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Executive Summary

Power system load growth and transmission corridor constraints are driving industry activity to
develop transmission line designs to increase power transfer capacity. One area of activity is high
surge impedance loading (HSIL). Examples include compact structure design, uprating existing
transmission lines and developing entirely new transmission line designs. Recent research relating
electric field spatial uniformity to transmission line power transfer capacity and critical flashover
voltage showed that most transmission line electrical design parameters can be related to the spatial
distribution of electric field between phase conductors. One specific result was that the higher the
surge impedance loading of a transmission line, the more spatially uniform the electric field
between phases. Yet, a necessary consequence of this more spatially uniform electric field is that
the critical flashover voltage becomes smaller. In fact, in the limit of a completely spatially
uniform electric field, it approaches the operating voltage of the transmission line. Hence, more
attention needs to be paid to the level of overvoltage that can be tolerated. This observation
underscores the need for better overvoltage predictions to quantify insulation margins for HSIL
designs.

Calculation of overvoltage profiles during (for example) energization of a high voltage
transmission line is part of the normal design process for these lines. However, commonly used
tools for performing these studies do not account for corona loss which is known to attenuate
voltage waves on transmission lines. These corona losses have a notable impact on transient
overvoltages which are formed by the superposition of forward and reflected voltage traveling
waves. This is particularly true for line-to-ground exposures. The idea of including corona losses
has been known for many years, but it has historically been difficult to quantify the impact given
the difficulty in modeling this nonlinear phenomenon in a way that is practical for high-volume
simulation. Yet, since more precision is needed in the prediction of overvoltages, it is important
that these losses be incorporated into the studies. To this end, this work extends existing work on
calculating corona loss for simple transmission lines using a small number of discrete loss elements
to allow fully distributed loss calculations on transmission lines with bundled conductors. In this
approach, the finite difference time domain (FDTD) method with distributed corona losses
(modeled as dynamic capacitance) was used for the calculation. This method allows more precise
location and better estimates of the maximum overvoltages that will occur under the conditions
studied (i.e., energization and reclosing). Finally, the model was adapted for practical use in high-
volume statistical transient simulation and applied to an example 500 kV line. Transients included
line energization and trapped charge reclosing.

The efficiency and practicality of the model was demonstrated through high-volume statistical
simulation of switching surges on an example 500 kV transmission line of varying length.
Overvoltage profiles and statistical distributions were generated from 9500 simulations obtained
by random breaker close timing and variation in line length and altitude. Distributed corona losses
reduced 98th percentile line-to-ground switching overvoltages by 4%-14% of nominal. The
estimated line-to-ground switching surge flashover probability was 54%-80% lower with corona
loss. Corona had less impact on line-to-line overvoltages, but the effects were still notable. Results
highlight the importance of considering detailed overvoltage profiles and accounting for corona
loss attenuation when seeking to carefully quantify insulation design margins.



Detailed switching overvoltage profiles obtained through distributed techniques, such as the FDTD
method, provide information that could be important for refining the design of high-voltage
insulation. The cases in this work focused on energization and trapped charge reclosing, but the
method could also be used to gain additional insight for switching surges limited by pre-insertion
resistors or controlled closing schemes. Results illustrate how simplified overvoltage profiles
could underreport flashover probability.

The research demonstrated that such an approach is practical with modern computing capability,
reasonable simplifications, and the application of techniques such as digital filtering to improve
simulation stability. Detailed overvoltage profiles that account for voltage attenuation by
distributed corona losses provide valuable information for projects seeking to carefully quantify
insulation design margins for optimization of transmission capacity in HSIL applications.
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1. Introduction

1.1 Background

Transmission owners frequently face the challenge of accommodating power system load growth
despite transmission corridor constraints and lack of access to new corridors. Consequently, it is
important to use existing corridors as efficiently as possible [1-3]. This has led to ongoing research
and the development of methods for uprating existing transmission lines and designing compact
transmission line structures [4,5]. Recent research has explicitly connected increased power
capacity to reduced tolerance of voltage surges. This has highlighted the importance of carefully
quantifying all factors affecting overvoltage distributions [6]. Such information will help engineers
better understand design margins and maximize capacity while maintaining reliability. The
objective of the present work was to implement a practical simulation approach capable of
generating data not normally available for use in the design of overhead transmission line
insulation. These data include detailed switching overvoltage profiles with high spatial resolution
and quantified impacts of distributed corona losses. The approach was demonstrated through bulk
statistical simulation of an example 500 kV transmission line. Results were used to draw
preliminary conclusions about the possible importance of having such data for use in refining
insulation design as part of capacity optimization. The remainder of the introduction provides
additional detail regarding the background and context of the research. Future research will assess
preliminary conclusions by applying the model to a broader set of design cases.

1.2 Overview of the Problem

It has been shown that for relatively long transmission lines, the power capacity of the line can be
reasonably approximated as its “surge impedance loading” [7,8]. More specifically, the
approximate capacity can be written as shown in (1).

Py, = |VLL|2/ZO (1)

where V;; is the line-to-line voltage (in kilovolts) and Z, is the positive sequence “surge
impedance” of the transmission line. Historically, the need to increase power capacity of
transmission lines has driven the increase in transmission voltage. If it is not possible to increase
the voltage, a smaller capacity improvement can be achieved by reducing the transmission line’s
surge impedance.

This idea has been investigated for some time [9-15] and is known in the literature as high surge
impedance loading (HSIL). Experience has shown that capacity increases of approximately 30%
can be obtained with designs not significantly different from traditional designs. One recent
example of this is the AEP BOLD design [16]. A good review of the work in this area can be found
in [17].

It was recently shown that the surge impedance of a three-phase transmission line can be directly
related to the spatial distribution of the electric field between its phases [6]. The more spatially



uniform the electric field between phase conductors, the smaller the surge impedance and, hence,
the larger the surge impedance loading. However, it was also shown in [6] that electric field
uniformity is inversely related to the line-to-line critical flashover voltage (CFO). Since CFO
reduction is limited by the statistical switching overvoltage distribution of the transmission line, it
follows that the switching surge distribution likewise imposes a limit on the capacity improvement
available from HSIL designs. It is this fact that drives the need for the research presented in this

paper.

This observation is not entirely new; however, it has not been explicitly related to the spatial
distribution of the electric field between phase conductors nor to reduced surge impedance. It was,
for example, recognized in [18] that for HSIL designs, more care has to be taken with respect to
protection against surges. The authors of [18] specifically discussed the potential need for surge
arresters, circuit breakers with pre-insertion resistors, or controlled closing of the breaker poles.

The specific finding in [6] was that the ratio of line-to-line CFO to operating voltage is smaller for
designs with more spatially uniform electric fields. In other words, the transmission line becomes
less tolerant of surges the more spatially uniform the electric field (i.e., the higher the surge
impedance loading). It follows that a detailed understanding of the surge voltage profile is
important, particularly when seeking to carefully quantify design margins to optimize capacity.

It is interesting to note that these issues are related to transmission line corona. A transmission line
is designed so that, at its operating voltage, the effects of conductor corona (e.g., audible or radio
noise) are just tolerable [6]. Corona effects are generally considered limiting constraints for
compact transmission structures, yet, there is a possible benefit. Corona losses, which become
significant for voltages higher than the operating voltage, generally act to attenuate surges that
propagate along a transmission line [19]. Thus, corona losses can result in smaller probability of
flashover.

