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ABSTRACT The number and location of subconductors in an overhead transmission line affect its induc-
tance and capacitance, leading to a change in its natural power. Traditionally, for conventional transmission
lines around above 300 kV, more than one conductor has been used as bundles for each phase. The
subconductors in these bundles have been placed in a symmetrical arrangement in space. Conventional
high-natural power lines are designed to have a greater number of subconductors per bundle and a greater
bundle radius than a conventional line at the same voltage level. In this paper, new configurations with
various numbers of subconductors for unconventional high natural power line designs are studied. The term
“unconventional” denotes that the subconductors are not arranged in space in the traditional symmetrical
configurations used in the conventional lines and conventional high natural power lines mentioned above.
Instead, their optimized locations are found so that their natural power can be further increased. The aim is
to enhance the natural power of these new line designs via optimally located subconductor configurations
to achieve narrower corridor width as well. Moreover, for these optimally designed transmission lines,
1) corona loss, 2) audible noise, 3) radio and television interferences, 4) location of shield wires, and
5) electric and magnetic fields under these lines are calculated and compared with them for conventional
lines. It has been shown that for our newly designed unconventional line with N = 8, the SIL achieved is
1414.70 MW, which is a 43% increase compared to that of the conventional line; and the reduced line width of
9.7 mis only 40% of that of the conventional line. Consequently, this leads to the mentioned unconventional
line having a natural power density of 3.38 times that of the conventional line.

INDEX TERMS Natural power, transmission lines, subconductors, line design.

I. INTRODUCTION a rise in electronic converters and power-saving ways in
The electric power sector has grown into a horizontally industries and homes. In the case of the transmission sector,
integrated business, primarily focusing on bringing forth which provides the highways of energy transfer in the system,
innovation, particularly in the generation and distribution the scope for improvement is still there.

industries, in the past decades. In the generation sector, The primary constraints in the transmission sector origi-
a transformation from large synchronous machines to much nate from transmission lines either directly, such as thermal
smaller and lighter generators and the inclusion of renewable limit, or indirectly, such as voltage drops in buses and dif-

energy has been witnessed. The distribution sector has seen ferent types of stabilities. For transmission voltage levels
(> 300 kV) and usual transmission networks with lots of

The associate editor coordinating the review of this manuscript and branches, however, loaded heavily, voltage drop limit at
approving it for publication was Diego Bellan . buses often plays as the dominant limit. Various reactive

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
7338 For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 13, 2025



M. A. Khan et al.: Optimally Located Subconductors and Phases to Achieve Transmission Lines

IEEE Access

power compensation apparatuses have been developed and
implemented, from fixed shunt capacitors/reactors and series
capacitors to FACTS. However, the main drawbacks to all
these techniques are that they are costly and add technical
challenges to the system, especially regarding their control
and protection [1].

Regarding trends toward net zero emission has led to more
use of renewable energies. For example, it is expected that by
2030 approximately 300 GW, and by 2050 about 1.5 TW of
wind and solar power will be introduced into the US grid [2].
For this to be effectively integrated into existing power grids,
high voltage transmission capacity must be increased by 60%
by 2030 and triple by 2050 — the required investment for this
is 360 billion USD up until 2030 and 2.4 trillion USD by
2050 [2]. The main issue is that extra high voltage (EHV)
transmission lines are costly. Based on [3], the cost for a
new single circuit transmission line at 500 kV in different US
states ranges from $4.1M/mile in Montana, North Dakota,
and South Dakota to $5.1M/mile in Louisiana. In such a
situation, developing optimal designs for transmission lines
leading to the need for fewer transmission lines for trans-
mission expansion planning (TEP) can lead to remarkable
savings as shown in [4] and [5], and this is precisely the
goal of this paper. In general, these lines are designed to have
smaller inductance and larger capacitance than conventional
lines, and as a result, they can naturally provide reactive
compensation. These optimally designed lines often lead to
narrower towers, which is another merit regarding the exist-
ing and increasing challenges for line’s right-of-ways.

In this paper, an algorithm is developed to figure out the
optimized positions of subconductors toward maximizing
lines’s natural power as much as possible. In this regard, key
constraints such as the minimum phase distance, maximum
electric field on subconductors, and limits on the height
of subconductors are considered. Then, for the optimized
designs, other electrical aspects of the line design, such
as corona loss, audible noise, radio and television noises,
and electric and magnetic fields under these lines, are cal-
culated, and the results are compared with those from a
conventional line. Note that involving all electrical aspects
of the line design to determine the optimal location of
subconductors leads to a complex problem. Based on our
experience, optimally designed line configurations consid-
ering the key constraints mentioned above often meet other
electrical aspects mentioned above.

