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Abstract

This contribution discusses the impact of using parameters and statistical distributions derived from Lightning Location
System (LLS) data on assessing the Lightning Performance (LP) of an overhead distribution line. Both negative and
positive return strokes are considered in the analysis, and multiple-stroke flashes are simulated using the probability
distributions for the flash multiplicity and the spatial separation of ground terminations.The LP of the same benchmark
(Ttalian) network obtained with conventional lightning parameters available in the literature is compared with that using
LLS-inferred distributions for Italy. Results reveal considerable differences in the expected number of annual flash-overs.

1 Introduction

Faults caused by lightning strikes have a major impact on
power systems. Extensive research has explored how light-
ning discharges affect electrical infrastructure, typically
discriminating between direct and indirect effects. Over-
head Medium-Voltage (MV) lines are characterized by a
reduced Critical Flash-Over (CFO) voltage; thus, are more
vulnerable to lightning than HV transmission networks.
Direct strikes on MV lines may produce more disruptive
cffects than indirect lightning strikes; however, the latter
has a higher occurrence and tends to be the main cause of
failure. At a computational level, direct strikes are much
less challenging than indirect strikes because these require
dedicated numerical simulations to evaluate the lightning
electromagnetic fields in free space and assess the field-to-
line coupling to obtain the lightning-induced overvoltages.
The evaluation of the impact of both direct and indi-
rect lightning strikes on MV systems is commonly done
through the assessment of the Lightning Performance (LP)
[1], a procedure in which a large number N (e.g., 10%)
of random lightning flashes are simulated (Monte Carlo
method) and the expected number of flash-overs F per year
is evaluated as

F:2W+m

AN, N

where ng (n;) is the number of direct (indirect) strikes re-
sulting in an overvoltage larger than the line CFO increased
by 50%, as indicated in [1], A (kmz) is the simulation do-
main, N, (flashes km 2 yr~1) is the Ground Flash Density
(GFD), and 2 is a factor due to symmetry.

An accurate and computationally feasible LP assessment
is crucial for lightning protection of power systems. En-
hancements to such a procedure have been provided by nu-

merous contributions aimed at investigating complex net-
works and at studying the effects of optimal placement of
protection devices (e.g., [2]) or at developing methods for
reducing computational burdens (e.g., [3, 4, 5, 6, 7]). De-
spite its widespread application, the conventional LP as-
sessment presents two key limitations.

1. Typically, it considers only negative first return
strokes, disregarding subsequent negative and posi-
tive return strokes or addressing them partially [8, 9,
10], although the effects produced by multiple-stroke
flashes may be significant.

2. The PDFs of lightning parameters are often derived
from direct tower measurements, overlooking re-
gional variations and tower-presence biases.

Addressing the first limitation, the authors of [11] pre-
sented an LP assessment approach including supplemen-
tal lightning parameters, i.e., the peak current of negative
first, negative subsequent and positive return strokes, the
flash multiplicity, and the distance between ground termi-
nations.

The second limitation is given by the fact that direct tower
measurements of lightning current are accurate, but lim-
ited to a few particular regions (e.g., [12, 13, 14]) and ac-
counting for a reduced number of samples; in addition,
the presence of the tower itself with its height creates a
different mixture of lightning kind and form (high per-
centage of upward, different peak current and multiplic-
ity) [15, 16]. On the orher hand, Lightning Location Sys-
tems (LLSs) globally record a huge amount of lightning
data using electric and/or magnetic field measurements.
This feature makes LLS data the optimum choice for the
GFD estimation [1] and an interesting source for local and
updated PDF of lightning parameters; however, the field-
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to-current linear model, integrated into the lightning loca-
tion algorithm to consider field attenuation, has been vali-
dated (through rocket-triggered lightning and direct tower
measurements) only for negative subsequent return strokes
with peak currents lower than 60 kA [16, 17]. Moreover,
LLSs typically lack front duration data.