At present, traditional electromagnetic transients programs (EMTP) can account for transmission
line conductor losses and earth losses. They also allow modeling of applicable lumped nonlinear
devices such as surge arresters. However, they do not easily account for corona loss, which is a
distributed nonlinear phenomenon [20]. Various corona models have been proposed for EMTP-
type simulation [21-23], but the industry standard software has yet to incorporate a model
available for the typical user. Consequently, industry practice does not presently include corona
losses in bulk statistical switching overvoltage studies. A large portion of the flashover risk from
an overvoltage distribution is attributable to a relatively small percentage of the highest magnitude
surges [24]. Thus, any attenuation of the highest surges by corona losses could be a welcome side
effect that is not typically accounted for in insulation design studies.

At the outset, attenuation of the voltage by corona may seem too small compared to that introduced
by line arresters which are often installed at the line terminals. However, the effective electrical
reach of arrester protection is limited. Transient overvoltage maxima often occur away from the
ends of arrester terminated lines [25]. In addition, arresters do not have much impact until voltages
exceed 2.0 per unit. A conventional study approach is to divide EMTP line models into a handful
of segments with voltage probes at the junctions between segments [26]. Overvoltage profiles are
interpolated from these few measurement points. Historically, this has been satisfactory, but



profiles with higher spatial resolution could provide detailed information to help optimize line
design for highly constrained situations. Few studies are found in the literature that discuss high-
resolution overvoltage profiles in the context of statistical switching studies. There is also little
information regarding the nature of phase-to-phase voltage surge distributions which could be the
controlling case for HSIL lines, especially for tower designs with no grounded conductors between
phases [16,17].

A finite difference time domain (FDTD) model was developed to estimate the impact of distributed
corona losses on transmission line flashover probability. The model was also used to determine if
detailed information from switching overvoltage profiles with high spatial resolution could benefit
transmission optimization studies. The research highlights the differences between line-to-ground
and line-to-line overvoltage profile characteristics. The model was demonstrated through analysis
of a realistic 500 kV transmission line. Bulk simulations were performed to generate batches of
switching surge data for statistical calculations. Corona losses reduced transient overvoltages by
between 4% and 14% of nominal for 98th percentile line-to-ground exposures (Section 4.5).
Results vary with overvoltage severity and corona onset conditions as affected by conductor and
bundle geometry, altitude, atmospheric conditions, etc. The corresponding line-to-ground
flashover probability was reduced by 54%—-80% (Section 4.6). In general, line-to-line overvoltage
profiles are less affected by corona and are flatter than those of line-to-ground exposures.

The research demonstrates that more detailed information about overvoltage profiles and
distributed corona losses can benefit rigorous HSIL optimization. The information could also help
determine, with greater certainty, whether costs must be incurred to mitigate transients through
such means as pre-insertion resistors or controlled breaker closing schemes. Other factors, such as
lightning and contamination performance, are also important for transmission line insulation
design [24], but are outside the scope of this study. The next two sections summarize the example
design scenarios and the FDTD model. The final two sections present results and conclusions.

1.2.1 Main Issue

Increasing the power capacity of high voltage transmission lines necessarily results in a decrease
in the critical flashover voltage relative to the operating voltage. Hence, it is very important to
accurately predict the largest overvoltages on a transmission line during transient conditions.
Since the largest overvoltages do not generally occur at either end of the transmission line, accurate
prediction of these voltages requires that corona attenuation be accounted for in the calculation.
This is the main issue addressed in this paper.

1.3 Design Scenario

A 500 kV transmission line of varying length was selected as an initial demonstration system for
the simulation model. Table 1 summarizes the characteristics of the line. Phase spacing is relatively
narrow, selected to be somewhat representative of a structure that borders on being compact.
Conductor size and bundling are selected such that audible noise and radio interference are just
within the recommended limits [27] for altitudes up to 2000 m. Studies were performed with line
lengths varying from 50 to 800 km.



Table 1. The 500 kV transmission line characteristics.

Parameter Values Notes
Nominal/maximum voltage 500 kV/550 kV Typical max as per [28]
Structure type H-Frame
Phase spacing 10m
Average conductor height 16 m
Conductor ACSR 1272 Bittern 21 outer strands
Bundling Triple 45.72 cm spacing
Shield wires None
Line length 50, 100, 250, 500, and 800 km
Soil resistivity 100 ohm-m Typical as per [29]
Earth relative permittivity 10 Typical as per [30]
Altitudes considered 0 and 2000 m

The switching scenarios completed for the research are summarized in Table 2. A batch of 500
simulations was run for each case resulting in a total dataset of 9500 simulations. Simulations
consisted of three-phase energization transients and three-phase trapped charge reclosing transients.
These are common transients for transmission line insulation studies [31]. The latter is somewhat
academic for 500 kV transmission lines as many utilities use single-pole reclosing to improve system
stability [32]. Single-pole reclosing reduces the chance of a trapped charge situation. However,
trapped charge cases represent a reasonable upper bound for transient overvoltage severity. The
trapped charge condition assumed +1.0 per unit voltage on each of phases A and C, prior to circuit
breaker closing. Phase B was assumed to have been the faulted phase and, therefore, had its initial
voltage set to zero. Simulations assumed that phase B fault had successfully cleared before reclosing.

Table 2. Study scenarios.

Alt (m) Corona
Enabled 50 100 250 500 800

Transient Type ? km km km km km
1 Energization n/al N v v v v v
) Trapped Charge n/a* N v v v ] ]
Reclosing
3 Energization 0 Y v v v v v
4 Trappe_d Charge 0 v v v % ] ]
Reclosing
5 Energization 2000 Y v 4 v - -
6 Trappe_d Charge 2000 v v v v ] ]
Reclosing

1 Altitude not an important parameter for these cases since corona losses were not enabled.

Breaker closing, whether for energization or reclose, incorporated random timing. The first pole
to operate was selected at random, with each phase having equal probability of being first. The
point-on-wave at which the first breaker closes was selected with a uniform probability distribution



from 0 to 360 degrees. The delays until close of each of the remaining breakers were based on a
Gaussian distribution with a standard deviation (o) of 1.33 ms (3¢ =4 ms).

The breaker close timing distribution was prepared independently of the simulations. The same
distribution was “played back” for each simulation batch in order to improve comparison of study
variables. Input timing parameters were recorded for each simulation such that results of interest
from later data analysis could be recreated as needed. Circuit breaker pre-strike and re-strike were
neglected. The total simulation time for each run was set to 4 ms plus at least 6 times the wave
travel time for one length of the line. This ensured sufficient time to record the highest peak voltage
for each transient. It is possible that spurious peaks might have occurred later than the maximum
simulation time, but an examination of the time of each observed peak indicates that such an
occurrence would be very rare and unlikely to have a significant impact on statistical results. The
500 and 800 km cases were included for academic purposes. Energizing 500 kV lines this long
would not normally be done without surge mitigation measures.

1.4 Simulation Method and Model Validation

The FDTD approach was selected because of its inherent ability to handle broadband signals and
frequency-dependent and nonlinear components [33]. Specifically, a spatially one-dimensional,
constant-parameter model was used. Detailed coverage of this method is beyond the scope of the
present paper. Here, the basics of the method are summarized and differences in the approach
compared to other implementations are highlighted. The reader is referred to the works of Celozzi,
Rachidi, Paul, Kunz, and others for details regarding the implementation of the method [33-39].