Il. METHOD

A. OPTIMAL LOCATION OF SUBCONDUCTORS
Conventional lines have a traditional circular bundle arrange-
ment. However, in our study, we focused on unconventional
arrangements that break the circular symmetry to achieve
higher natural power, P,, values. Since we are using a more
number of subconductors to reach higher P, values, to keep
the cost low, the cross-section of the conductor is chosen such
that it is lower than that of the one used in conventional lines.
The design has been made based on the following constraints.
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It must be ensured for each of the phases, i € {1, 2, 3},
that the maximum corresponding electric field, E/"**, on the
conductor surface is within a particular limiting value, Ey,,
i.e., a threshold that is introduced in the first constraint,
Eq. (1). The value of Ey;, considered here is 20 kV/cm.

Elmax<Eﬂ17ie{17253} (1)

The phase-to-phase and the phase-to-ground distances must
also be greater than the minimum clearance required for each,
Egs. (2) and (3).

h—ph .. . .

Di;_ P > Duin,ph—ph» i, € {1, 2,3} &i # j (2)
h—gnd -

H,p e > Huin ph—gnd» i € {1, 2, 3} (3)

To start the search for optimal subconductor locations, the
electric field strength on subconductor surface is first found
for a base scenario where the positions are selected based on
an initial set of values for the phase-to-phase and phase-to-
ground distances. E;"*" is then found from these field values
for the corresponding subconductors in each phase. The loca-
tions are adjusted as long as the first constraint, Eq. (1),
is met. Subsequently, line capacitance and inductance, and
P, are determined. Capacitance equalization, as explained
in [1], is performed to make the search process faster by
finding points close to the optimum locations of the sub-
conductors. E"* value is found again, this time by setting
boundary conditions where the minimum distance between
phases, Dyyin,ph—pn s set and the maximum and the minimum
allowable heights for the conductors are also set. The value
of Dpin,ph—pn 1s increased gradually until the first constraint
is satisfied again, and then the line parameters are calculated.
If the updated P, is lower than before, a new set of points is
considered, and the process is repeated.

B. ELECTRIC FIELD CALCULATION

The conventional method for determining the conductor sur-
face electric field involves calculating Maxwell’s potential
coefficients and subsequently obtaining the necessary values.
Each conductor is modeled with a single line charge, which
allows the use of ¢ = CV, where g, C, and V are the
stored charge in the subconductors, the capacitance, and the
potential difference respectively. It can then be rewritten to
give [P] [q] = [V]for n subconductors. Here [P] is Maxwell’s
Potential matrix of size (n.m) x (n.m), where m is the number
of phases. The elements of [P] are found as follows:

1 2H;
Pii = In— “)
2meg ri
P Lo 14 a2t 5)
_— n gty
Y7 2me D>

ij

where H; represents the average height, r; is the radius of
subconductor i, and Dj; is the distance between subconduc-
tors i and j. However, this method does not account for the
asymmetrical configuration of unconventional high natural
power lines targeted in this paper or the effect of other sub-
conductors around. Thus, a new approach was considered for

7339



IEEE Access

M. A. Khan et al.: Optimally Located Subconductors and Phases to Achieve Transmission Lines

our purposes [6]. Here, each of the subconductors with radius
rp is represented using N, line charges, distributed around an
imaginary cylinder with radius 7; = r/2, and centered on
the conductor’s axis to establish the electric potential at N,
points on the subconductor surface. The surface potential for
each point p can be found using:

1 NxN, qi S
2 ﬁ (=7 ©

2meg Ty —Ti

where, g; is the charge on subconductor i. Fig. 1 shows the
modeling of subconductors with this new approach.

v & Voltage
1 Setpoint
Line

g Charge

L H'l"’ othetical
G J’ylinder

" Conductor

FIGURE 1. Modeling of conductors with Np line charges.

The results from this method have been validated by COM-
SOL Multiphysics.

Ill. CASE STUDIES

In our investigation, we have taken into account existing
3-phase, 500 kV conventional lines and conventional high
natural power lines. We have also attempted to develop and
study an innovative, unconventional, high-natural power line
designed for the same voltage level. To the best of our knowl-
edge, G. N. Alexandrov was the first to introduce non-circular
conductor bundle arrangements to increase the capacity of
transmission lines [7] and later was also studied by others [8],
[91, [10], [11]

A. CONVENTIONAL LINE AND CONVENTIONAL HIGH
NATURAL POWER LINES

The 500 kV, 3-phase conventional line considered and shown
in Fig. 2a consists of bundled subconductors arranged in a
horizontal configuration. The conductor bundles consist of
4 subconductors, each having a diameter of 26.82 mm and
a bundle spacing of 0.45 m, symetrically located on a circle.
For this line, the phase spacing is 12.3 m, and the height of
the phase conductors is 28 m from the ground.

The conventional high natural power line considered here
has 6-subconductor bundles shown in Fig. 2b, which are
placed in an inverted delta configuration. The subconductors
in the bundle are distributed with equal bundle spacings,
resulting in a symmetrical shape. The diameter of the sub-
conductors is 21.60 mm, and the bundle radius is 0.375 m.
The phase spacing for this line is Dph=6.7 m, and the central
phase is 27.5 m from the ground surface.

