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ABSTRACT Traditionally, overhead AC transmission lines have been used to transfer electrical power from
the generation to the distribution sector. The capacitance and inductance of these lines are significantly
influenced by the size and arrangement of the subconductors in each phase, which in turn affects the trans-
mission capacity. Conventional transmission lines typically employ a circular symmetry for the arrangement
of subconductors in each phase. However, by altering the number and placement of these subconductors,
the power transfer capacity of the lines can be significantly increased. Unconventional transmission lines
leverage this principle by deviating from the traditional circular symmetry, resulting in a lower characteristic
or surge impedance (Z.), which enhances the surge impedance loading (SIL). This paper introduces new
designs for unconventional transmission lines, optimized under strict criteria to minimize corona discharge
effects while maintaining a narrow corridor width (CW). Compared to a conventional transmission line
from the literature—with a SIL of 996 MW and a line width of 24.6 meters (yielding a power density of
40.5 MW/m)—our optimally designed conventional HSIL line achieves a SIL of 1351 MW (a 36% increase)
and a line width of only 8.4 meters (a 66% reduction), resulting in a power density of 160.8 MW/m (a
297% increase). Even greater improvements are observed with unconventional HSIL designs, reaching a SIL
of 1592 MW—representing a 60% increase over the conventional line and an 18% improvement over the best
conventional HSIL design. These findings offer promising prospects for the future of modern transmission
networks.

INDEX TERMS Surge impedance loading, transmission lines, subconductors, line design.

I. INTRODUCTION

The electric power industry has undergone significant
advancements in recent years, particularly in power genera-
tion and distribution. Notable developments include the shift
from large synchronous generators to smaller, more efficient
machines and the increasing integration of renewable energy
sources into the grid. The generation and distribution sectors
are linked by extra-high voltage (EHV) AC transmission
systems, which can be either overhead lines or underground
cables. However, EHV AC underground cables can be up
to ten times more expensive than overhead lines at the
same voltage level. Additionally, these cables exhibit high
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capacitance, resulting in excessive charging currents that
limit their practical length. Among line constraints, especially
at EHV levels, bus voltage drops play a key role in today’s
heavily loaded grids. To mitigate these challenges, reactive
compensation techniques such as series capacitors, shunt
capacitors/reactors, and flexible AC transmission systems
(FACTS) are often employed. However, these solutions can
be costly and require complex protection and management
strategies [1].

Achieving net-zero emissions in the US will require a
major expansion of the high-voltage transmission network to
accommodate large-scale renewable energy integration. Esti-
mates indicate that by 2030 and 2050, approximately 300 GW
and 1.5 TW of power must be supplied by solar and
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wind energy, respectively. This transition necessitates a 60%
increase in the transmission capacity by 2030 and a threefold
expansion by 2050, with costs projected up to $360 billion
and $2.4 trillion, respectively [2]. However, constructing
new transmission lines is a complex process, often delayed
by lengthy approval times, legal right-of-way (ROW) chal-
lenges, and high associated costs — often exceeding the cost
of the lines themselves [1]. For instance, building a 500 kV
overhead transmission line in the US costs between $4.5 mil-
lion and $5.1 million per mile, depending on the state [3].
Given these challenges, transmission expansion planning
(TEP) strategies that use fewer transmission lines while
enhancing their power transfer capability are highly desir-
able [4], [5], [6]. Research on unconventional high surge
impedance loading (HSIL) lines suggests that they can sig-
nificantly reduce costs by minimizing the number of lines
required while maintaining power delivery efficiency [7].
To our knowledge, G. N. Alexandrov was the first to propose
non-circular conductor bundle arrangements to enhance the
natural power [8], [9], [10], [11], an approach later explored
by various researchers [12], [13], [14], [15], [16], [17], [18],
[19]. Increases in SIL or natural power can be achieved by

« Increasing the number of subconductors per bundle,

« Expanding the bundle radius,

o Reducing the phase-to-phase distance, among other
design modifications.