The basic idea of the approach is illustrated in Figure 1. Space and time are discretized, and electric
and magnetic field points are offset from each other in both space and time. In the case of constant-
parameter models, voltages and currents are surrogates for electric and magnetic fields. Each
conductor is treated as a spatially one-dimensional problem. Space and time dependencies are
established through discretization of the telegrapher equations with interaction between adjacent
conductors modeled via mutual impedance terms. The resulting “update” equations for voltages
and currents at each node are iteratively calculated with constraints imposed by boundary
conditions at the line terminals.

k=2 k-1 K k+1

¢ ¢ *
A \current

n+2 @ ® P PY nodes
_T_ ¥ voltage
At n+3/2 ¢ ¢ ;7\.}\ nodes
& I et - ! 1‘\‘ ~
e P 4—‘—7 n+i-@ ® vi.*—'—l—'\—.—" e
n+1/2 0 0 \Q ! \ Space (index k)
N
n b
Time o i L H ®
(index n) / /
y e ¢ /input from all

past current terms

Figure 1. lllustration of the finite difference time domain (FDTD) spatial/temporal grid
for a conductor.



Using the notation in [36], an example voltage update equation is shown in (2). Included below
the equation are the dimensions of the matrices for the three-conductor case. A detailed current
update equation is not shown here. The summary equation in (3) shows that current is a function
of the adjacent voltage terms from the previous time step and all past currents for that node (via
the convolution term with the transient impedance). These dependencies are illustrated in Figure
1 at the circled nodes.

A -1
ety = el = (1) (2] = () @
[3x1] [3x1] [3x3] [3x1] [3x1]
(1] = FAVERTL V1, (2] = D ©

[3x1] [3x1] [3x3] [3x3] [3 x 1]

where c is the capacitance matrix, Z(n) is the time dependent impedance, and * is the convolution
operator.

The next subsections list specific FDTD modeling challenges encountered in the research and
describe the approaches used to mitigate them.

1.4.1 Computation Speed

The target dataset of 9500 simulations meant that the model had to be as efficient as possible in
order to complete batches in a reasonable amount of time. This was particularly important for long
line cases, where higher node counts and longer simulation times presented greater computational
burden. This was accomplished through the selected computing platform and the simplifications
discussed below. In the end, the total time to simulate all batches for the 50 through 250 km cases
was about three hours. Simulation of the limited case set for the 500 and 800 km cases took a total
of about 3 h. These times are for a business laptop with Intel® Core™ i7 8th generation processor.

1.4.2 Computing Platform

The Julia programming language was ultimately selected as the platform for the model. Julia is a
high-level language specifically developed for scientific computing and large-scale linear algebra
operations [40]. Julia is a compiled language which means that the computation speed for carefully
implemented models can approach that of system level languages such as C++. The FDTD
approach is very iterative, so fast loop handling for large arrays containing 3 x 3 matrices was
achieved through Julia’s StaticArrays.jl package [41].

1.4.3 Limited Conductor Count

As a tradeoff to maximize speed, the explicit conductor count was limited to three, with ground
being implicitly accounted for in the impedance matrices. Shield wires were neglected. The



experience of the authors is consistent with [42] in that shield wires have a minor impact on
transient results. Shield wires should be included in actual design studies; however, doing so was
not necessary for this research. The triple bundle conductors were represented by an equivalent
single conductor for each phase. This is discussed further in a subsequent section.

1.4.4 Recursive Convolution

A critical factor for speed is computational burden. Conductor internal impedance and ground
impedance are functions of frequency. Hence, in the time domain, they are modeled as transient
impedances and are included in a numerical convolution term with the conductor current. As
illustrated in Figure 1 and Equation (2), convolution at any given point in the FDTD model requires
all past values for the current at each node. Therefore, as a simulation progresses, the number of
floating-point operations to compute voltage or current at each spatial node also increases. In [34],
Celozzi applies a recursive convolution technique to the FDTD method. In this technique, transient
impedances are each approximated as a sum of exponential terms. Each term has unique
coefficients. The recursive property of exponential functions allows computation at a given spatial
node to be represented as a function of only the previous time step, minimizing storage
requirements and floating-point operations. It is important to note that each element of the 3 x 3
earth return matrix is a time varying impedance. Asymmetry in phase conductor geometry means
that each of the nine impedance terms in the matrix requires its own set of exponential coefficients.
Since phase conductors are nearly always the same size and type, a single set of exponential terms
can be used for the internal impedance terms for each conductor.

The number of terms in the exponential approximation depends on the desired accuracy and the
method used to identify coefficients for each exponential term. In [36], Paul compares three
methods for calculating exponential coefficients. The Matrix Pencil method is shown to have the
best accuracy with fewest terms. Using the Matrix Pencil algorithm presented in [43], the transient
impedances for the present study were suitably represented by a sum of 5 terms for the conductor
internal impedance and 2 terms for each of the 9 earth return impedances.

The conductor internal transient impedance terms are calculated using equations in [36]. The
ground impedance terms are based on equations in [44]. Within a given time step, the transient
impedances are assumed constant, and have the average value for that time step. It is noted here
that Tossani derives the full Sunde expression for ground impedance [44]. The Carson
approximation would normally be adequate for frequencies in the switching surge range, but the
model was also developed for other purposes. Since the earth return impedance drops so rapidly,
the zero-time point becomes an important contributor to the convolution integral, so it is important
to be as accurate as possible when establishing ground impedance for the first time step.

1.5 Distributed Dynamic Corona Model for Bundled Conductors

The next modeling challenge relates to implementing distributed corona losses. The approach is
an adaptation of a distributed dynamic corona model discussed in [35,45,46]. The original process
in the literature focuses on the case of one conductor per phase, and is summarized in the next
subsection. A discussion of adaptations necessary for the present research follows.



1.5.1 Summary of Dynamic Corona Capacitance from Literature
The dynamic corona capacitance calculation consists of 4 primary steps:
1. First, calculate the corona onset gradient for positive and negative polarity using Peek’s

formula (4) with atmospheric correction via (5) [46,47]. These onset gradients are the
conductor surface electric fields corresponding to corona onset.

E.=m -Eo-6-f-<1+

K
o r0> (4)

P 293 :e(_Alt/8150)- 293

0=760 273+ T 273+ T

Q)

where E, is the corona onset gradient, r, is the conductor radius, m is a surface irregularity
factor, E, is a reference electric field, K is an empirical constant, § is the atmospheric
correction factor, f is a constant accounting for polarity, P is the pressure in Torr, T is the
temperature in °C, and Alt is the altitude above sea level in meters.

2. Second, calculate the corona onset voltages for positive and negative polarity using (6). These
are the conductor voltages corresponding to the positive and negative corona onset gradients
from the previous step. This equation can be derived from first principles considering an
isolated conductor above a perfect conducting ground plane.

(6)

where V. is the corona onset voltage, E, is the corona onset gradient from the previous step,
1, 1S the conductor radius, and h is the height of the conductor above ground. Units for r, and
h must be consistent with those of E..