7340

Both the lines shown in Fig. 2 are actual lines and are in
service [11], where Table 1 presents their natural power or
surge impedance loading (SIL) and corridor width, i.e., the
distance between the outer phase conductors.

Tw. 55—%—10. 557
|
! 8.5
|
|

%
I

(b)

FIGURE 2. Line configuration of the 500 kV (a) conventional line and
(b) conventional high natural power line.

TABLE 1. Line data for the conventional line and the conventional high
natural power lines.

Phase N SIL Corridor
Configuration (MW) | Width (m)
Conventional Line |y ool | 4 | 98929 | 24.60
(Fig. 2a)
Conventional High
Natural Power Line I(Ifl(\)/relgeir]zit?(l)ts 6 1332 6.70
(Fig. 2b) g

B. UNCONVENTIONAL HIGH NATURAL POWER LINES
Using our formulated method, we have derived locally
optimized subconductor configurations aimed at achieving
increased SIL. This yields unconventional high natural power
lines characterized by subconductor arrangements that devi-
ate from the symmetrical configurations typically seen in
conventional lines. Our developed lines have bundles consist-
ing of 4 to 8 subconductors. With each incremental increase
in the number of subconductors, a conductor having a smaller
cross-section is considered to mitigate the increase in cost
due to the increased number of subconductors. The details
of these conductors are given in Table 2.

IV. RESULTS
A. OPTIMALLY DESIGNED UNCONVENTIONAL HIGH

NATURAL POWER LINES
In this section, we have presented the novel configurations of
unconventional high natural power lines, explored the impact
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TABLE 2. Conductor type of unconventional high natural power lines.

N | Subconductor Name Diameter (in)
4 Catbird 1.140
5 Stilt 1.036
6 Eagle 0.953
7 Hawk 0.858
8 Tailorbird 0.825

of corona discharge, and drawn a comparison with the lines
shown in Fig. 2. Under the mentioned constraints, the restruc-
tured lines have shown considerable improvement over the
conventional line, Fig. 2a, in terms of having higher SIL,
narrower lines and higher power density. We also designed
conventional high-natural power lines and considered them
for comparison. For each of these conventional high natural
power line configurations, the bundle radius is held constant
at 0.3182 m, which is the same as that in the conventional
line shown in Fig. 2a; and the minimum distance from the
subconductors of one phase to those of the other phases is
kept greater than or equal to 6.7 m. This amount is based on
the line shown in Fig. 2b, and as a result, the line width for
each of the conventional high natural power lines is 7.34 m.
The minimum distance of 6.7 m between phases is also
maintained for our optimally designed unconventional high
natural power lines.

The optimally designed lines mentioned above are pre-
sented in Table 3. Figs. 3a-3e show the optimally designed
unconventional 500-kV lines configurations for a number of
subconductors, N, equal to 4, 5, 6, 7, and 8, respectively.
Fig. 3f geometrically compares the conventional line, Fig. 2a,
with the optimally designed unconventional one with N=8.

TABLE 3. Conventional and unconventional high natural power lines.

Unconventional high Conventional high
natural power lines natural power lines
SIL Line Emax Emax

N (MW) width (m) | (kV/em) SIL (MW) (kV/cm)

4 1277.70 | 10.00 20.02 1160.65 15.93

5 1377.30 | 12.34 18.56 1199.69 14.85

6 1413.10 | 12.07 18.70 1225.49 14.02

7 1404.70 | 11.67 19.29 1241.98 13.69

8 1414.70 | 9.70 19.73 1256.72 12.87

As mentioned before, electric field intensity on subcnduc-
tors is calculated via the method described in Section II.B.
The method as mentioned before again was validated with
results from COMSOL Multiphysics. Here for example, the
maximum electric field on the surface of the subconductor
for the unconventional line with N=8 using our method,
as shown in Table 3 is 19.73 kV/cm and that found using
COMSOL Multiphysics is 19.733 kV/cm as shown in Fig. 4,
thus validating our novel method for electric field calculation.

As seen from Table 3, the natural power for the optimally
designed unconventional line with N=8 is 1414.70 MW
which is 43% more than that for the conventional line, Fig. 2a,
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and 12.5% more than that for the conventional high natural
power line with N=8, showing the unconventional design
can result to higher natural power at the same condition.
Moreover, the line width for the mentioned unconventional
line is only 9.7 m which is 40% of that for the conventional
line and 75% of that for the mentioned conventional high
natural power line. Combining the numbers from natural
power and line width mentioned above results in 3.38 times
higher natural power density than the conventional line and
1.5 times higher natural power density than the conventional
high natural power line. All these show the potential of the
optimally designed unconventional high natural power lines
as a game changer in transferring bulk power in future power
grids. In the following sections, other electrical aspects of
the line design for the optimally designed unconventional
lines described above are calculated and compared with the
conventional line.