The above constraints are all seen in this paper. Specifi-
cally, to achieve the latter two, the conventional circular
symmetry of the phase bundles can be broken, to result in a
higher bundle radius for the outer phases, while also bringing
the phases closer together. Additionally, to account for this
change in symmetry of the circular bundled conductors, the
individual phases must also undergo subconductor transposi-
tion. These adjustments effectively reduce the line inductance
while increasing the line capacitance, leading to a lower surge
or characteristic impedance (Z.), and consequently reducing
the need for reactive power compensation.

This paper presents new, optimized, 500 kV unconven-
tional lines. Suitable conductor selection is made based on
weight and cost-effectiveness. The term ‘“‘unconventional”
refers to the asymmetrical positioning of the bundled sub-
conductors. The design process incorporates key constraints
including the maximum allowable electric field on the con-
ductor surface, minimum phase spacing, and conductor
height restrictions. The proposed designs ensure compliance
with electrical limitations while maintaining practical fea-
sibility. The results demonstrate that the new HSIL lines
achieve significantly higher SIL compared to the conven-
tional transmission lines.

Il. METHOD

A. BACKGROUND

The natural power of a transmission line depends on its
phase voltage, Vgand characteristic impedance, Z., and is

given by Pn:3V£ / Z.. Z. is found by the square root of
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the ratio of the inductance, L to the capacitance, C of
these lines. L and C are directly dependent on the num-
ber and position of the bundled subconductors. As known,
in conventional lines with a single conductor in each phase
L =2x10""In (¢/D12D3D31 /GMR), where GMR is the
geometric mean radius, and D;i(i,j=1,2,3 and i #j) is
the distance between phases i and j. The geometric mean
radius, GMR, is the effective radius of the conductors, after
considering the skin effect. For ACSR conductors, the usual
conductor type used in EHV lines, the amount of GMR is
provided by manufacturers, given on the datasheet of the
conductor. Similarly, C =27e /In (J/D12D23D3 /r), where
€ is the permittivity of free space and r is the radius of
the conductor [1]. When calculating L, the GMR of a bun-
dle conductor configuration where we have more than one
conductor in each phase, and conductors, now called subcon-
ductors, are located on a circle symmetrically, is given by
GMRy,= [N X GMR x (A)N_l] I/N, where N is the number of
subconductors of the bundle conductor on a circle of radius
A. Likewise, to calculate C for a line with a bundle conductor,
r will be rp= [N x rx (AN _1] ]/N. The geometric mean dis-
tance, GMD =.Y/D1,D23D31, on the other hand, is the average
distance between the phases. For the bundle conductor, GMD
is indeed the average distance between the bundle centers of
phases. Increasing the GMR and reducing the GMD leads
to an increase in C and a decrease in L, thus causing the
surge impedance or characteristic impedance to decrease.
This means that an increase in SIL. The conventional tow-
ers have grounded steel portions between phases, resulting
in the distance between the phases essentially being equal
to the sum of two phase-to-ground distances. Removal of
these grounded tower portions can help significantly reduce
phase-to-phase distances, GMD, and in turn the corridor
width (CW), which again, in turn, helps in cost reduction,
and increases the power density of the transmission lines.
Increasing the bundle circle radius and using a larger number
of subconductors in the bundle can lead to an increase in
GMRy, and rp, and in turn, increasing SIL. Using the afore-
mentioned techniques leads to line designs known as high
surge impedance load (HSIL) lines. In this paper, we call
these lines conventional HSIL lines, since we are considering
adding another technique where we break the circular bundle
symmetry, and we call these lines unconventional HSIL lines.
We show that the unconventional HSIL lines can achieve
higher natural power or SIL. To enhance the SIL, we have
also increased the number of subconductors, N per phase.
To maintain cost efficiency, the chosen conductor’s cross-
sectional area must be less than the conventional one.

B. DESIGN OF UNCONVENTIONAL LINES

The primary step in designing any transmission line is to
set the constraints. One of the most important constraints
to meet when designing a transmission line is to keep the
electric field on the surface of the subconductors, E,,,, below
a certain threshold, E;,, which comes from the corona onset
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voltage. Corona discharge happens under high voltage stress
on subconductors, which can be a common event in transmis-
sion lines. This can lead to power loss, audible noise (AN),
and electromagnetic interferences including radio interfer-
ence (RI) and television interference (TVI). Setting Ey, to
20 kV/cm would help minimize these effects [20]. This must
be maintained for each of the phases, i € {1, 2, 3} as shown
in Eq. (1). The interphase gap, D‘Z.ZP , and the distance of each

phase from the ground, Hf’ Zg, must also be greater than their
respective threshold values as shown in Egs. (2) and (3).