3. Third, during simulation, monitor the transient voltage on each differential segment of each
conductor. If the voltage rises above the corona onset voltage, use Equation (7) to calculate
an equivalent conductor radius representing a cylinder that encloses the conductor and a region
of free charge produced by corona. This equation is derived from first principles assuming an
isolated conductor above a perfect conducting ground plane with the assumption of constant
electric field (a - E,) between the conductor surface out to radius r,, which defines the corona

boundary in air (see Figure 2).
|4
(ro ta EC)

rc = . — " —
14 (2 zh. - ) In (2 l; rc)
c

where h is the height of the conductor above ground, V is the simulated voltage of the
conductor segment from the most recent time step, 7, is the equivalent radius of the corona

(7)




cylinder, r, is the geometric radius of the actual conductor, E, is the corona onset gradient,
and « is a multiplier (typically about 0.9) which accounts for the fact that after corona onset,
and the electric field at the surface of the conductor drops slightly [46]. Note that (7) requires
an iterative solution since r, = f (7). A simple Gaussian iteration exhibited good convergence
with less than 10 iterations.

i T T~ Conductor
/ N7 (with V> V)
Corona region / )
: / \
with constant - T - \
electric field [ l
= a/EC \ |
/
/
“..._ Corona

" boundary
Figure 2. Illustration of space charge in a cylinder around a conductor in corona.

4. Fourth, calculate the total charge on the conductor and in the corona cylinder. Then, calculate
the effective capacitance as c.rr = dq/dv = Aq/Av. The change in charge and voltage are
found by comparing results of the most recent time step with that of the previous time step.
This dynamically updated capacitance is calculated for each discrete line segment and each
time step as long as the voltage is above the critical voltage and increasing in magnitude. If
voltage decreases (even if still above the critical voltage), the capacitance is approximated as
the geometric capacitance [19,48].

1.6 Process Adaptations for Present Research

The first adaptation of the above process is calculation of the corona onset gradient. Peek’s formula
is suited for a single cylindrical conductor but is less accurate for the bundled case. In this research
Equations (8)—(10) from [49] were used to obtain a better approximation of corona onset for
bundled conductors.

E.=m-3153-K-(1 4 1 8
¢ T M < * K“n?r(f) (ﬁ) ®)
1
ng =
1+ |2 9)
/(1 — cos (%))
K = 5101 <1 +0.08((H/11)"" - 1)) (10)



where E. is the corona onset gradient in kVpea/Cm (8) ; m is a surface irregularity factor (set to
0.6 for a weathered conductor) ; K is an atmospheric correction factor (10); A, «, b, and c are
polarity dependent empirical coefficients where, for positive polarity, A = 0.425,« = 0.40,b =
0.26, and ¢ = 0.43, and for negative polarity, A = 0.375, « = 0.49, b = 0.30, and ¢ = 0.45;
(Eta) is a field enhancement coefficient accounting for stranding (n =
1.38 for ACSR 1272 Bittern); r,is the subconductor radius in cm; ny is the stranding ratio (9);
n is the number of strands in the outer layer of the subconductor, & is the relative air density as
calculated in (5); and H is the absolute humidity in g/m? (set equal to 10 for the example 500 kV
line in this study).

The next step is to determine the radius of the equivalent conductor that approximates the bundle.
Ultimately, since the corona cylinder radius calculations are used to determine a dynamic
capacitance, the equivalent conductor should have the same total charge as the bundled conductors
for the same voltage. This condition is met by the geometric mean radius of the bundle which can
be calculated with Equations (11) and (12) from [27].

Tog = (N 74 (RN "1 /W) (11)

R, forN>1 (12)

s
~ (2-sin(m/N))

where 7, is the equivalent radius giving the same Q-V characteristics as the bundle, N is the

number of subconductors, ry is the subconductor geometric mean radius (= 0.7788 - 1), R}, is the
radius of the bundle, and s is the bundle spacing.

=
o
=
o

2 o

(@) (b)

Figure 3. Electric field of (a) conductor bundle (45.7 cm spacing) and (b) equivalent
conductor (7,4 = 0.141 m).
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While the equivalent conductor has the same charge as the bundle for the same voltage, the surface
electric field of the equivalent is lower than that of the bundle. This is illustrated in the finite element
electric field simulation in Figure 3. Here, the ACSR 1272 Bittern triple bundle and the equivalent
conductor (., = 0.1406 m) are both energized to 449 KVpea (corresponding to 550 kVms line-to-

line). The resulting total surface charge is 4.52 uC/m for the bundled conductor and 4.51 uC/m for
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the equivalent conductor (the slight difference is due to rounding error in model inputs). The
maximum surface electric field of the bundled conductors is nearly three times that of the equivalent
conductor.

This difference must be accounted for when calculating the equivalent corona cylinder radius in
Step 3 of the above process. This is achieved by adapting the following equations from [47].

P _2:m
Vpkig N (2 . h) (13)
Teq
_ Pt
Eavg C2:m€yt Ty (14)
T
Emax = Eavg - [1 +(N-1)- R_(; (15)

where p, is the total charge density of the bundle, V,,,, is the peak line-to-ground voltage, €, is
the permittivity of free space, E,, is the average subconductor surface electric field for the bundle,

Enax 1S the average of the bundle subconductor surface electric field maxima, and all other
variables are as defined previously. Let Ep,q = E¢ and Vy,g = V, and use (13)—(15) to derive

the following expression for voltage in terms of the corona onset gradient calculated in (8) and the
equivalent conductor radius calculated in (11).

Foenrye tn(20)
eq

V.= (16)

[1+(N—1)-£—2

Equation (16) replaces (6) in Step 2 of the process. Next, find the equivalent corona onset gradient
for the equivalent conductor radius, 7. This can be done by substituting 7, for r, and E., for
E. in (6) and then solving for E.,, giving (17).
= Ve
€l 2 h—r, ln(Z-h—Teq) (17)

T
«a” 2R Tea

Finally, 7, and E.., are substituted to revise (7) in Step 3, as shown in (18). This equation is
solved iteratively in order to find the effective corona cylinder radius as discussed in Step 3.

vV
(req + a- Eceq)

(2-h—1) 2-h—r,
1+ 2+h ln( T, )

(18)

=
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1.7 Numerical Stability

Improving numerical stability was another challenge experienced during development of the
model. Simulations were run in automated batches that could take up to a couple of hours for the
longest line cases. It was important that the model be stable and avoid numerical oscillations or
other instability that would interrupt simulation flow. Many of the FDTD examples in the literature
are excited with controlled waveshapes similar to the standard lighting and switching impulse
curves. In this research, the model had to maintain computation through a wide range of switching
transients with their attendant wave reflections and coupling between phases and ground. This was
particularly challenging considering the dynamic corona capacitance with its nonlinear behavior
and on/off thresholds. Three key items helped achieve good numerical stability.

1.7.1 Selection of Spatial Step (Az) and Time Step (At)

FDTD simulations require that the Courant stability limit be satisfied [38]. This is accomplished
by observing the inequality cAt < Az, where c is the speed of light. This is somewhat at odds with
the speed requirements and is one disadvantage of the FDTD method. EMTP-type switching surge
studies can often use a longer time step. The authors found the following time steps gave stable
performance in simulation: 1.67 ps (Az = 500 m) for lines 100 km or less and 2.5 ps (Az = 750 m)
for the 250 km and longer lines. From the standpoint of slow-front switching surges, these time
and space discretizations allowed the model to effectively approximate a fully distributed
approach.

1.7.2 Alternate Dynamic Capacitance Calculation

Recall that the capacitance calculation in Step 4 of the distributed dynamic corona process called
for calculation of c.rr = Aq/Av. The Av term is prone to rapid change from small numerical
oscillations in the voltage signal. This introduces chatter and greater risk of numerical instability.
Therefore, instead of a Aq/Av calculation, the equivalent corona cylinder radius from Step 3 of
the process is used to directly update diagonal terms of the potential coefficient matrix of each
spatial segment. These are then inverted to find the respective capacitance matrix.