This contribution aims at evaluating the LP of a realis-
tic overhead MV line in Italy, considering various return
stroke types with multiple ground terminations and ac-
counting for local lightning parameters.

To address the first limitation of the conventional LP as-
sessment, the approach proposed in [11] is applied. Lo-
cal lightning parameter PDFs are adopted from a 10-year
analysis of data provided by the Italian LLS Sistema Ital-
iano Rilevamento Fulmini (SIRF) [18]. To consider the
mentioned limits of LLSs in lightning current parameters,
front duration PDFs for all return stroke types and peak
current PDFs for negative first and positive return strokes
are sourced from the instrumented tower measurements of
Monte San Salvatore [12]. LP evaluations are performed
using the method presented in [5] to ensure manageable
computational efforts.

The paper structure is the following. Section 2 presents the
methodology for the LP assessment. Section 3 presents the
test line model and lightning parameter distributions from
[18] compared to conventional literature assumptions. Sec-
tion 4 presents the considered test cases, results and dis-
cussion. Finally, the paper ends with Section 5 in which
concluding remarks are presented.

2  Method

2.1 Striking Area Definition

Assuming a 2-D Cartesian reference frame where the line
length is L and the line ends are at positions (0,0) and
(L,0), the striking domain where lightning (lashes are sim-
ulated is A = [Xmin;Xmax] X [Ymin,Ymax]- The limits on the
x-axis are set at Xy = —0.5L and xpax = 1.5L (in accor-
dance with [2, 3, 9]). As will be detailed later, the limits
on the y-axis depend on the peak current distributions, thus
they should change with the return stroke type. However,
a unique simulation domain is selected for all simulations
by considering the worst conditions (i.e., the larger area)
according to what follows.

1. ymax is the largest distance above which any stroke
induces a non-dangerous overvoltage on the line
(i.e., lower than Vi, = 1.5 CFO). From the Rusck-
Darveniza formula [19], that gives a conservative ap-
proximation of the induced overvoltage as a function
of the distance from the line and the peak current, it is

possible to obtain
38.8 0.15

=3 <h + _> Imax (2)
Vinax \/Og

where £ is the line height above ground, o, is the

ground conductivity and I, is such that the proba-
bility P(I > Inax) is reasonably close to zero.

Ymax

2. ymin is the distance under which any lightning event
results in a direct strike of the line. A peak current
Inin such that the probability P(I < Ly,) approaches
zero is sclected and used in to calculate yp;, by us-
ing the Electro-Geometric-Model (EGM) proposed in
[20] and recommended in [1] .

2.2 Monte Carlo Procedure

The assessment of the LP is done following the apporach
proposed in [11], taking into account different return stroke
types and multiple ground terminations. Each lightning
parameter (channel-base peak current /, current front du-
ration Ty, flash multiplicity, and distance between ground
terminations) is extracted using the assumed Probability
Density Function (PDF). To reduce the computational ef-
fort, such an approach exploits the method of [5] through
which it is possible to obtain analytical expressions pro-
viding the maximum induced overvoltage from the coordi-
nates of stroke location, 7,4, and I. Positive flashes are less
complex to manage since positive subsequent strokes are
disregarded (the positive flash multiplicity is supposed to
marginally exceed one [21]).

Each flash is simulated as a sequence of strokes. If one
of the strokes leads to a direct strike, the counter n, is in-
creased by one unit and the simulation moves to the next
flash. Otherwise, the maximum stroke-induced voltage
within the flash is compared to the line CFO (increased
by 50%) to check the occurrence of an indirect strikes and,
if so, increase the counter »; by one unit.

As indicated in [10], flash polarity can be considered in
the LP assessment with two distinct Monte Carlo proce-
dures, one with all negative random flashes, the other with
all positive random flashes. The expected number of nega-
tive (positive) flash-overs per year is labeled F;, (F)). Then,
from the law of total probability:

F = ayF, + apFy (3)

in which a, (ay) is a coefficient expressing the probability
that a lightning flash is negative (positive) and a, +a, = 1.