B. MAGNETIC FIELD UNDER LINES

It is an important factor to evaluate the magnetic field under
transmission lines in the vicinity of the right of way. It should
be under a desired value and this value may vary from country
to country or even may be different in different states or
provinces of a country.

While carrying 50 or 60 Hz current in a transmission
line magnetic field is generated in its surroundings. For a
fixed N, number of horizontal conductors, the magnetic field
considering the induced eddy current can be obtained by [12]
and [13]:

N,

¢ O—dy) G+di+a) .
BrmS=0.2xZ;‘I,,[|: rz” - . dyx

n=

cn Tin

( _hn) ( _hn) -
_[xrz _xr2 }ay]uT

in

Fon =\ (6 — I)? (v — d)?

i = & = 1) + 0+ o+ @)?
a =284, 8, =503,/ pg/f ©)

where p, is denoting earth resistivity (£2.m), f is denoting
the frequency in Hz, I, is denoting the conductor current
(Amps-rms), and all distances are considered in meters. The
n-th conductor is positioned at (x,y) = (h,, d,). The earth
current matches in magnitude and runs in the opposite direc-
tion for each conductor. For the image current property, each
earth current is buried in the earth with a complex depth
proportional to &g, the earth’s skin depth.

Figs. 5a shows a comparison between the real-life mea-
sured magnetic field values under a line and computed ones
from [12]. Fig. 5b shows the reproduced results using our
code for Eq. (7) which validates our code.

For computing magnetic fields under transmission lines,
especially for unconventional bundle arrangements targeted
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FIGURE 3. Line configurations of the 500 kV unconventional lines with (aQ) N =4, (b)) N =5, (c) N =6, (d) N =7, (e) N = 8, and
(f) comparison of the unconventional line with N = 8 against the conventional line.

in this paper, we need to consider each subconductor sepa-
rately while to date an equivalent conductor carrying phase
current in the middle of the bundle circle was considered
for conventional lines. Considering each subconductor sep-
arately leads to more accurate results.

To make a comparison of the magnetic fields resulting from
the conventional line, shown in Fig. 2a, and the unconven-
tional line, shown in Fig. 3e, we considered that both lines
carry the same phase current. The magnetic field profiles
were calculated at ground level, Fig. 6a, and 1 m above the
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ground level, Fig. 6b. As seen in Fig. 6, the magnetic field for
the unconventional line is well lower than the conventional
line, another merit for these new line configurations.

C. ELECTRIC FIELD UNDER LINES
As a three-phase system, three alternating voltages (of the
same frequency) are carried by three circuit wires and reach
their instantaneous peak levels one-third of a cycle apart.

As a single circuit 3-phase line, consider the line voltage
as [V] that is related to the peak amplitude V,,, initial angle

VOLUME 13, 2025
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Surface: Electric field norm (kV/cm) Max/Min Surface: Electric field norm (kW/em)
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FIGURE 4. Maximum electric field on the surface of the subconductor for

the unconventional line with N=8.

¢ and the angular frequency w and presented in Eq. (8).

[V] =V [sin (ot + @), sin (of + ¢ + 120°) , sin

(wr + ¢ +120°)]

®)

Let, J and K are horizontal and vertical coefficients that
determine the electric field at a certain point, calculated by
Egs. (9) and (10), [14]. The other parameters of these equa-

tions are mentioned in Fig. 7.

(L
i= =i Vl-z (rl.’)z

[ e=—zw) et
Kl - ( }"l~2 (rl/)z )

1
Ey =( 1 )Kl
2w e

= VK1 [Mq; sin (wt + ¢)
+Mipsin (a)t + ¢ — 120°)
+M\3 sin (wf 4 ¢ + 120°)]

2
E, = ( 1 )Kz
2meg

= V,u.K> [M> sin (wt + ¢)
+Mapsin (ot + ¢ — 120°)
+My3 sin (ot + ¢ + 120°) ]

q3
Eyz = ( )K3
21 €p

= V,u.K3 [M3] sin (wt + ¢)
+Ma3ysin (wt + ¢ — 1200)
+ M33 sin (wl + ¢+ 1200)]

Then

Then, the total vertical component is
Evy = Vi [(Ky - My + Ko - Moy + K3 - M31)
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FIGURE 5. (a) Magnetic fields for a 735 kV overhead line, (280 A)
from [12], (b) magnetic fields calculated by the code written for this paper.

sin (wt + ¢)
+ (K1 -Mi2 + Ky - My + K3 - M3p)
sin (ot + ¢ — 120°) + (K1 - M13 + Kz - M2z + K3 - M33)
sin (ot + ¢ + 120°)]
= Vi [Ky1 sin (@t + @) + Ko sin (wf + ¢ — 120°) + Ky3
sin (ot + ¢ + 120°)]

and in phasor form,

Eyy = Vp [Kvléﬁb + I{VZZ (¢ - 1200)
+Ky3/ (¢ +120°)] (14)

Resolving Eq. (14) into real and imaginary parts with ¢ =
0, we obtain

real part = K1 — 0.5 Ky» — 0.5 K3
imaginary part = 0 — 0.866 K,» + 0.866 K3

15)
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Magnetic Field Calculation at Ground level

Conventional
Unconventional HSIL

Magnetic Field (uT)

) n . . . L L N
-100 -80 -60 -40 -20 0 20 40 60 80 100

Lateral distance(m)
(@

10 Magnetic Field Calculation at 1 m above Ground level

Conventional
Unconventional HSIL

Magnetic Field (uT)
(4]

-100 -80 -60 -40 -20 0 20 40 60 80 100
Lateral distance(m)

(b)

FIGURE 6. Magpnetic field profiles under the transmission lines (a) at
ground level, (b) at 1 m above the ground level.