1.7.3 Digital Filtering

Even with the alternate capacitance calculation described above, the dynamic capacitance was still
prone to chatter caused by rapid changes of the corona onset logic input signals. Assertion and
deassertion of corona state resulted in sudden capacitance changes over 50%. The logic inputs consist
of a voltage magnitude measurement and the voltage trend (increasing or decreasing). A simple low-
pass digital filter was implemented for each input. Rather than using only the voltage from the last
time step as the voltage magnitude indication, the voltages of the last two time steps are averaged.
Likewise, the voltage trend input looks at the voltage difference over two time steps rather than just
one.

Another filter was placed in series with the dynamic capacitance signal output. A single-pole
recursive low-pass filter was used [50]. Filter form and parameters are shown in (19).
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y[n] = ag-x[n]+b; - y[n —1] (19)

where a, and b, are filter parameters, y[n] is the calculated output, x [n] is the filter input, and
y[n — 1] is the output from the previous time step. Figure 4 shows the response of the filter to a
noisy step input illustrative of the possible non-ideal changes in the dynamic capacitance signal.

161

I \
1.4} EoA 7 A
] 1 o\
I

---- Input step + noise
Filtered signal

Magnitude
© o 9o = =
A O 00 O N

o O
o N
1

0 10 20 30 40 50
Time Step

Figure 4. Dynamic capacitor filter response (a, = 0.4, b; = 0.6).

The digital filters described above introduce a small delay. This would be problematic for steep-
front waveforms but is tolerable for switching surge type transients.

1.7.4 Arrester Approximation

Typical high-voltage transmission lines are terminated with arresters connected line-to-ground to
protect substation equipment from incoming surges. These have a significant impact on the
terminal voltage and reflected wave characteristics. The nonlinear volt—current curve for arresters
requires an iterative solution which was found to be a source of instability when imposed as a
constraint to the FDTD line terminal boundary conditions. Since a detailed model of the arrester
itself was unnecessary for the research, an approximation was implemented using an exponential
function. The Matrix Pencil method [43] was used to find a best fit with respect to the realistic
volt—current curves. Slight manual adjustments were then made based on visual inspection of the
curves. Figure 5 shows the volt—current curve of the approximate model.
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Figure 5. Line terminal arrester approximation (typical data courtesy of
ArresterWorks.com).

1.8 Model Validation

The performance of the model was validated by comparing results to EMTP simulations and test
data from the literature. EMTP simulations of line energization transients and reclosing transients
compared well to FDTD model results with corona losses disabled. A reasonable comparison
including corona losses was obtained with the Big Eddy to Chemawa 230 kV EMTP simulations
and test data in [22]. Here, the authors compared measured data at line terminals with simulations
involving a lumped Siliciu corona model applied at six locations along the line.

Charge—voltage curves from the FDTD model for nonbundled conductors matched those of [46]
which were based on test data in [19]. Limited charge—voltage curve data for bundled conductors
were found in the literature. However, general trends in curve characteristics between single and
bundled conductors from the FDTD model were similar to those in [48]. Finally, simulated results
from the FDTD model were consistent with test observations in [51], indicating measured
switching overvoltages on a 204 km test line were consistently about 0.1 per unit less than
simulated values due to corona loss.

1.9 Results

Raw results consist of an array of voltages for each of the 500 simulations in a batch. The length of
each array corresponds to the number of spatial steps. The voltages in the array are the simulation
maxima for a given spatial node. These values are obtained by comparing voltages of all phases over
all time steps at each spatial node. Normally, only about 100 or 200 simulations are required in a
batch [31], but a larger sample size was used to reduce statistical margin of error. Results presented
here include:
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e Example plots of the raw output voltage profiles for line energization and trapped charge
reclosing cases (Section 1.9.1). This section includes histograms for a typical cross section of
overvoltage data at a given spatial node on the line.

e Anexample three-phase transient plot showing the impact of corona on a switching transient.
The data include the dynamic capacitance response and corresponding charge—voltage curve
(Section 1.9.2).

e Example profiles comparing results with and without distributed corona losses enabled. These
plots also show the 98th percentile data calculated from the batch distributions (Section 1.9.3).

e A brief summary of unexpected results and other cases of interest (Section 1.9.4).

e Tabular data summarizing the corona impact for all cases analyzed (Section 1.9.5).

e Comparing flashover estimates with and without distributed corona losses (Section 1.9.6).

1.9.1 Raw Output Data

Figures 6 and 7 show example plots of raw output data from a batch of 500 simulations completed
for the 100 km line length case. The compression of the voltage profile toward the open end of the
line (right side) in Figure 6 is due to the terminal arresters. Since arresters are connected line-to-
ground, the impact on line-to-line voltages is largely negligible. Figure 8 shows the distribution of
voltages for both datasets at a point 80 km from the closing end (left side, 0 km position). The line-
to-line voltage distributions tend to have a negative (right modal) skew.

Line Energization Raw Output Data (Line-to-Ground)

1000
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600 -

Line-to-Ground Voltage (kV peak)

500 -

0 25 50 75 100
Position Along the Line (km)

Figure 6. Example line-to-ground voltage profiles for 500 simulations, (100 km line,
energization case, no corona losses, altitude = 0 m).
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Line Energization Raw Output Data (Line-to-Line)
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Figure 7. Example line-to-line voltage profiles for 500 simulations, (100 km line,
energization case, no corona losses, altitude = 0 m).
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Figure 8. Example voltage distributions at one spatial node for the data in Figures 6 and
1.

1.9.2 Example Transient Plot of VVoltage Attenuation by Distributed Corona Losses

Figure 9 is an example transient case comparing waveforms with and without distributed corona
losses. The largest peak on phase C is clearly reduced by corona. It is also of interest to note that
the added capacitance from corona introduces a slight delay or shift in the transient. This has
implications as discussed in Section 4.4. Figure 10 is a plot of the dynamic capacitance response
of phase C from Figure 8. In this example, the dynamic capacitance peaks at nearly 50% above
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the baseline geometric capacitance. Figure 11 shows the charge—voltage curve for the phase C
peak. Energy loss is proportional to the area enclosed by the curve [19]. The curve does not
intersect the origin due to the initial trapped charge conditions of the simulation.

Example FDTD Transient (Trapped Charge Case, Altitude = 2000 m)
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Figure 9. Example transient plot showing effect of distributed dynamic corona
capacitance on voltage at one spatial node 200 km from the closing end of the line (250

km line case).
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Figure 10. Plot of dynamic capacitance response for phase C of Figure 9.
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Figure 11. Plot of dynamic capacitance charge—voltage curve for the example in Figure
10.

1.9.3 Example Overvoltage Profiles Comparing Corona Impacts (Maximum and 98th
Percentile Data)

Figures 12 and 13 are examples of the overvoltage profile data produced in the simulations. Line-
to-ground and line-to-line voltage profiles such as these were generated for each case listed in
Table 2. The plots show overall maxima (100th percentile) and 98th percentile data. The latter is
useful for filtering out spurious peaks of low statistical significance. Results show substantial
variation in the shape of the maximum line-to-ground voltage profiles. As seen in comparing
Figures 12 and 13, results of line-to-ground cases tend to be less variable. This is due, in part, to
capacitive coupling between phases. When the voltage changes sharply on one phase, coupling
causes a similar change in adjacent phases. This reduces the differential change between
conductors.