El' < By, i€f{1,2,3) M
o .. . .

D‘?jp > Dpinpop, 1,j€{1,2,3} &i#j 2

Hing > Hpinpog, 1€ {1,2,3} (€)

Dypin,pop Was chosen to be 6.7 m as found in an existing
500 kV compact line [14]. Additionally, Hin p2g Was taken
as 21 m, a little more than 6.7 m below the average height
of 28 m of the conventional 500 kV line found in the litera-
ture [14]. An increase in SIL due to a reduction in Z, readily
means that there is a difference in the maximum conductor
surface electric field, E,,,,. This directly impacts the effect
of corona discharge in the system, from corona power loss to
electromagnetic interferences (EMIs). This issue is given top
priority, and it is ensured that the newly designed line meets
the E,,,,x constraint that keeps these effects within acceptable
limits through Eq. (1). Eq (2) says that the minimum phase
gap must be greater than 6.7 m as shown in [14]. This con-
straint must be met as this minimum distance is based on
the lightning and switching overvoltages [1]. The minimum
conductor-to-ground distance on the other hand has been set
considering the sag at midspan. Thus, meeting this constraint
is also crucial. Ensuring a minimum phase-to-phase distance
and minimum height of the conductors also align with the
constraint in (1).

The next step is to select a suitable conductor. As found
in [21], recently, 500 kV transmission lines have been 2 sub-
conductors per bundle consisted of ACSR conductors of size
around 2032 and 2036 kcmil. Taking this as the reference,
depending on the number of subconductors per bundle, N,
a conductor size is first selected. Next, the overall ampacity,
cost, and weight are analyzed and compared to those of the
standard, and the one for which all parameters fit this com-
parison is then chosen for line design. In this paper, we have
shown designs with N = 2 to 4. For N = 2, we have
selected 2 Mockingbird conductors, each having a size of
2034.5 kemil, which complies with the references mentioned
above, for the base case, which has a conventional design. The
outer diameter of Mockingbird is 1.6670 inches, its weight is
2158 Ib/kft, and its ampacity is 1550 A.

For optimal designs, later shown in Figs. 4, 5, and 8, with
N = 2, Bluebird conductor is chosen, which is similar in size
(2156 kemil) to the base case; the total cost per conductor
per 1000 ft is $4,569 (for material)+$6,613 (for installation
)+$277 (for accessories)=$11,459 [3]; therefore, for N = 2,
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it will be 2x$11,459=$22,918. For N = 2, the total weight
in pounds per 1000 ft is 2 x 2510= 5020. For N = 2, the total
ampacity at 75 °C is 3240 A. The considered conductors for
N = 3,4, 5, and 6, and their specifications are presented in
Table 1. As seen from Table 1, we chose smaller conductors
for N = 3, 4, 5, and 6, so that the total cost of lines with
three to six conductors is less than that for the line with
two conductors. This means in terms of conductor cost, the
lines with three to six conductors per phase are cheaper than
the line with N = 2. Moreover, note that the total weight
of these lines is also less than that for the line with two
conductors, meaning in terms of tower and foundation costs,
those lines with higher numbers of subconductors per phase
are not more expensive. Also, as shown later in this paper,
the optimal designs presented in this paper have a narrower
line width, and in turn, narrower ROW compared to the
base design. Therefore, considering all factors, the optimally
designed lines in this paper are cheaper than the base design.
Furthermore, note that we chose the conductor types in a way
that, besides being cheaper in terms of conductor, tower, and
foundation costs, those lines have higher ampacities than the
line with two subconductors per phase.

TABLE 1. Details of the considered conductors for the lines [3], [22].

