,

(11) By corona pulses on the line,
and(111) By p#rtial discharges on insulators and associated hardware.

While, by proper screening the former can be completely eliminatQ
ed,(7;’76) the other two modes of‘generatiop need consideration,
However, RI from line conductors is discussed here,

,Experiments(78)

show that only RI from positivg line 1s of some
importance, where as that due to negative line 1s relatively of no
importance and hence can altogether be neglected till a certain
voltage level is reached, Same is the case on AC lines in the

negative half cycle,(413.

7+6424 Measurement of RIs
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measure the RI, Any of the two specifications viz.CISPR(73) and
USASI(QZ) or'any variant thereof is used in measurement, Inherent
errors such ag pointed out in Chapter § may be neglected consider-

ing the variations in RI values under essentlally similar conditions,

7.5.3¢ Short Lino Test Results and Long Line Predictionss: |

It is convenient to conduct tests on short test lines while
studying the effect of the inherenx variables, The fréquency'épécfra
of such short test'lines is characterised by peaks and valleys due
to multiple reflections. It has been analytically shown that geomtric
mean value of such spectra gives the long line frequency spectrum(36)
The noise level throughout the length of the line may not be same
due to inherent variation in weather conditions. Aslightly higher

value as was suggested for AC lines may be used,

7+5¢44 SNR on DC and AC Llness

Table 7.1 1ists the values of SNR on a § 550KV duplex DC line
(2x 4.,62mm., D = 10,05m) and a 345 KV AC line (1x4,07 cm.) operated
under same conditions.(74) The table showsthat« comparatively higher

TABLE 7.1
SNR ON AC AND DC LINES
(Measured with Red antenna at 0.834 MHz)

Type of Reception : SFR on

Background not detectable . 14,0 46,0
Background detectable 846 | 23,0
Background evident 4,0 13,0
Background objectionable 240 ' 6.5
Difficult to understand . 1.0 ' Q,Q

Unintelligible 0455 0.9

- - - fore L s 8L LM M e M Tdman e anadnad
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AC lines, under similar operating conditions. An SKR of 9 to 1 givesa
good reception on DC lines as agalnst 25 t0 1 on AC lines.(74)
However, on bundle conductor AC and DC "~ ipolar 1ines in fairweather

then there is very little difference in nolse 1eva1578)

74645+ RI and Weathers

Rains Fig.(7.1) shows the typleal test results 6f bipolar
duplex line at two frequencles, at 0,2MHz and 0.7MHz. As indicated
RI drops down during rain, and és the rain stops and the conductors
get dry RI increases to fair weather value, Similar behaviour is
also exhibited in snowy.eonditigns., This is in contradiction to the
performaﬁce of AC lines, This is.an additional advantage of DC
lines. Bundle conductor lines have lower falr weather RI levels
than single conductor lines. Hence_Bundle conductor DC lines are
thé most.éuitabie @ethod of power transmission in cold reglons. RI

weathey : (84) _
in foul!/ls steady wrt frequency than in fair weather,‘~ '

Winds The effect of wind on DC EHV 1ines was indicated while
discussing corona losses. The ion drift and 1ntermixing cause the
difference in performance of DC lines as against AC lines. During
windy weather not only are cgrona'losses;but°also the RI levels are

increased., No investigation has yet been made of the performance of
bundle DC 11nes.(74)

74546+ Influence of the lLine Voltages

Flg.(7+3) illustrates the effect of the pertinent system
variable viz., line voltage. Radlo interference inereases with the
voltage as indicated, Evidently the RI level on bundle conductor
1line 1s less than that on single conductor line, for the same operat=-
ing conditions, RI curves for DC lines are relatively smooth upto

about & 550KV, Over and above this voltage line hardware contributes

anandter i Fha Avanalt BT Taval aAf $ha Rwna (74) Mham mAananaTlaw DT
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levels have a ratio of 2 to 1 for positlve and negative conductors.
Therefore as far as acceptance levels of RI is concerned it is
enough if only the RI due to positive pole is considered in the case
of bipolar DC lines. The RI for a monopolar (positive) line is
about half that of bipolar line. |

Experiments(7?) have lead to a formula for predetermination of
RI level on bundles DC line, .
BRI = k o a° V/m . (8)

where,A‘ '
k = 0,85

‘7.é.~con¢1y3ionsz

| Bundlechnductors on DC lines have the same advantages as that
of AC 11nesi in addition the RI level under foul_ﬁeather conditions
are lower than under falr weather conditions. ?air weather RI levels
aré nearly the same as on AC lines. Definitely corongvlosses and

RI levels dn bundle conductor lines are lower than on single=cénductor

linéSt

Mostly duplex llnes have been used in practice., Corona losses
‘under foul weather increase by about 10 times where as on AC lines

it may dbe as much as 100 times,

‘ Losses on a bundle at negative potential are greater than on
those at positive potentlal. ILosses on DC lines are not as sensitive
to voltage as on AC lines. The dominating influence of space charge

produces this effect.