It is clear in Figure 12 that corona losses have a notable impact on transient overvoltage severity
for line-to-ground voltages. The fact that the corona impact is also prominent in the 98th percentile
profile over most of the length of the line indicates the impact is not limited to just the highest
peaks. Line-to-line voltage profiles show less reduction due to corona. This is reasonable as
separate phases will largely be in different states of corona severity, especially considering the
underlying power frequency voltage on which the transients are superimposed.

Results from several cases highlight the importance of resolving voltage profiles with high spatial
resolution, with Figure 14 being one example. The solid vertical lines represent a possible
approach for selection of terminal and intermediate measurement points in an EMTP study to
create overvoltage distributions for insulation design. The dashed line shows the expected voltage
profile for such an approach. It is evident that the result would miss the highest voltages and
underreport flashover risk. This would still be true (though to a lesser extent) if additional probes
are placed at the midpoints between locations already specified in the plot. Targeted placement of
a small number of probes could provide an adequate approximation, but without a detailed profile,
the optimal locations are unknown. Most profiles in this study indicated that a higher probe density
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should be used for the last quarter of the line if line-to-ground voltages are being measured. Further
analysis of such data could provide better rule-of-thumb guidance for probe placement in EMTP-
type studies.

Energization Case (Line-to-Ground Voltage, Altitude = 0 m)
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Figure 12. Line-to-ground overvoltage profile for energization of a 250 km, 500 kV
transmission line.

Energization Case (Line-to-Line Voltage, Altitude = 0 m)
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Figure 13. Line-to-line overvoltage profile for energization of a 250 km, 500 kV
transmission line.
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Trapped Charge Case (Line-to-Ground, Altitude = 2000 m)
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1400 - Detailed voltage profile from FDTD analysis
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Figure 14. Underestimation of switching surge severity due to low spatial density of
simulation probes. The detailed voltage profile corresponds to a 98" percentile data set
with corona losses.

1.9.4 Cases of Interest

Trapped Charge Case (Line-to-Line, Altitude = 2000 m)
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Figure 15. Rare occurrence of corona causing an increase in overvoltage severity.

One unexpected result came from the study. In Figure 15, the maximum line-to-line overvoltage
for a portion of the profile was worse with corona losses than it was without. Further investigation
showed that the result was legitimate from a simulation standpoint, and not the consequence of
numerical instability. In these cases, the dynamic corona capacitance induced a delay such that a
negative-going transient on one phase overlapped with a positive-going impulse on another phase.
The overlap did not occur in the case with corona disabled. It is clear from Figure 15 that such an
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occurrence is very rare, since there is no accompanying rise in the 98th percentile data. A similar
result was observed in the line-to-line voltage profile of the higher altitude 100 km case.

Other results of interest in Figure 16 include overvoltage profiles for the 500 and 800 km cases.
Transient voltages generally increase with line length. The results illustrate why long extra-high-
voltage (EHV) and ultra-high-voltage (UHV) lines are rarely energized without pre-insertion
resistors or controlled closing schemes.
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Figure 16. The 500 kV overvoltage profiles for (a) 500 km line-to ground, (b) 500 km
line-to-line, (c) 800 km line-to-ground, and (d) 800 km line-to-line.

1.9.5 Tabular Summary of Voltage Attenuation by Distributed Corona Losses

Tables 3-6 summarize the overall impact of corona losses on transient overvoltages. The values
in these tables are in percent of the nominal line-to-ground voltage of 408.248 kVpeak. They are
obtained by averaging the difference between voltage profiles generated with and without corona
losses then dividing by the nominal voltage and converting to percent. Certain profile segments

21



were excluded from the calculation. For example, in many cases, the steep rise in voltage near the
closing end of the line (at 0 miles) would tend to exaggerate the influence of the corona losses. In
general, impacts are high enough to be worth considering as part of the design process for HSIL
applications.

Table 3. Percent reduction of maximum line-to-ground voltages due to corona (percent
of nominal).

Line Energization Trapped Charge Reclosing
Length (km) Alt.=0m AIt.=2000m Alt.=0m Alt. =2000 m

50 5.44% 8.08% 7.58% 10.01%
100 6.71% 9.89% 8.90% 11.41%
250 7.49% 10.32% 12.55% 16.28%
500 9.82% - - -
800 17.10% - - -

Table 4. Percent reduction of maximum line-to-line voltages due to corona (percent of
nominal).

Line Energization Trapped Charge Reclosing
Length (km) Alt.=0m AIt.=2000m Alt.=0m Alt. =2000 m

50 2.35% 3.93% 6.60% 6.94%
100 3.20% 5.39% 5.44% —5.43%1
250 4.20% 6.64% 7.97% —5.08% !
500 9.02% - - -
800 15.16% - - -

! Negative due to the first case of interest discussed in Section 4.4.

Table 5. Percent reduction of 98th percentile line-to-ground voltages due to corona
(percent of nominal).

Line Energization Trapped Charge Reclosing
Length (km) Alt.=0m AIt.=2000m Alt.=0m Alt. =2000 m

50 4.32% 6.51% 6.72% 8.96%
100 4.63% 7.06% 9.59% 12.07%
250 5.62% 8.37% 10.58% 14.07%
500 8.20% - - -
800 9.27% - - -

Table 6. Percent reduction of 98th percentile line-to-line voltages due to corona (percent
of nominal).

Line Energization Trapped Charge Reclosing
Length (km) Alt.=0m AIt. =2000m Alt.=0m Alt. =2000 m

50 2.33% 4.04% 1.13% 2.78%
100 2.82% 4.76% 5.92% 7.10%
250 3.70% 6.08% 6.37% 8.07%
500 5.99% - - -
800 11.42% - - -
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1.9.6 Estimated Impact of Distributed Corona Losses on Switching Surge Flashover Rate

Table 7 shows results of calculations to estimate the impact of corona losses on flashover rates for
the example 500 KV line cases. The result for each row was obtained from analysis of 500 voltage
points selected at a location near an overvoltage profile maximum. Switching surge flashover rates
were calculated using the methods described in [24]. The first step was to calculate the critical
flashover voltage (CFO) that would give a baseline flashover rate of 1.0 flashovers per 100
switching operations for the case without corona. The resulting CFO was then applied to the
overvoltage distribution with corona losses. The reductions are noteworthy. However, any
reduction in strike distance or structure clearance will depend on the specific situation and may be
negligible for some design cases.

Table 7. Estimated flashover comparison with and without distributed corona losses (switching
surge flashover rate (SSFOR)—normalized to cases without corona losses).
Estimated SSFOR 3

Line Operatio :Iraéggr\]/ Altitu CFO?2 No With

n 1 de (kV) Corona Corona

Losses Losses
1 50 km E”eggn'za“ LG 0 946 1.0 0.46
2 50 km Reclose LG 2000 1206 1.0 0.34
3 50 km Reclose LL 2000 1756 1.0 0.83
4 100 km E”eggn'za“ LG 0 1007 1.0 0.42
5 100 km Reclose LG 2000 1277 1.0 0.22
6 100 km Reclose LL 2000 1802 1.0 0.68
7 250 km E”eg%'za“ LG 0 1076 1.0 0.35
8 250 km Reclose LG 2000 1438 1.0 0.20
9 250 km Reclose LL 2000 1837 1.0 0.53

! Line-to-line or line-to-ground flashover path. 2 Estimated CFO to give an SSFOR of 1.0
for the case without distributed corona losses. 2 Flashovers per 100 operations based on
the specified CFO.
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2. Conclusions

The multiconductor FDTD method with distributed dynamic capacitance was successfully
extended to the case of bundled phase conductors. The efficiency and practicality of the model
was demonstrated through high-volume statistical simulation of switching surges on an example
500 kV transmission line of varying length.