Consequently, the amplitude of the electric field is:

E,y = \/ [(Kvi — 0.5 Ko — 0.5 K13)% +0.75 (Ki3 — K12)?]

* Vin =\/Kv12 + I(vZ2 + KV23 —Ky1Ky» — KoKz — Ky3Ky1 - Vi
= Kv . Vm

The r.m.s. value of the total vertical component at P (x, y) due
to all 3 phases will be

=K,V (16)

In a similar manner, the r.m.s. value of a total horizontal
component of the field at P due to all 3 phases is

Ep=Jp-V

= V. HIn + 5 = I — Indis = Jiadm - (17)
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j-th conductor
).2)

Ti

rbitrary Point P(y, z)

Image ofi-th conductor

Image of jth conductor

FIGURE 7. The distances between the point charges, their images, and a
chosen point.

where
Jn =J1 My +J2 - My + J3 - M3
Jip=J1 -Mp+Jy- My +J3 - M3 (18)
Jwz3 =J1-Mi3+J2 - Myz +J3 - M33

where the values of J1, J», J3 are obtained from Eq. (9) for J;
withi=1,2,3.

Like the magnetic field calculation, we have considered
each subconductor separately to evaluate the electric field
under the transmission lines. Figs. 8a and 8b show the electric
field under the conventional line shown in Fig. 2a and the
unconventional line shown in Fig. 3e for a height of 1 m
above the ground level and at the ground level, respectively.
As seen in Fig. 8, the unconventional line result is well lower
electric field at the vicinity of the right of way of the line than
the conventional line, another merit for these unconventional
high natural power lines.

D. CORONA LOSS

The empirical formula for corona power loss under foul
weather in kW/mile by Bonneville Power Administration
(BPA) considers E,,,, on subconductors, the subconductor
diameter d, number of subconductors N, and the altitude A,
and is given by [15], [16], [17], and [18].

P =1.60934 x 3

142465 log(El'gug )+40 log( 4 )+K1 1og(%)+1<2+3%

x 10 ' 0 (19)

where K| and K, are parameters depending on the rainfall
rate.
An alternative empirical formula from project EHV shows
that [19].
v 3N
P = Ppy + [—Jr2 In(l + KR)} DET (20
V3 i

where Prwy, J, K, R represent the fair-weather corona loss,
a loss current constant, wetting coefficient, and the rainfall
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FIGURE 8. Electric field profiles under the transmission lines (a) at
ground level, (b) at 1 m above the ground level.

rate, respectively. E is the conductor underside surface volt-
age gradient in kV/cm. The fair-weather corona loss can be
calculated from Eq. (2) by subtracting 17 dB from the mean
foul-weather corona loss, or by the Electricité de France
(EDF) formula as follows [15].

P =Pyr' 8 (N +6)2.107E —0DWw /m 1)

The power loss due to corona discharge in fair and rainy
weather has been evaluated using Egs. (19), (20), and (21).
The fair-weather corona loss for the transmission lines under
study has been shown in Table 4.

TABLE 4. Fair-weather corona power loss for various overhead
transmission lines.

BPA (kW/mile)
Altitude = Altitude = (EV]/)II:I)
0m 1000 m
Conventional 0.398 0.728 0.276
Conventional
HSIL 1.484 3.197 2.781
Unconventional

HSIL, N=8 1.853 3.993 2.481

Fig. 9 shows the corona loss in rainy weather for the
conventional, conventional high natural power or high SIL
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(HSIL), and unconventional HSIL lines found using the
empirical formula developed in Project EHV. The significant
difference in the calculated corona loss in rainy weather
conditions for rain rates greater than 0.1 in/h is seen in Fig. 10,
where the results have been evaluated using both Eq. (19) and
Eq. (20). Fig. 11 shows the corona loss for all three lines for
an altitude of 1000 m. A significant rise in power loss is seen
due to the increase in altitude. The unconventional HSIL line
shows the highest loss values, followed by the conventional
HSIL line and the conventional line. Figs. 9-11 also show
a rapid initial rise in the corona loss with rainfall rates of
small values; as the rain rate increases, the loss level grad-
ually reaches saturation. Similar results have been obtained
for the conventional line and the unconventional HSIL
line in [20].