Outer Totall To_tal Total
N Conductor diameter (in) Ampacity  Weight Cost
at 75°C (Ib/kft) ($/kft)
2 Bluebird 1.762 2x1620 2x2510 22,918
=3240 =5020
3 Bittern 1.345 3x1165  3x1432 17,988
=3495 =4296
4 Rail 1.165 4x975=  4x1075 19,196
3900 =4300
5 Coot 1.040 5x865=  5x805= 19,940
4325 4025
6 Parakeet 0914 6x725=  6x714= 21,456
4350 4285

Besides the mentioned parameters, the bundle spacing, B,
is another parameter that requires initialization. To start, B
is taken as 0.457 m based on existing 500 kV transmission
lines [21]. Once the values are selected as outlined above,
the subconductors are arranged adjacent to each other, form-
ing horizontally placed phases with conductor bundles that
replicate the ““circular” geometry of the conventional design.
Then, E"* is calculated for each phase i to verify its com-
pliance with Eq. (1). If this is violated, D‘Z-ZP is increased in
small increments and E7"* is recalculated iteratively until the
first constraint is satisfied. Once achieved, one subconductor
from each of the outer phases, A| and Cy, are fixed in place,
while the remaining subconductors are adjusted along arcs of
increasing radii centered at the fixed subconductors, ensuring
all constraints are maintained. The design that yields the
highest surge impedance loading (SIL) is identified as the
optimal configuration.

C. ELECTRIC FIELD CALCULATION
Accurate evaluation of the electric field on the surface of
the subconductors during line design is crucial, as this is
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one of the primary constraints required to be met. Maxwell’s
Potential coefficients, [P], are found, followed by setting
[Pllg] = [V], where [g] represents the stored charge and [V]
shows the potential of each conductor. The elements of [P]
are found as shown in [20]:

2H,,
Ppm = In )
2meg T'm
1 H,H,
Ppp=——1In [14+4—2" 3)

2mep D2,

where r, and H, are the radius and the average height
of the subconductor m in a phase, respectively, and D,
is the gap between subconductors m and n. Having [q],
the electric field on subconductors of each phase can be
calculated by ignoring the effect of subconductors from
other phases and also ignoring the earth effect, using £ =
(q/2me0) (1/r)[1 + (N — 1) r /R], where it is assumed the
subconductors are located on a circle with a radius of R
symmetrically. In conventional lines, since the distances from
subconductors from other phases and the image subconduc-
tors to the subconductors in the phase we are calculating
the electric stress on its subconductors are much greater
than the distances between subconductors in that phase, the
above assumptions are valid. However those assumptions are
not valid for unconventional HSIL lines, and we need to
consider all those effects. Therefore, we need to develop a
new approach for calculating the electric field intensity of
subconductors of unconventional HSIL lines. For this reason,
we have developed a model described in one of our other
papers [23], where each subconductor with radius, r, is mod-
eled using n,, line charges. Fig. 1 shows the hypothetical line
charges which are placed around an imaginary cylinder with
aradius of r/2 centered on the axis of the subconductor. The
electric potential at the points on the surface of the conductor
marked with P are found using:

1 XMy, qi
Ew) = > Z-7P (m=7)  ©

2men

p — ti

Voltage
Setpoint

Line

&

* Charge

Measuring
A Point

H)Z)othetim[
ylinder

“Conductor

FIGURE 1. Modeling of subconductors with np, line charges [23].

where, g; is the charge on the i line charge, n is the number
of subconductors, and r;, and r; are the radius of the conductor
and the radius of the inner hypothetical cylinder, respectively
as seen in [23]. This model leads to very accurate results
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for electric field calculations as verified by using COMSOL
Multiphysics [23].

D. TRANSPOSITION

As mentioned earlier, Z. is dependent on L and C of the line.
To keep these consistent throughout in unconventional lines,
transposition must be considered. The unconventional lines
are designed with minimum adjacent phase spacing while
also maintaining E/"** < Ep,. For this reason, we have to
transpose the bundle arrangement besides phase transposi-
tion. In conventional lines, we have transposition for phases
only since the bundle configuration is identical in the three
phases. However, this is not the case for unconventional HSIL
lines, where subconductor arrangements are different in dif-
ferent phases. As shown in Fig. 2, the line must be transposed
in two locations to ensure that each phase covers each position
for one-third of the line length. For unconventional HSIL
lines, we also have bundle transposition in the two locations
mentioned above.