Detailed switching overvoltage profiles obtained through distributed techniques, such as the FDTD
method, provide information that could be important for refining the design of high-voltage
insulation. The cases in this work focused on energization and trapped charge reclosing, but the
method could also be used to gain additional insight for switching surges limited by pre-insertion
resistors or controlled closing schemes. Results illustrate how simplified overvoltage profiles
could underreport flashover probability.

Corona losses have a notable impact on transient overvoltages, particularly line-to-ground
exposures. This concept has been known for many years, but it has historically been difficult to
quantify the impact because of difficulty in modeling this nonlinear phenomenon in a way that is
practical for high-volume simulation. The research demonstrated that such an approach is practical
with modern computing capability, reasonable simplifications, and the application of techniques
such as digital filtering to improve simulation stability.

Detailed overvoltage profiles that account for voltage attenuation by distributed corona losses

provide valuable information for projects seeking to carefully quantify insulation design margins
for optimization of transmission capacity in HSIL applications.

24



References

[1]
[2]

[3]

[4]

[5]
[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

Barthold, O.L. Optimization of Open-Wire Transmission Lines, U.S. Patent 3249773A, 3
May 1966.

Barthold, O.L.; Balser, S.J.; Clayton, R.E.; Clements, K.A. Lawrence, J.D.; Longo, V.J.
Fundamental Optimization Study for Open-Wire Transmission Systems. DOE/CE/29325-1,
U.S. Department of Energy, February, 1980.

Barthold, O.L.; Douglass, D.E.; Woodford, D.A. Maximizing the Capability of Existing
AC Transmission Lines. In Proceedings of CIGRE Session 2008, Paris, France, August
2008.

Broschat, M.; Clayton, R. Compaction Techniques Applied to Subtransmission Line
Uprating 41.6 KV to 115 KV. IEEE Power Eng. Rev. 1981, 1, 65,
d0i:10.1109/MPER.1981.5511420.

WG B2.63. Compact AC Overhead Lines; Technical Brochure 792; CIGRE: Paris, France,
2020.

Olsen, R.G.; Zhuang, C. The Spatial Distribution of Electric Field as a Unifying Idea in
Transmission Line Design. IEEE Trans. Power Deliv. 2018, 34, 919-928,
doi:10.1109/tpwrd.2018.2884879.

Clair, H.P.S. Practical Concepts in Capability and Performance of Transmission Lines
(includes discussion). Trans. Am. Inst. Electr. Eng. Part 11l Power Appar. Syst. 1953, 72,
1152-1157, doi:10.1109/aieepas.1953.4498751.

Gutman, R.; Marchenko, P.; Dunlop, R. Analytical Development of Loadability
Characteristics for EHV and UHV Transmission Lines. IEEE Trans. Power Appar. Syst.
1979, 98, 606617, doi:10.1109/TPAS.1979.319410.

Fernandes, J.H.M. 500 kVV Compact Line of Eletronorte Brazil-Conception, Electrical and
Mechanical Design. In Proceedings of CIGRE Session 1990, Paris, France, August 1990.
Alexandrov, G.N.; Podporkyn, G.V. Improvement of the Efficiency of 35 to 220 kV Lines.
In Proceedings of the International Conference AC and DC Power Transmission, London,
UK, September 1991; pp. 226-231.

Alexandrov, G.N.; Dikoi,V.P.; Krylov,S.V.; Nikitin, O.A.; Timashova, L.V. Overhead Line
Designing In Proceedings of the View of Environmental Constraints. Compact Overhead
Lines. In Proceedings of CIGRE Session 1998, Paris, France, 1998.

Regis, O.; Gusmao, S.J.C.; Pessoa, A.N.; Dart, F.C.; Domingues, L.A.C.; Maia, M.J.A.
Expanded Bundle Technique: The application of HSIL TL Concept to Increase the
Capacity of Overhead Lines. In Proceedings of CIGRE Session 1998, Paris, France,
September 1998.

Regis, O. Increasing the Transmission Capacity of Overhead Lines-High Surge Impedance
Loading Technique. Electra, 2005, 221.

Esmeraldo, P.; Gabaglia, C.; Aleksandrov, G.; Gerasimov, I.; Evdokunin, G. A proposed
design for the new Furnas 500 kV transmission lines-the High Surge Impedance Loading
Line. IEEE Trans. Power Deliv. 1999, 14, 278-286, d0i:10.1109/61.7367309.

Dart, F.C.; Arruda, C.K.C.; Garcia, R.W.; Regis, O. High Capacity AC Transmission
Lines—The Brazilian Experience. In Proceedings of CIGRE/IEC Symp., Cape Town,
South Africa, October 2015.

Koehler, N.S.; Hari, S.; Gutman, R. Breakthrough Overhead Line Design (BOLD): System
and Performance Considerations. In Proceedings of CIGRE US National Committee, Grid

25



[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]
[28]
[29]
[30]

[31]

[32]

[33]

[34]

of the Future Symposium, Philadelphia, PA, USA, October 2016.

Ghassemi, M. High Surge Impedance Loading (HSIL) Lines: A Review ldentifying
Opportunities, Challenges, and Future Research Needs. IEEE Trans. Power Deliv. 2019,
34, 1909-1924, doi:10.1109/tpwrd.2019.2910210.

Esmeraldo, P.C.V.; Amon, J.; Carvalho, F.M.S.; Carvalho,A.C.C.; Morais, S.A. Circuit-
Breaker Requirements for Alternative Configurations of a 500 kV Transmission System.
IEEE Trans. Power Deliv. 1999, 14.

Gary, C.; Dragan, G.; Cristescu, D. Attenuation of Travelling Waves Caused by Corona. In
Proceedings of CIGRE Session 1978, Paris, France, August 1978.

Dommel, H.W. Electromagnetic Transients Program. (EMTP) Theory Book, 2nd ed.;
Microtran Power System Analysis Corporation: Vancouver, BC, Canada, 1996.

Carneiro, S.; Marti, J.; Dommel, H.; Barros, H. An efficient procedure for the
implementation of corona models in electromagnetic transients programs. IEEE Trans.
Power Deliv. 1994, 9, 849-855, d0i:10.1109/61.296266.

Cervantes, M.; Ametani, A.; Martin, C.; Kocar, I.; Montenegro, A.; Goldsworthy, D.;
Tobin, T.; Mahseredjian, J.; Ramos, R.; Marti, J.R.; et al. Simulation of Switching
Overvoltages and Validation With Field Tests. IEEE Trans. Power Deliv. 2018, 33, 2884—
2893, d0i:10.1109/tpwrd.2018.2834138.

Anane, Z.; Bayadi, A.; Harid, N. A dynamic corona model for EMTP computation of
multiple and non-standard impulses on transmission lines using a type-94 circuit
component. Electr. Power Syst. Res. 2018, 163, 133-139, doi:10.1016/j.epsr.2018.06.006.
Hileman, A.R. Insulation Coordination for Power Systems; CRC Press & Taylor &
Francis: Boca Raton, FL, USA, 1999.