45

Conventional
Conventional HSIL
Unconventional HSIL

B
o
I

w
(3]

w
o

N
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Corona loss [kW/3-phase mile]
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[4)] [5)]

-
(=]

0 0.1 0.2 0.3 0.4 0.5 0.6
Rate of rain [in/h]

FIGURE 9. Corona power loss in overhead transmission lines against rain
rate using Eq. (20).
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EHV
BPA, Alt=0

100

50

Corona loss [kW/3-phase mile]

0 0.1 0.2 0.3 0.4 0.5 0.6
Rate of rain [in/h]

FIGURE 10. Corona power loss against rain rate for the unconventional
HSIL line at an altitude of 0 m using Egs. (2) and (3).

E. AUDIBLE NOISE (AN)

The empirical formula by BPA for calculating the average
rain audible noise (AN) level (Lsp) caused by transmission
lines with 3 or more subconductors per phase depends on the
mean of maximum subconductor surface electric field in each
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FIGURE 11. Corona power loss against rain rate for different lines at an
altitude of 1000 m.

phase, E,;,(n), d, N, and the distance from each phase, D(n).
The net AN level for the line is then given by the sum of AN
for each phase, n [21].

AN (n) = 120log;y Eqm (n) 4+ 551ognd
— 11.41log1o D (n) 4+ 26.4log;o N — 128.4 (22)

The audible noise level for the lines under discussion is
independent of frequency. It is shown in Fig. 12. AN is highest
for the unconventional HSIL line, which is closely followed
by that of the conventional HSIL line. For the conventional
line, the peak AN value is around 40 dB at a distance of
10 m from the outer phase and decreases logarithmically
with increasing distance. This profile analysis was conducted
for the conventional line and the unconventional HSIL line
in [22] as well. However, in this instance, we have compared
our results to the ones from the Corona and Field Effects
program by BPA, and the obtained solutions are much closer
to these.

AN lateral profile

60

Conventional Line
Conventional HSIL
Unconventional HSIL

Audible Noise (dB)
F-s A
(=] (=]

W
(=]
T

20
10" 10? 10°
Distance from outer phase (m)

FIGURE 12. Audible Noise (AN) levels up to 1000 m for different
overhead transmission lines.
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F. RADIO INTERFERENCE (RI) AND TELEVISION
INTERFERENCE (TVI)

Radio interference (RI) and television interference (TVI) are
also calculated using the BPA formulae [15], [23].

Eax 2r
RI = 46 + 1201 401og;  ——
+120logio (17.56) +allogio (3.51)
+RIf +RIp + Ky (23)

Enax 2r

7
+20log; (75) + F> (x) + K4 4)

Here, r is the radius of the subconductors, Rly and RIp are
RI correction factors for measurement frequencies different
from 1 MHz and the reference parameters respectively, F2(x)
is a function of the radial distance from the conductors, and
K4 is a correction factor for the altitude respectively.

Fig. 13 shows the radio interference (RI) levels for
detection frequencies of 0.5 MHz, 5 MHz, and 20 MHz
respectively.

Fig. 14, in the same way, shows the television interference
(TVI) levels for frequencies of 75 MHz, 250 MHz, and
1000 MHz, respectively. It is readily seen that the RI and TVI
levels decrease with an increase in frequency.

In Figs. 13 and 14, it can be seen that going from the
conventional to the conventional HSIL and the unconven-
tional HSIL lines, the effect of interference increases for
each of the frequencies considered. While this happens, it is
also apparent for both the HSIL lines that the numerical RI
and TVI values are close. The conventional HSIL line is an
established one in China [11]. In the USA, the minimum
recommended SNR for allowable signal reception is 24 dB
for signals above 54 dB. Thus, for the case of RI, it can be
understood from Fig. 14 that a signal level of approximately
94 dB should suffice for f = 0.5 MHz, and this value is
much lower for the remaining frequency levels [24]. For TVI,
if the signal sent has a minimum SNR of 40 dB, an acceptable
level of signal reception is achieved. Thus, for f = 75 MHz,
as the maximum noise level is about 20 dB, a signal strength
of 60 dB suffices for an allowable signal reception. For f =
250 MHz and f = 1000 MHz, the required minimum signal
strength is much lower.

G. SHIELDING WIRE LOCATION

Lightning strikes are one of the significant operational and
environmental risks associated with transmission lines. These
strikes can induce extremely high transient voltages and
currents in the transmission line, potentially leading to insu-
lation failures, equipment damage, and even catastrophic
outages. Properly designed shielding wires can help mitigate
the effects of lightning strikes by providing a low-impedance
path for the lightning current to safely dissipate to the ground,
thereby reducing the risk of damage to the transmission
line and associated infrastructure. Thus, effective shield-
ing wire design is essential for mitigating these challenges
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FIGURE 13. Rl levels for different transmission lines under
(a) f = 0.5 MHz, (b) f =5 MHz, and (c) f = 20 MHz.

by providing enhanced protection against electrical surges.
In this section, the shielding wire location has been deter-
mined for the unconventional line shown in Fig. 3e to cover
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TV lateral profiles, f =75 MHz

40
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FIGURE 14. TVI levels for different transmission lines under
(a) f = 75 MHz (b) f = 250 MHz (c) f = 1000 MHz.

the design shielding wires for our new line design in this paper
as well.

