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Abstract— To achieve net-zero emission in America by 2050, high
voltage transmission capacity must expand ~60% by 2030 and
triple by 2050 to connect further wind and solar facilities to
demand. This expansion requires a capital investment in
transmission capacity of $360 billion by 2030 and $2.4 trillion by
2050. Considering the high cost of building transmission lines,
innovations toward high-capacity overhead lines have been
targeted to reduce the number of transmission lines required. In
our previous studies, we introduced unconventional high-capacity
transmission lines. To realize these novel transmission lines,
various aspects of line design should be studied, and this paper
addresses determining the location and number of shield wires to
protect these novel lines against lightning strikes. Lightning-
induced overvoltage across line insulators is one of the key factors
in power system outages. The design meets the shielding failure
flashover rate (SFFOR) < 0.05/100 km-years for all three phases
of the unconventional high-capacity transmission line. Brown-
Whitehead equations were used to measure and analyze the
striking distance for vertical strokes.
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I. INTRODUCTION

Lightning is one of the primary causes of disruptions on
overhead power lines. Device failures and system outages
brought on by lightning have been reported continuously [1-3].
To safeguard the networks, various strategies have been
investigated so far in numerous studies [4]. Using shield
wires/ground wires at the top of the tower can bring about
substantial improvement in supporting the power conductors
against lightning since it can safely conduct the high surge
current to the ground when lightning strikes.

The shielding performance of the overhead lines lies in the
optimal placement of the shield wires with respect to the phase
conductors. The shield wires should be placed in such a way that
the shielding failure flashover rate (SFFOR) is obtained at a
minimal value. In practice to serve critical loads the acceptable
SFFOR is within 0.05/100km-years [1]. Shielding analysis is
contingent upon many parameters including length of the line
and lightning strike density [1]. Electromagnetic models are
adopted mostly to analyze the shielding performance of the
transmission lines [5] where striking distance is used as a basic
shielding analysis parameter [6-8]. For accurate prediction of
striking distance, lightning parameters were discussed in [9]. By
taking striking distance as the primary parameter, lightning
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stroke model was designed for EHV and UHV transmission
lines [10-12]. A different approach for evaluating shielding
effectiveness is to use simulations taking upward leader
inception as parameters [13-15]. To find the shielding failure
probability, a numerical analysis based on electromagnetic field
theory was discussed in [16]. In [17] a leader progression model
was developed to assess shielding efficiency. More
improvement in the leader progression model was developed in
[18] where a 3D leader progression model was proposed in [19]
and an algorithm was adopted to find out the shielding failure
rate. This leader progression model was also used in [20] and
applied to 500 kV overhead transmission lines.

In our previous study, a 500 kV unconventional high-
capacity transmission line was proposed for the first time in [21].
Unconventional high-capacity transmission lines, distinguished
by their non-traditional conductor arrangements and optimized
phase configurations, offer a viable solution to meet the
continuously increasing transmission capacity requirement,
approximately 60% increase by 2030 and triple by 2050 in the
US [6]. Moreover, due to the proliferation of renewable energy
like wind farms and solar power plants, increasing transmission
line capacity is becoming more crucial since most of the
renewable farms are far from the load centers. Thus, more
transmission lines will be required for power transmission.
However, the cost of building new transmission lines is high,
currently $3.9M per mile to $4.8M per mile in different states of
the US [22]. As a result, designing a high-capacity transmission
line like that introduced in [21] that delivers more power can
result in fewer transmission lines required for power system
planning, leading to remarkable savings.

II. THEORY AND METHODOLOGY

A. Lightning Mechanism

According to the stroke mechanism theory of lightning, a
stepper leader moves forward the ground at the time of
lightning and makes an upward conductive channel to flow the
huge lightning current into the earth. This negative downward
stroke/flash is the primary reason for most lightning incidents.
The distance from the leader tip to any grounded structure is
known as the striking distance which is highly dependent on the
electric field and charge distribution on the stepped leader
channel. Generally, in the analysis of shielding performance,
two striking distances are considered, one is to the phase
conductor or shield wires (7,) and another is to the earth or
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ground (7). The expression of the striking distance is r =
AIP The values of A and b have been estimated in many ways
in different research studies. However, Brown and Whitehead
equations are used mostly in lightning studies, and according to
the Brown and Whitehead equation for vertical strokes, the
values of A and b are listed in Table I.