Shaikh, M.M. Investigating Transient Overvoltage Produced by Switching Action on Long
Transmission Lines and Its Effect on Substations; Arizona State University: Tempe, AZ,
USA, 2018.

Line Performance Estimator, software version 5.0.1.3, Independent Insulation Group (12G),
Ludvika, Sweden, 2019.

Electric Power Research Institute. EPRI AC Transmission Line Reference Book-200 kV and
Above, 3rd ed.; Electric Power Research Institute: Palo Alto, CA, USA, 2004.

IEEE Std 141-1993. IEEE Recommended Practice for Electric Power Distribution for
Industrial Plants; IEEE: New York, NY, 1994, doi: 10.1109/IEEESTD.1994.121642.
McNeill, J.D. Electrical Conductivity of Soils and Rocks, Technical Note TN-5; Geonics
Limited: Mississauga, Ontario, Canada, Octoboer, 1980.

Jesch, R.L. Dielectric Measurements of Five Different Soil Textural Types as Functions of
Frequency and Moisture Content; National Bureau of Standards: Boulder, CO, USA, 1978.
Keri, A.J.F.; IEEE Power Engineering Society; IEEE Working Group 15.08.09. Modeling
and Analysis of System Transients Using Digital Programs; IEEE Operations Center:
Piscataway, NJ, USA, 1998.

Godoy, E.; Celaya, A.; Altuve, H.J.;Fischer, N.; Guzman, A. Tutorial on Single-Pole
Tripping and Reclosing. In Proceedings of the 39th Annual Western Protective Relay
Conference, Spokane, WA, USA, October 2012.

Luebbers, R.J.; Kunz, K.S. The Finite Difference Time Domain Method for
Electromagnetics; CRC Press: Boca Raton, FL, USA, 1993.

Celozzi, S.; Feliziani, M. FD-TD analysis of nonuniform multiconductor lossy lines. In
Proceedings of the 1993 International Symposium on Electromagnetic Compatibility 2002,

26



Dallas, TX, USA, 9-13 August 1993; pp. 352-357, doi:10.1109/isemc.1993.473712.

[35] Araneo, R.; Maccioni, M.; Lauria, S.; Geri, A.; Gatta, F.M.; Celozzi, S. Comparison of
corona models for computing the surge propagation in multiconductor power lines. In
Proceedings of the 16th International Conference on Environment and Electrical
Engineering (EEEIC), Florence, Italy, June 2016; pp. 1-6,
doi:10.1109/eeeic.2016.7555805.

[36] Paul, C.R. Analysis of Multiconductor Transmission Lines, 2nd ed.; Wiley-Interscience
IEEE Press: Piscataway, NJ, USA, 2008.

[37] Rachidi, F.; Tkachenko, S.; Rachidi, F. Electromagnetic Field Interaction with
Transmission Lines From Classical Theory to HF Radiation Effects; WIT Press:
Southampton, UK, 2008.

[38] Schneider, J.B. Understanding the Finite-Difference Time-Domain Method. Available
online: www.eecs.wsu.edu/~schneidj/ufdtd (accessed on 3 April 2020).

[39] Gedney, S.D. Introduction to the Finite-Difference Time-Domain (FDTD) Method for
Electromagnetics; San Rafael, Morgan & Claypool Publishers: San Rafael, CA, USA,
2011.

[40] Bezanson, J.; Edelman, A.; Karpinski, S.; Shah, V.B. Julia: A Fresh Approach to
Numerical Computing. SIAM Rev. 2017, 59, 65-98, d0i:10.1137/141000671.

[41] Foster, C.; Hyatt, K.; Koolen, T.; Holters, M. StaticArrays.jl. Available online:
https://github.com/JuliaArrays/StaticArrays.jl (accessed on 8 April 2020).

[42] Yang, S.; Franklin, G.A. Effects of segmented shield wires on switching transient
overvoltage study. In Proceedings of the 2012 IEEE Southeastcon, Orlando, FL, USA, 15—
18 March 2012; pp. 1-4.

[43] Sarkar, T.; Pereira, O. Using the matrix pencil method to estimate the parameters of a sum
of complex exponentials. IEEE Antennas Propag. Mag. 1995, 37, 48-55,
doi:10.1109/74.370583.

[44] Tossani, F.; Napolitano, F.; Borghetti, A. Inverse Laplace Transform of the Ground
Impedance Matrix of Overhead Lines. IEEE Trans. Electromagn. Compat. 2017, 60, 2033—
2036, doi:10.1109/temc.2017.2765207.

[45] Li, X.; Malik, O.P.; Zhao, Z. Computation of Transmission Line Transients Including
Corona Effects. IEEE Trans. Power Deliv. 1989, 4, 3.

[46] Li, X.; Malik, O.P.; Zhao, Z. A Practical Mathematical Model of Corona for Calculation of
Transients on Transmission Lines. IEEE Trans. Power Deliv. 1989, 4, 2.

[47] Maruvada, P.S. Corona Performance of High.-Voltage Transmission Lines; Research
Studies Press Ltd.: Baldock, Hertfordshire, UK, 2000.

[48] Maruvada, P.; Menemenlis, H.; Malewski, R. Corona characteristics of conductor bundles
under impulse voltages. IEEE Trans. Power Appar. Syst. 1977, 96, 102-115,
doi:10.1109/T-PAS.1977.32313.

[49] Bousiou, E.l.; Mikropoulos, P.N.; Zagkanas, V.N. Corona inception field of typical
overhead line conductors under variable atmospheric conditions. Electr. Power Syst. Res.
2020, 178, 106032, doi:10.1016/j.epsr.2019.106032.

[50] Smith, S.W. Recursive Filters. Digit. Signal Process. 2003, 319-332, doi:10.1016/b978-0-
7506-7444-7/50056-X.

[51] Brunke, J.H. Application of Metal Oxide Surge Arresters for the Control of Line Switching
Transients. In Proceedings of the Canadian Education Association (CEA) Centennial
Seminar on Insulation Coordination, Toronto, Ontario, Canada, May 1991

27



	Title
	Contact Information
	Acknowledgements
	Executive Summary
	Table of Contents
	List of Figures
	List of Tables
	1. Introduction
	1.1 Background
	1.2 Overview of the Problem
	1.2.1 Main Issue

	1.3 Design Scenario
	1.4 Simulation Method and Model Validation
	1.4.1 Computation Speed
	1.4.2 Computing Platform
	1.4.3 Limited Conductor Count
	1.4.4 Recursive Convolution

	1.5 Distributed Dynamic Corona Model for Bundled Conductors
	1.5.1 Summary of Dynamic Corona Capacitance from Literature

	1.6 Process Adaptations for Present Research
	1.7 Numerical Stability
	1.7.1 Selection of Spatial Step and Time Step
	1.7.2 Alternate Dynamic Capacitance Calculation
	1.7.3 Digital Filtering
	1.7.4 Arrester Approximation

	1.8 Model Validation
	1.9 Results
	1.9.1 Raw Output Data
	1.9.2 Example Transient Plot of Voltage Attenuation by Distributed Corona Losses
	1.9.3 Example Overvoltage Profiles Comparing Corona Impacts (Maximum and 98th Percentile Data)
	1.9.4 Cases of Interest
	1.9.5 Tabular Summary of Voltage Attenuation by Distributed Corona Losses
	1.9.6 Estimated Impact of Distributed Corona Losses on Switching Surge Flashover Rate


	2. Conclusions
	References