®._p,, Position1
o )
Dy, ® Position 2
D, I
P 23 Py c

Position 3

Wi~

> = >

l
3 3
FIGURE 2. A completely transposed three-phase line.

The conductor locations are labeled as 1, 2, and 3, with
distances Dq>, D>3, and, D3 between them. To calculate the
inductance of this transmission line, we assume balanced
positive-sequence currents that satisfy the condition:

In+1Ipg+1c=0 (7)

The total flux linking phase A while it occupies positions 1,
2, and 3 is then determined accordingly.

1 1 1
1 =2x1077 IAln—+131n—+Icln— )

Dy Di» D31
1 1
dap =2 x 1077 IAln——}—IBln +101n— 9)
Dy D; 12

1 1 1
)\A3=2X10_7 Ipln— +Igln — + IcIn —
| D3 D3 Do3 |

(10)

Dy1 is GMR of bundle conductors located in position 1,
and the same for Dy, and D3, since we are assuming the
subconductor arrangements in three phases are not identical.
In other words, for example, in the first transposition location,
phase A which is initially located in position 1 is transposed
to position 1, and its bundle arrangement changes to that in
location 2. These bundle transpositions lead to having the
same bundle arrangements in each location throughout the
line. It should be noted that we have to do bundle arrangement
transposition to meet, especially Eq. (1) obtained for a given
location of subconductors in space.
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Averaging the flux linkages, we have:

_ Al + Aaz + Aas _ 2 x 1077

A —
A 3 3

1 1
Iihn——— +( +1c)ln—:|
|: D DypDg3 B D1,Dy3D3;
2><10_7[11 L }
= 4 In Iy )ln ——
3 Dg1DgDy3 D12D23D31

2 x 1077 D12D>3D3
= IA In
3 DlesZDs3

D12D23D
—2x 107714 [m w] (11)
' Ds1Ds2Ds3
from which, the average inductance of phase A is:
&/D12D»D
Ly=2x1077 [111 #] (12)
D;1 D53 Ds3
Lp and L¢ are the same as L4. In the above equations,
2
NN 1/N
Dy = (][] Pus (13)
i=1 j=1
1/N?

N N
Diz = ([][]Puic (14)

i=1 j=1

where D;a jp is the distance from the i subconductor in phase
A and the j subconductor in phase B, in the first [ / 3 length
of the line, and the same approach for Dj jc. Dy is found
using:

1/N?

N N
D =[] P (15)

i=1j=1

where Dja ;4 is the distance from the i"" subconductor in phase
A and the j subconductor in phase A, in the first / / 3 length
of the line, and D4, 14 is equal to conductor GMR. Dy, and
Dy for phases B and C can be obtained in the same way.

Capacitance, C, of unconventional HSIL lines can be found
using:

27 x 8.854 x 1072

In ¥/D1,Dx3D;
YDye1DyaDiycs
where Dy, is similar to Dyp, but, D1, 1, is equivalent to the
outer radius of the conductor.

Cc

(16)

IIl. CASE STUDIES AND RESULTS

A. CONVENTIONAL LINES

An existing conventional line with the phases placed in a
horizontal configuration is chosen as the base case of our
study. Additionally, compact conventional lines in both hor-
izontal and delta/inverted delta arrangements are designed
for each considered value of N for comparison. The delta
configurations are designed by considering the outer phase
locations on hypothetical arcs having radii of 6.7 m and
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centered at the middle phase. The arcs represent the candidate
locations of the outer phases.

Fig. 3 shows the conventional 500 kV Chang-An line
with horizontal configuration and N = 4 [14]. Each of these
subconductors has a diameter of 26.82 mm, a bundle spacing
of 0.45 m, and the distance between the individual phases
is 12.3 m with the centers of the phases being 28 m above
the ground surface. Figs. 4 and 5 show the conventional lines
designed in this paper with the highest SIL amongst the can-
didate designs. A comparative analysis of the conventional
lines is drawn in Table 2.