TABLE I. PARAMETER VALUES FOR BROWN AND WHITEHEAD EQUATIONS

For 7 For 7,
A b A b
64 | 0.75 7.1 0.75

B. Base Case

Fig. 1 shows the actual conventional 500 kV transmission
line having 4 subconductors placed symmetrically on a circle in
each phase [23]. But it has a low surge impedance loading (SIL),
and thus to improve the SIL, we recently designed a 500 kV
unconventional HSIL line [21] which is shown in Fig. 2 with 8
subconductors in each phase. Table II presents the positions of
subconductors in our novel line shown in Fig. 2.
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Fig. 1. 500 kV conventional transmission line.
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Fig. 2. The Unconventional HSIL line.

TABLE II. COORDINATES OF THE SUBCONDUCTORS

Phase A Phase B Phase C

x (m) v (m) x (m) v (m) x (m) y (m)
-1.5684 32.0492 -12.3 31.0258 | -1.5684 24.0492
-1.1206 32.0251 -11.8547 | 30.8107 | -1.1206 24.0251
-0.6729 32.009 -11.4069 30.6024 | -0.6729 24.009
-0.2251 32.001 -10.9592 30.4021 -0.2251 24.001
0.2227 32.001 10.9567 30.401 0.2227 24.001
0.6704 32.009 11.4045 30.6012 0.6704 24.009
1.1182 32.025 11.8522 30.8095 1.1182 24.025
1.5659 32.049 12.3 31.0258 1.5659 24.049

This unconventional HSIL line improves the SIL 1.74 times
compared to the 500 kV conventional line. In this paper, we
want to design shield wires for this line, Fig. 2, where the
highest height of subconductors in phase A, phase B, and phase
C from the ground are 32.04 m, 31.02 m, and 24 m,
respectively.

C. Calculation Parameters

The position and number of the shield wires are evaluated
using the stroke mechanisms and the results are analyzed by
considering the SFR and SFFOR values [1]. The shielding
failure rate (SFR) is defined as the number of strokes that
terminate on the phase conductor per 100 per year. SFR is

expressed as
Im

SFR = ZNgLf D.f(Ddl (D
3

where N, represents ground flash density, L (km) represents the
length of the line, D, (km) represents the exposure distance for
the phase conductor, I, (kA) represents maximum current at
and above which no stroke will be incident on the phase
conductor. 3 kA is the lowest stroke current [1], and f(I)
represents the probability density function of 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 the
shielding failure flashover rate (SFFOR). 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:

D, (m
cc
SFFOR = 2N,L—= |~ f(Ddl
Ie

=2N,L—P(.<I<I

9% (c— = m)

= 2N,L=5[F(I,,) — F(I.)]
) 2 m c

l)CC
= N, LSEUD - QU] (@)
where

QD =1-F) (3)

and I, is the critical value for stroke current at or above which
flashover will occur and can be expressed in terms of critical
flashover voltage (CFO) in kV and surge impedance of the phase
conductor, Z.(Q) as follows:

I = 2(20) @

As seen in the equation of SFR and SFFOR, both are
dependent on the value of ground flash density (N;) and
probability density function of current f(I). Both are associated
with the natural lightning activity on the line located at a
particular region given by [1]:
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N, = 0.04T;*° (5)

where T, is the number of thunderstorms per year, also known
as the keraunic level. f(I) can be calculated by
1[ln(I/M)]2

e 2l B

f = (6)

\2rpI

where M represents the median and f is the log standard
deviation. Based on the value of current, I, their values can be
considered as follows in Table III [1]:

TABLE III. PARAMETERS FOR f(I)

1 [kA] M B
3t0 20 61.1 1.33
Greater than 20 333 0.605

D. Methodology

At first, the surge impedance of all phases was calculated
using the following methodology:

o For the horizontal position (x), the positions of the
conductors in all phases were calculated based on a
quadratic equation.

e The positions of the subconductors within each phase
were calculated based on the spacing between them.

e GMR (geometric mean radius) and GMD (geometric
mean distance) were calculated between all
subconductors in all phases.

e According to the value of GMR (geometric mean
radius) and GMD (geometric mean distance),
inductance and capacitance were calculated, and
finally, surge impedance of the line was obtained.