Bipolaer RI and corona losses are greater than those on monopolar
lines., Bipolar corona losses can be as much as 3 to 5 times higher
" than the sum of the corresponding monopolar losses. Drift of ions fro

one pole to the other causes this effect. Evidently the increase
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same RI level on corresponding AC lines at same voltage to ground,

Mush 1s to be investligated about the performence of DC bundle
lines in foul weather, especially that in wigd., Relations are yet
to be established about the effect of relative humidity and relative

air density factor,




CHAPTER 8
CONCLUSIONS AND PROPOSALS FOR FURTHER STUDYs

8+1. Conclusionss

(1) Bundle conductors are being used extensively throughtut
the world,for large blocks of power transmission at EHV over long
distances. -Practical limitations of the diameters that can be
handled, in accordance with Kelvin's law led the power engineers
to adopt the ingeneous method of splitting the conductor into
many subconductors, Most of the advantages materialise with the
splitting of the single conductor into two sub conductors. Any
further increase in the number of conductors will only add a little
more to these advantages. Bundle conductor lines have less inductive
reactance and proportionately lncreased capacitance., Thisg leads to
increased power transmission capability for example an increase of
30 percent capability 4is obtained by increasing the number of conducts
ors from one to two., Triplex and quadruplex lines have an increase
in capability of 40 and 50 percent respectively, In addition to
increase in capabllity, for essentially the same area of cross sect-
ion, the operating voltage level is alsobubstantially increased as
shown in Table 1l.2.

(2) Voltage gradients around bundletonductors are less than
those on the corresponding single conductor llnes. The character=-
istic feature of the gradients around bundle conductors is their |
non-uniformity, around the surface., It is often enugph to determine
the maximum gradient on the bundle in outer as well as center phases
for the determination of corona losses as well aé radio 1nterferehce.
Intra-conductor spacing in practice is usunally 15 to 20 percent
higher than that defined by the minimum of maximum surface gradient,

due to mechanical problems, such as maintaining adequate and constant

- A& .. s _ & DUPIN R (T SO NG [0 1 N, e _ 8. — s ™o L PR [ R N



29

calculation have been compared in the Ghapter on voltage gradients.
There exists a difference in the gradient on each sub-conductor

and this has been computed with the help of the IBM 1620 and is
presented in Appendix B. Ground wires are usually neglected in
the ecalculation of the gradients, This faet is substantially

evident from the above calculations.

(3) Inductance b¢ bundle lines decreases while the capacite
ance inereases, The usﬁal method of caleculation of thesé quantite
ies.is illustrated and tables have been prepared for ready useAfdr
the three configurations-double ciroult, single eircuit horizontal
and triangular. Graphs show the relative increases and thus

provides a comparison of bundle conductors and single conductors.

, -~ {4) Corona on bundle conductors in falr weather is delayed to
a much higher voltages due to reduced voltage gradients, Thus
corona losses in fair weather are less than those on the single
conductor lines. Foul weather losses evidently are lesser., It
is possible to reduce or completely eliminate losses on bundle
‘conductor 1ines in fair weather, by a sultable design, A bundle
efficlency coefficient can be defined as the ratio of critiecal
voltage on the bundle to that on single conductor 1ine, Equations
for such coefficlents are derived for all possible arrangements
of eirceults as well as.bundles, The equation for eritical corona
voltage duse to Crary has been modifled to take into account the
separations and heights used in practice., Loss measurement
techniques have been classified and compared, The loss variations
on bundle conductor lines are studied and substantlated by the

results obtained from test projects.

ling
(8) Radio interference level of bundle conductor/is less than

Flhad AP dlhha Al aVTa ancwdicadca Moo mL e & _ . __ S ___s _a “
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SNR 1s differant for same RI level in urban and rural areas, A
sultable design can provide the required SNR, SNR for various
classes of reception of radio signals and those allowable on trans-
mission lines are tabulated. RI deereases lateral to the line with
the square of the distance. The RI level at 30m from right of way
is of interest as the radlo reéeivers which usually are located in
the vicinlty are greatly affectedy in comparison with receivers
farther away, The formulae in use for estimation of RI level on
transmission lines hawe been tabulated., There is very little
difference in the fdrmulae, even though they were formulated to

suit the conditlons exiéting in the respective countries, Once

the test results are available, these formulae can be modified
suitably to take into account thenexisting conditions in our country,
The variation of RI levels with weather is illustrated with the

help of the typical test results from the test projects, The
analytical methods so far developed such as that of Adams are based
on the rms value of the RI voltage generated, But, measurements

all over the world have been done with quasi-peak meters because

of thelr commercial availability and simplicity.l It is necessary

to take into account thls faet, while correlating the determined
levels from such analytical methods with those measured on the