TIO. 55—k—10. 557
8.5

FIGURE 3. Line configuration of the existing 500 kV conventional line [14].

The designed horizontal configurations for each value of N
were made as compact as possible while maintaining all the
constraints to ensure the highest possible SIL to be gained
at each level, i.e., making these line designs the optimal
solutions. For each delta configuration, its mirror image about
a horizontal axis drawn through the central phase gives an
inverted delta configuration with the same natural power. The
change in the SIL and E,,;, vs the height of the outer phases
is demonstrated for each N value in Fig. 6.

It can be seen that for N = 2, the traditional horizontal
configuration is designed in two ways, one of which has
the subconductors in the two conductor bundles arranged
horizontally (Fig. 4a), as well as vertically (Fig. 4b). For the
latter, as the GMD is lower, whereas GMR remains constant,
Z. reduces and, in turn, leads to a slightly higher SIL value
for Fig. 4b.

From Table 2, it can be observed that the natural power of
the conventional configurations with N > 3 easily exceeds
that of the existing 500 kV Chang-An line. The line width
is reduced to much lower values for the newly designed
horizontal conventional lines. In the delta configurations, the
line width was lowered further, besides achieving higher SIL,
resulting in the power density of these lines being much
higher than other desirable new configurations.

To study the triangular, i.e., the delta and the inverted delta
configurations, first, the central phase was fixed in position
at a height of 28 m following the height of the phases of the
conventional line shown in Fig. 3. Next, hypothetical arcs
with radius 6.7 m were taken centered on the middle phase
giving the candidate locations of the outer phases having
position vector Z = re'?, where r is the radius and 0 is an
angle parameter covering the arcs from — /2 to 7 /2. Based
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Base Case with N=2

Horizontal Phase Configuration w/ Vertically arranged subconductors
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= 5 301 J
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w w
22 1 22 ¢ 1
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(e) (®

FIGURE 4. 500 kV horizontal conventional lines with (a) N =2 (Type 1), (b) N =2 (Type 2), () N =3,(d) N =4,(e) N =5,and () N = 6.

on the constraint that keeps the interphase distance greater
than 6.7 m, the candidate designs were found, and the ones

with the highest SIL are the optimum designs.
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It is understood that as the outer phases move from the
horizontal configuration to form delta/inverted delta ones, the

effective distance between the outer phases is reduced, i.e.,
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Selected Delta-1 Configuration Selected Delta-2 Configuration
347 L1 L 1 347 - : 1
E a2} : E 32t ]
-t -t
- 5
3 30 1 3 30 1
T I
5 28 - 1 8 28 | L J
B B '
= =
Basf E B o6} E
o =]
Q Q
o 2
o 24} 1 S 24 1
(7] 0
22} 1 221 1
=10 =5 0 5 10 -10 -5 0 5 10
Lateral subconductor position (m) Lateral subconductor position (m)
(a) (b)
Delta Configuration, N=3 Delta Configuration, N=4
34 1 34r 1
Ea2¢ 1 E a2t ]
el -t
5 =
g 301 ] 2307 :
T T
s - = -
g 28t P 1 g 281 D] 1
= =
226t ] Ta6f ]
o <]
Q Q
o o
3 24 1 S 24 1
(7] (7]
22+ . . E 22t v:- -:t g
-10 -5 0 5 10 -10 -5 0 5 10
Lateral subconductor position (m) Lateral subconductor position (m)
(©)
(d
Delta Configuration, N=5 Delta Configuration, N=6
347 1 34 1
é 32 1 E 32 1
£ £
(=2}
o 30 1 2 30| .
- T
13 L e L)
S8 L ] g8y HH 1
= S
-g 26 1 1 -E 26 | 1
9 o
Q o
S 24} 1 e
a u:; 24 - 1
- L)
22 L ] w J | s s |
e . o 22 % ‘ "
-10 -5 0 5 10 -10 -5 (] 5 10
Lateral subconductor position (m) Lateral subconductor position (m)
(e ®

FIGURE 5. 500 kV conventional lines with triangular (delta/inverted delta) configuration having (a)) N = 2 (Type 1), (b) N = 2 (Type 2), () N = 3,
(dN=4,(e)N=5,and (f)N =6.