The optimal location of the shield wires for the mentioned
line has been obtained according to the stroke mechanism of
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lightning and the results have been analyzed using the value
of shielding failure rate (SFR) and shielding failure flashover
rate (SFFOR) [25], [26]. SFR is defined as the number of
strokes that terminate on the phase conductor per 100 years.
The empirical formula for SFR is:

In
SFR = 2NgL/ D.f(dl (25)

3
where N, represents ground flash density, L (km) repre-
sents length of the line, D, (km) represents the exposure
distance for the phase conductor, I, (kA) represents maxi-
mum current at and above which no stroke will be incident
on the phase conductor. The minimum stroke current, set
at 3 kA, is denoted as the lower limit for the probability
density function, f(I) [26], representing the occurrence of
lightning current. But not all the strokes are responsible for
flashovers. Flashover occurs when the voltage induced by
a stroke on the conductor exceeds the minimum voltage
leading to a flashover known as critical flashover (CFO).
The number of strokes on the phase conductors that result
in a flashover is known as SFFOR. The phenomenon of
flashover in electrical systems is influenced by a variety of
atmospheric conditions, the physical state of equipment, insu-
lating gases, and external environmental factors. Atmospheric
conditions such as humidity, temperature, and pressure play
a significant role in determining the behavior of insulation
materials [27]. High humidity can lead to moisture absorption
by insulating surfaces, reducing their effectiveness, while
temperature variations can cause expansion or contraction of
materials, impacting their structural integrity and insulation
performance under high voltage stress. The physical state of
equipment, including the type, condition, and design of insu-
lating materials, is equally critical. Environmental exposure,
mechanical stress, operational wear, and the accumulation of
contaminants like dust or oil can weaken insulation strength
and create conductive paths that increase the risk of flashover.
Insulating gases, which are integral to electrical systems, also
affect flashover thresholds based on their dielectric proper-
ties. Gases with lower dielectric strength are more prone to
failure under electric stress, highlighting the importance of
optimal gas composition in high-voltage equipment. Addi-
tionally, external factors such as altitude and atmospheric
pressure influence the dielectric breakdown voltage of air and
insulating materials. At higher altitudes, decreased air density
lowers the breakdown strength of air, making flashover more
likely unless equipment is specifically designed to accom-
modate these conditions. In summary, the interplay between
atmospheric variables, the physical state of the equipment,
insulating gases, and environmental factors collectively deter-
mines the risk of flashover. Recognizing and addressing
these dependencies is essential in the design, maintenance,
and operation of electrical systems to ensure their reliability
and safe performance under varying conditions. In summary,
while the interplay between atmospheric variables, the phys-
ical state of equipment, insulating gases, and environmental
factors collectively determines the risk of flashover, our study
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focuses specifically on determining the optimal location of
the shield wire for the designed transmission line. To find the
equation of SFFOR, we need to change the lower limit of the
current integral since SFFOR will only require the current
responsible for flashover. Thus, SFFOR can be expressed as
follows:

I
Jfdl

Dee
SFFOR = 2N;L—
I

DCC
INGL =P (le <1 < I)

D
= 2N,L > [F (Im) — F (Io)]
D,
2

Here, N, represents ground flash density and expressed as,
N, = 0.04T}2. I. represents the critical current threshold
for flashover, determined by CFO and the surge impedance
of the phase conductor, Z.(2) as follows:

2 (CFO)

I, = —
Z

where, CFO = 605 (kV/m) x minimum striking distance [25].

The function Q (/) depends on the current range, as detailed
in Table 5.

=2NgL—[Q (L) — Q () (26)

27

TABLE 5. Expression of Q (/) for different ranges of current.

I Equation
3to20 Q=1 -0.3le‘f_.25
20 to 60 Q=0.5-0.35Z
60 to 200 Q= 0.2783_f_j

The empirical formula for SFFOR relies on numerous
line parameters that are essential for determining SFFOR.
This paper elaborates on the specific parameters crucial for
calculating SFFOR, utilizing a geometric analysis detailed in
Fig. 15.

g
r D,
4
C2B r
TC
hl |9 B |Tg—Y
a
y
7

FIGURE 15. Geometrical analysis of shield wires of a transmission line.