‘ lines, Results from short test lines can be used to predict the
frequency sepctra of long lines by considering the geometric mean

of the maximum and minimum of the frequency spectra on short lines.
By plotting the signal strengths and RI levels at the particular
frequencles, the frequencles affected by RI can be determined. Thus,
by suitably limiting the RI level the required class of reception
can be obtained, It is possible to attenuate the RI at any frequency

using auxiliary conductors of quarter wawe length connected to main
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locating it at a considerable distance it i1s possible to relieve

the listaer of this nuisance factor.

(6) The modern trend in power transmission is to avoid transe
positions, the transpositions if employed are the major sources of
frequent faults and with bundle conductors, especially they are not
only expensive but are also cumbersome. Avolding transpositions
causes electrostatic and electromagnetic ﬁnbalances‘ Uomputation
of unbalances of bundle conductor lines is tedius because of the
mény valrables involved. A brief treatment of the general caleulate
ions has been presented, A more thorough and extensive caleulation
is propos-ed to be carried out. A method hitherto unexploited for
caleulation of ground displacement factor with or without ground
wires has been used (Chapter 6)v This reduces the tedium-of calculats
ion £o a great extent. This method while maintaining_the accuracy,
provides quick evaluation of the ground displacement factor. Hoever,
it is worth pointing out that in the formula for ecalculation of
~ the equivalent conductor of the same total capacitance, the
influenee & ground wires- a factor whiech often not known is
neglected. The unbalances of current distribution among sub=

conductors is very small viz., about 1.5%.

(7) Bundle conductoss are being used on HVDC lines also, They
have the same advantages as on AC lines, Thelr performance in
windy weather is greatly different from that of AC lines, RI and
corona losses inerease greatly, especially on positive poles,
However, experimental determinationé of the performance of bundle
conductor lines is necessary before any conclusion is drawn from
the often tested single conductor lines, Foul weather RI is less
than that in fair weather. This is an added advantage of bundle

condnuetors an HUNY 1inac. wvhish eimnnrnte. thady nea 4n nanntniaa
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(8) It is also worth pointing thét there are not only .
advantages but many disadvantages also, For instance, the mechanical
problems are greatly increased, Twisting and rotation under snow
loads, frequent intra-conductor contacts due to vibrations, and
serious intra-conductor cogtacts during short eircuits cause much
damage to the conductors. Spring loaded spacers are widely used on
bundle conductor lines, but these often suffer premature faiiure
due to the frequent electro-mechanical forces, corrosion ete,.Though
all the conductors in 2 particular bundle are maintained at the
same potential at the sending end, due to inherent differences in
conductors used, there is a potential across the spacers which
further gnhancés_chances of thelr failure. Proposals are made in
the field, to adopt insulated bundle conductor system for carrier
current propagation, This in addition 1s expected to reduce RI
further by about 5 dB*, There are hovever controverstes about
this point, IBS (insulated bundle conductor system) is already in
practice to a limited extent in countries like Japan. The fact that
investment on gundle conductors is higher, is worth mentioning.

It remains, td,weight the advantages obtainable wifb increase in
investment (about 13 percent for duplex systems) before deciding
tipon the method of transmission, However, at voltages at and above

400 KV bundle conductors are inevitable,

#2iProposals for Further Studys |
(1) Corona gives fise to space charge around the bundle, Thus
the capacitance of the bundle 1s increased, This leads to an increase
in flux and a‘change in gradient from that of the bundle without
corona, A mathematical bése can be worked out to compute the above
changes, by considering the virtual increase in conductor dlameter,

This, the author hopes, will lead to the exact analysis of the




a3

performance of bundle conductor lines in corona and leads to currect

assessment of corona losses and RI.

(2) In our country, power demand is rising greatly, This
has lead to exploitation of all possible power sources., This
necessitates long distance power transmiésion at EHV. It 1s thus
necessary to predetermine the’performancé'of a bundle conductor
line in our enviromments, A test line cah be Set up and studied
under all the weather conditions-and other pertinent system variabe

les, Coronalhss and RI levels can be assessed.

(3) The calculation of unbalances of untransgosed}lines are
tedins and consume much time., - The study of these unbalances can
be split up into four parts viz, (1) electrostatic unbalance of
single circuit lines (11) electrostatic unbalance of double circuit
1ines (111) electromagnetic unbalance of single civcuit lines and
(1v) electromagnetic unbalanﬁewpf double eircuit lines, This
splitting in the opinion of author will lead to a more thorough
gtudy of the effect of the variables and will form guide lines to

reduce or if possible completely eliminate.these-unbalances.