a reduction in GMD occurs, while the GMR stays constant. B. UNCONVENTIONAL HSIL LINES
This affects the surge impedance, taking it to lower values,  Traditionally, unconventional lines have been designed fol-

and increasing the SIL. lowing evolutionary algorithms (EAs) as seen in [24], direct
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FIGURE 6. Change in E;gx and SIL against the height of the outer phases for the conventional lines having () N =2, (b) N =3,(c) N =4, (d)N =5,

and (e) N =6.

search algorithms as seen in [7], etc. Evolutionary algorithms
are a type of population-based optimization algorithm which
takes its inspiration from natural evolution. Here, a random
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population of candidate solutions is chosen from which indi-
vidual ones are selected based on the objective function. After
that, these solutions are combined to form new candidates
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FIGURE 7. Unconventional line designs found in recent literature
(@) N =4[24],and (c) N =8 [7].

which are used to fill the population, and this is repeated for
several generations until the best output is returned. Direct
search algorithms, on the other hand, work by searching
for points that improve the objective functions from a set
of trial points. The approach used for our work is close to
direct search, where the set of points is chosen ensuring a
minimum distance of 6.7 m between subconductors of each
phase. Figs. 7a and 7b show unconventional transmission
line designs found using EA and direct search algorithms
respectively [7], [24].

The unconventional lines were designed such that the GMR
could be effectively increased while keeping the GMD as low
as possible because this would result in lower characteristic
impedances, and thus, a higher natural power. To make the
algorithm fast, we reduced the candidate search grid by con-
sidering the positions of the outer phase subconductors to be
only on hypothetical arcs centered on fixed subconductors in
the outer phases, instead of considering a rectangular grid.
The radii of the arcs were increased starting from the bundle
spacing of the conventional line of 0.457 m. For N = 2,
this value was increased to go as much as 5.45 m, exceed-
ing which caused the constraint surrounding the maximum
conductor surface electric field to be violated. For N = 3 and
N = 4, the corresponding maximum radii of the hypothetical
arcs are 2.65 m and 2.40 m, respectively. However, changing
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TABLE 2. Comparison of the conventional lines.

SIL Corridor

Configuration N .
(MW)  Width (m)

Conventional (Fig. 4a) Horizontal-1 2 9113 14.771
Conventional (Fig. 4b) Horizontal-2 2 9243 13.4
Conventional (Fig. 4c) Horizontal 3 1016.8 14.771
Conventional (Fig. 4d) Horizontal 4 1094.8 15.35
Conventional (Fig. 4¢) Horizontal 5 11877 15.05
Conventional (Fig. 4f) Horizontal 6 12654 15.105
Conventional (Fig. 5a) Inverted Delta-1 2 964.35 7.626
Conventional (Fig. 5b) Inverted Delta-2 2 965.67 6.7
Conventional (Fig. 5¢) Delta 3 1079.0 7.9
Conventional (Fig. 5d) Delta 4 11735 7.47
Conventional (Fig. 5e) Delta 5 1266.5 8.317
Conventional (Fig. 5f) Delta 6 1351.0 8.442
Conventional 500 kv Horizontal 4 996 24.6

Chang-An Line (Fig. 3)

TABLE 3. Comparison of the designed unconventional HSIL lines.

SIL Corridor

1414.2 18.85
1475.8 13.61
1592.2 13.53

Unconventional (Fig. 8c)
Unconventional (Fig. 8d)
Unconventional (Fig. 8¢)

Configuration N (MW)  Width (m)
Unconventional (Fig. 7a) 4  1249.5 -
Unconventional (Fig. 7b) 8  1414.7 9.70
Unconventional (Fig. 8a) 2 11379 13.857
Unconventional (Fig. 8b) 3 1303.6 13.857