In Fig. 16, the geometrical analysis illustrates the rela-
tionship between the shield wire and phase conductor of a
transmission line. The tower height (h) equals the shield wire
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height, while y is the height of the phase conductor. « is
known as the shielding angle, and from Fig. 15:

a
o =tan" ' —— (28)
h—y

Fo —
o = sin 182 (29)

re
The distance D, and D, are known as the exposure distance
for the phase conductor and shield wires, respectively. Their
values are derived from the geometrical analysis, expressed

as functions of o and #mentioned below:
D, = rc[cos8 — cos (o + B)] (30)
Dy = r.cos (@ — B) 3D
The values of r, and r. vary based on different empirical
formulae presented in [17] and [18]. But among them, the
Brown and Whitehead equation is used mostly in shielding
analysis, and based on it, the striking distance is expressed as

r = AI”. The values of A and b are listed in Table 6 based on
the Brown and Whitehead equation.

TABLE 6. Parameter values for the Brown and Whitehead equations.

Forr,

For .

b

b

6.4

0.75

7.1

0.75

Using the previously mentioned empirical formula, the
SFFOR has been determined for the unconventional high
natural power line shown in Fig. 3e using Eq. (26) across
various shielding angles. To analyze and compare the results
the following parameters are chosen in our study:

o The minimum striking distance, which is crucial to
computing critical flashover density, was selected as
11.2 feet [26], which is usual for 500 kV lines.

« Two different values for the annual number of thunder-
storms, Ty =5 and T; =30, were considered to represent
ground flash density across regions with varying levels
of lightning activity. Typically, Ty =5 is indicative of
areas with low lightning activity, while T; =30, is more
representative of regions with nearly high levels of light-
ning activity.

o The height of the tower was calculated based on the
coordinates of the subconductors presented in Fig. 3e.
To calculate the average height, the shield wire sag was
set at 11.25 m [26]. So, the average height: h = y4 +
(2/3) (11.25) =39.5m

o The SFFOR, measured as flashovers per 100 kilometers
per year, was selected to remain within 0.05. In practical
applications to serve critical loads, it is preferable to
keep the acceptable SFFOR within this threshold of
0.05 per 100 kilometers per year [25], [26].

Fig. 15 illustrates the SFFOR plot for all vertical phases.
Observing the plot, it is evident that SFFOR values remain
consistent for phases A and B (located at a higher height),
whereas it is lower for Phase C.
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FIGURE 16. SFFOR for all vertical phases (a) Ty =5, (b) T4 =30.
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FIGURE 17. SFFOR at different shielding angles of the unconventional
line shown in Fig. 3e for Phases A and B for T4 =5.

As a closer view, Fig. 17 shows SFFOR against shielding
angles for both phases A and B, indicating a shielding angle
of 34° leads to SFFOR of 0.05. Fig. 18 ascertains that for
a shielding angle of 34°, SFFOR remains below 0.05 for
phase C as well.
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FIGURE 19. SFFOR at different shielding angles of the unconventional

line shown in Fig. 3e for Phases A and B for T4y =30.
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FIGURE 22. SFFOR vs. shielding angle for the conventional line, Fig. 2a,
and unconventional high natural power line, Fig. 3e, for T4 =5.
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FIGURE 20. SFFOR at different shielding angles of the unconventional

line shown in Fig. 3e for Phase C for Ty =30.

Thus to meet SFFOR <= 0.05 flashovers/100 km-years for
all phases, the shielding angle should be 34°, then the distance

7350

45

between the shield wires for low lightning activity, 7; =5 can
be calculated using Eq. (28)

N
4.85191 — 3 Se

tan 34° —
an 3 95-32 2

=02lm= S, =042m
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FIGURE 23. SFFOR vs. shielding angle for the conventional line, Fig. 2a,
and unconventional high natural power line, Fig. 3¢, for Ty =5.

Accordingly, for high lightning activity, T; =30, the plot is
shown in Figs. 19 and 20. In this case, the shielding angle
for both phases A and B was found to be 28.5°, where
SFFOR is at 0.05. Furthermore, Fig. 20, displaying the plot
for phase C, validates that for this angle, the SFFOR remains
below 0.05 for phase C as well. Thus, the distance between
the shield wires for this case will be:

4.85191 — 3% S
39532 2
— S, = 1.56m

tan28.5° = =0.78m

Figs. 21a and 21b show the location of shield wires for Ty =5
and T; =30, respectively. Figs. 22 and 23 compare the results
with the conventional line. For the unconventional novel line,
SFFOR values show a slightly high trend but remain within
the acceptable limit of 0.05.

V. CONCLUSION

The paper presented optimally designed unconventional
designs for transmission lines leading to much higher nat-
ural power and much lower line width than conventional
lines and conventional high natural power lines. Different
electrical aspects of the line design, including magnetic
and electric fields under transmission lines, corona loss,
audible noise, and radio and television interferences for
these newly designed lines, were studied and compared
with the conventional line. Moreover, the location of shield-
ing wires for these new lines was studied. It should be
noted, however, that mechanical and structural aspects also
need to be studied when proposing a new line configu-
ration. Also, we are aware that other electrical aspects,
like live line working and challenges when dealing with
wind, ice/snow, etc., also need to be investigated. However,
we believe this paper provided a good foundation for design-
ing unconventional lines and opened new windows for further
research.
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