And, the following parameters were used in our study:

e CFO =605 (kV/m) x minimum striking distance (m) is
the empirical formula used to compute CFO (critical
flash over density) [1].

e  The critical current, I, is computed using the CFO and
surge impedance values.

e The minimum striking distance was selected as 11.2 ft,
which is usual for 500 kV lines.

e Two values of the number of thunderstorms per year,
T;=5 and T; = 30 were taken into consideration for
ground flash density to cover both regions with low and
almost high lightning activity. In general, a value of
T,;=5 is suitable for places with low lightning activity,
whereas a value of T;=30 is suitable for locations with
almost high lightning activity [1]

In this paper, the tower height was chosen based on the
coordinates presented in Fig. 2 by using the following equation:

2

he=ya+ 35S ™
where y, represents the height of phase A, S is the sag of the
ground wire assumed 11.25 m which is usual for 500 kV lines.
Based on the tower height, other parameters related to the
Brown-Whitehead model were calculated. The geometrical
parameters (a, f8), shown in Fig. 3, were calculated for each
phase based on the Brown-Whitehead equation. Then a nested

loop command was performed to evaluate the value of SFFOR
of each phase over a range of a or shielding angle values and
was stored in an array to plot the result for analysis. Fig. 3
represents the geometry of the shield wire along with one of the
phase conductors that was used for our calculation in this study.
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Fig. 3. Shield wire-phase conductor diagram.

From Fig. 3, h is the height of the tower that equals the
height of the shield wire and y is the height of the phase
conductor. The angle a as mentioned above is called the
shielding angle. Our proposed methodology evaluates the
position of shield wire based on the geometry of shielding angle.
From the above geometry shown in Fig. 3

a
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From the plot of SFFOR flashovers/100 km-years vs

shielding angle, the perfect shielding angle where the SFFOR

meets the limit of 0.05 was determined. Then using Eq. (8), the

position of the shield wire was obtained. The methodology is
depicted in Fig. 4.
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Fig. 4. Flowchart of the methodology to find SFFOR.

Authorized licensed use limited to: Univ of Texas at Dallas. Downloaded on July 19,2024 at 06:21:37 UTC from IEEE Xplore. Restrictions apply.



III. RESULTS AND ANALYSIS

Using the approach described above, the SFFOR for each of
the three phases was plotted against the shielding angle for T;=5
and T; = 30 in Figs. 5 and 6, respectively.

0.25 . ;
— Phase A
e Phase B 4

w 02F Phase C | 4
- O datat
@
E
E o015} .
(=]
(=)
=
b
a 01r 1
£
[:]
]
i L 9, 0.044835) -
o 005 B9, 0
o
w
®

0 [ _

-0.05 : -
a0 35 40 45

Shielding angle (degree)
Fig. 5. SFFOR for different shield angles of the unconventional line for T;=5.

From Fig. 5, to meet the SFFOR < 0.05 flashovers/100 km-
years for all phases the shielding angle should be 39°. Thus, the
distance between the shield wires, S;, can be found using Eq. (8)

as follows.
13.132 - 5,/2 S,

tan39°= — 9~ 9 —062m=>S, = 1.24
an 395 — 24.0492 2 M= g m
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Fig. 6. SFFOR for different shield angles of the unconventional line for
T,=30.

From Fig. 6, to meet the SFFOR < 0.05 flashovers/100 km-
years for all phases the shielding angle is 35° and the distance
between the shield wires will be:

13.132 - 5,/2 Sy

tan35° = — -2 _°9/% 20 _ 54 S =462
an 395 —24.0492 2 m= 29 m

Figs. 7a and 7b show the location of shield wires for T;=5
and T; = 30, respectively.
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Fig. 7. Positions of shield wires along with subconductors for a) T; =5, and
b) T,=30.

The SFFOR plots in Figs. 5 and 6, the dominant one, are
compared in Fig. 8 with it for the conventional line shown in
Fig. 1. As seen in Fig. 8, the SFFOR plots vs shielding angles
are similar for both lines.
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Fig. 8. SFFOR vs shielding angle for the conventional and unconventional
lines for a) T;=5, and b) for T;=30.

In addition to different transmission line design aspects that
need to be studied for unconventional lines having high-power
delivery like those done in this paper and [24-26], live line
working may be challenging due to the interaction of
maintenance personnel and those lines with unconventional
bundle arrangements, especially in freezing conditions [27-31].

IV. CONCLUSION

The paper calculates the number and location of shield wires
for a new 500 kV unconventional high-capacity transmission
line. In this regard, by calculating SFFOR for all three phases of
the unconventional HSIL line, the exact location and number of
ground wires were determined. The design of shield wires
presented in this paper is an important step toward realizing
unconventional HSIL lines that can revolutionize power
delivery in future modern grids.
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