4
5
6

the design from N = 3 to N = 4 required the corridor
width to be increased by 36%. Adding more conductors
the same way would mean a further increase in the width.
Thus, for N = 5 and N = 6, we slightly changed our
approach. For the five subconductor design, we split the outer
phase conductors into two segments, one consisting of two
and the other containing the remaining three. To ensure the
constraint in (2) is satisfied, we then calculated the bundle
radius, R for the central phase and added 6.7 m which was
the Dy, pop considered for this work. This value was chosen
as the radius of the arcs about the center of the middle
phase — which means, all the outer subconductors lying in
these arcs would meet (2). The positions of the outer phase
segments were then varied along these two arcs to find the
design that showed the highest SIL while also complying
with (1). Similarly, the configuration for N = 6 was found.
The only change here is that each segment now contains
three subconductors. Table 3 demonstrates the unconven-
tional line details, where it can be seen that for increasing
N, the SIL increases, and its highest value is obtained under
the N = 6 condition. The changed approach also enables
a way to keep the corridor width low for N = 5 and
beyond.

Fig. 8 shows the optimally designed high natural power
unconventional lines. As seen in Fig. 8, each of the
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designed unconventional lines has outer phases with large
distances between subconductors in each phase, causing an
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increase in the line’s GMR, and in turn a reduction in the
line inductance and an increase in the line capacitance.
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FIGURE 9. Change in Emgx and SIL against the height of the outer phases for the unconventional lines having () N =2, (b) N =3, (c) N =4,
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Each of the unconventional designs exceeds the natu-
ral power of the conventional line shown in Fig. 3,

and the line shown in Fig. 8e exceeds the SIL of all
the unconventional HSIL line designs presented in this
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paper, Figs. 8a to 8d, and those demonstrated in [7]
and [24].

Fig. 9 shows the variation in SIL and E,,, with the
height of the uppermost subconductors of the outer phases.
As the design approach is changed for N = 5 and
6, it can be seen that, for the increased height of the
outer top subconductors, the SIL increases, and so does
El.m‘”“, which is different for the designs with lower N.
This paper presents a comprehensive combination of results
obtained from different designs with different numbers of
subconductors in the bundle. As the unconventional design
configurations have increased GMR and reduced GMD com-
pared to the base design, a higher SIL or power capacity
is naturally obtained. It is also seen that increasing N also
increases the SIL, while having no visual increase in con-
ductor costs. However, for N = 4, the corridor width is
higher compared to the other unconventional designs, but
still lower than that of the base design making it yet another
improvement.

IV. CONCLUSION

In this paper, new transmission lines with conventional and
unconventional configurations designed optimally were pre-
sented. The proposed lines not only show the potential to
transmit higher power but also cover a much lower line width
compared to an existing 500 kV conventional transmission
line. Specifically, we see that the conventional horizontal
configuration lines with N = 2 and N = 3 exceed the
power density of the base case by 70% and for N = 4,
5, and 6, this number is 76%, 94%, and 107% respectively.
The delta configurations on the other hand show a massive
rise in power density compared to the horizontal ones, as the
above values become 256%, 237%, 288%, 276%, and 297 %
respectively for the new delta configurations. For the uncon-
ventional lines, the increases in SIL are significantly higher.
For N = 2, there is a 14.2% increase in SIL while the line
width reduces by 43.7%. For N = 3, the SIL increases by
30.9% while the line width reduces by the same amount.
For N = 4,5, and 6, the increases in SIL are as high as
42.0%, 48.2%, and 59.8%, with a reduction in line width by
23.4%,44.7%, and 45% respectively compared to the existing
conventional line. The N = 6 design also showed a 27.4%
and 12.5% increase in SIL compared to previous unconven-
tional line designs from literature. The proposed lines can
have the potential to play a critical role in future modern
transmission networks. As challenges and future work, main-
taining the positions of the subconductors can be one of
the practical challenges that might be faced during practical
implementation of such unconventional lines. Typical spacer
sizes for EHV lines are around 18 in or 0.4572 m, which is
much lower than the distances between the subconductors
of the proposed designs [24]. However, this also opens up
the possibility of designing new bundle spacers. While our
current research is based on unconventional line designs for
EHYV levels as shown above, our future research encompasses
working with lower voltage levels, such as 230 and 345 kV.
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In [25], we find some work done on multi-circuit transmission
lines above the 230 kV level which fits with the definition of
unconventional lines. In the future, we will attempt to design
unconventional HSIL lines for double-circuit configurations
as well.
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