(4)'§heﬁéﬁbhaﬁﬂpropoaes to set up field or Laboratory test
project to study tﬁe_behavidﬁr of HVDC lines using bundle conductors,
as it has been observed that RI decreases and corona losses lncrease
on & HVDC line with single conductor per pole under windy conditions.
A study, therefore, is Justified to observe the behaviour of |

pundle corductor line under these conditions,
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APPENDIX A
Conformal transformation allows folding or expanding a given
region, in a plane, to a related region in another plane, This
indicates the possibility of deereasing the complexity in @etermin-
ing the potential on and around the subeonductors in a bundle. For

instance a transformation of the form=

zn =a W
expands n times the given region (in W plane) to a related region
(in W plane), BSo, the region in the vicinity of a conductor of an
n conductor system (in ¥ i)lane) can be represented by a complete
plane (W plans), whence the problem becomes gimple, as now only one
conductor 1s considered. In.reality a fictitious conductor of
radius v 4s considered in W plane and its image (real conductor)
1s obtained 4in Z plane. Image of the field around the single
fictitious _nonductor is obtained, Successive required number of
mirrorings provides the actual field system in Z plane.

Flg.A,1 shows the transformation 22 = W and the changes in

angle and magnitude, Fig,A,2 shows the same transformation fnom
W plane (of a fictitious conductor) to Z plane (to the real
conductor), For convenience the fiectitious conductor is assumed
to be located at (=1,30). Evidently the bundle circle radius Ry
is given by-
Ry =4 (/L 47T 4 /17 ) =
and redius of the transmission line conductor
rag (/T =/Io7) |
Intra-conductor separation 1s given by
=2 Ry
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APPENDIX - B
Due to inherent geometric dispositions of individual conductors
of a bundle conductor transpeission line, there exists a difference
in gradient« instantameous or maximume on each subeonductor. To
consider eacﬁ individual conductor, the only possible solution 1s
that using Maxwells equations., It can be shown that the gradient
factor can be cbtained from the relation,

P e =W
where,
@ potential coefficient matrix, of order nxn, n is the
number of conductors in the éy@tém including ground wires,
{6 Column matrix of gradient factors,

(vl Column matrix of voltages.

To assess the difference in gradieét on each individual conductor

a system shown in Fig.B.l vas considereé, First, the éaltage on
centre phase conductors was assumed to be unity, in whichtase the
voltage on the other two phases will be «0,85 p.us The gradient
factors were evaluated., Then, the véléage oﬁ left hand phase
conductors was considered to be unity, and that on the'céntral and
right hand phase -0,5 p.us Again the gradient factors were
evaluated. The calculs tions performed on IBM 1620, using Gauss
method of elimination are ligted in Table B,1. In these caleulations
the voltage on ground wires (if present) was aésumed to be lo'ﬁp.n.
This is pessimistically in conrormity~with the existing conditions
on the system. However a sample caleulation with the voltage of
ground wire as zero, reveals that there is no significant difference
in the gradient factor, The following conclusions can be drawn

from the Table B.l,
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(i) There ig some difference in the gradient on each sub~
conductor in outer phases of a horizontal single cireuit line,
and 1s about .15 percent, But these differences can be neélected

in practice,

(11) The maximum surface gradient on centre phase is greater

than that on outer phases by about ,7 percent.

(111) Gpound wires decrease the gradients, Reduction in gradlent
with two ground wires is more than with one ground wire.

and (1iv) %he,grgdient on ground wire fluctuates over a wide range

depending upon the voltages on individdal phases,

TABLE B-l

Studies of Voltage Gradients on Yndividual Conductors®
A - No ground wiresj B-one ground wire on LHSj Ce two ground wires,

Con-]Phase}_Case 1. Voltage on . Y Case ngﬁ%tagg on L.H
due-J ] Centre gﬁase 1e0'pells . phase 1,0 psUs
B S : B L

tor,§ LA ‘ TR

1] Left -,05315 -,06300  -.06205  ,09235 .09351  .09305
of band _ osag8 05842 -.05438  ,0M388 00476 ,09428
afcentre 410067  ,1007 .10088  =,05185 ~ -J60639 -,05160
o ,10067 ,10078 (10088  -,04913  -~48249 -,04928
Sjright =,06460 =-,06451 66438 -,03883 - -,038850 ~-,03991
6™ _ 05300 -,08300 -.06295 ,03030  ~,03872  =,04010
7 (W) 003471  -,00134 ~.01078  -,01212
e T

#System Configuration is shown 1n:Fig.Bgl.
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