3  Computational Parameters

3.1 MYV Network

A 15-kV overhead distribution line with three parallel con-
ductors of height 7 = 8.0 m for the lateral branches and
h = 8.6 m for the central feeder is considered. Specifica-
tions are outlined in the following. Line length: L = 1 km,
distance between conductors: 1.2 m, conductors diameter:
0.64 cm. The ground around the line is assumed with con-
ductivity 0, = 1 mS/m and relative permittivity &, = 10.
The induced overvoltages along the test line are affected
by the specific grid attributes. In this scenario, the distri-
bution network proposed in [9] and illustrated in Figure 1
is considered. All transformers are protected by surge ar-
resters. The primary winding of the HV/MV transformer
(Tp) is connected to a 132-kV ideal voltage source mod-
eling the main grid. Two 300-m long lateral branches are
placed at distances of 250 m and 750 m from 7 and feed
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Figure 1 MV network (adapted from [9]). Tj is the HV/MV
transformer (132 kV/15 kV); the others are MV/LV transformers
(15 kV/0.4 kV).

Table 1 Median (M) and logarithmic standard deviation (oy,,)
of log-normal distributions of lightning parameters from main
literature references.

Parameter M on
Front duration neg. first strokes (us) 557 057"
Front duration neg. subsequent strokes (us) 1.1 0.92°
Front duration pos. strokes (us) 22.0¢  1.23¢
Peak current neg. first strokes (kA) 31.14  0.489
Peak current neg. subsequent strokes (kA) 1239 0.53¢
Peak current pos. strokes (kA) 35.0¢  1.21¢
Neg. flash multiplicity (-) 34¢  0.96°
Neg. flash ground terminations distance (km) 1.7 0.79/

@ Provided in [13]

b Recomputed from 10 [1]

¢ Provided in [10] on the basis of results from [13]
4 Provided in [1] on the basis of results from [13]

¢ Provided in [1]

I Log-normal fitting of the histogram shown in [22]

two MV/LV transformers (77 and 7). The high-frequency
models of the transformers and the V-I characteristics of
the surge arresters are consistent with those detailed in [9].

3.2 Lightning Distributions and Parameters

Lightning parameters are commonly assumed to follow
log-normal distributions. Table 1 presents the median M
and the logarithm standard deviation oy, provided by the
main literature sources. Moreover, for the channel-base
peak current of negative subsequent strokes, the negative
flash multiplicity and the negative flash ground termina-
tions distance, the employment of LLS data could be ap-
proriate [16, 17, 18, 22]. Therefore, for such parameters,
M and oy, are extrapolated from the 10-year LLS data anal-
ysis in Italy shared in [18] and reported in Table 2.

In the following points an in-depth argumentation of vari-
ous lightning parameters is provided.

1. Current front duration and peak current correlation:
LLSs typically lack current front duration data. Thus,
for simulations, distributions of such a parameter are
taken from [13] (measurements at the instrumented
tower of Monte San Salvatore). Moreover, the corre-

Table 2 Median (M) and logarithmic standard deviation (oy,,)
of log-normal distributions of lightning parameters from LLS
data (Italy 2010-2019 [18]).

Parameter M O
Peak current neg. subsequent strokes (kA) 13.5 0.62
Neg. flash multiplicity (-) 0.8 1.02

Neg. flash ground terminations distance (km) 1.7  0.81

lation between channel-base peak current and current
front duration is considered in this work. The corre-
lation coefficients are again assumed from [13] (i.e.,
0.37, 0.28, and 0.07, for negative first, negative sub-
sequent, and positive return strokes, respectively).

2. Channel-base peak current: the estimation of the cur-
rent peak from the field peak performed by LLSs
has been validated (through rocket-triggered lightning
and direct tower measurements) only for negative sub-
sequent strokes lower than 60 kA [16, 17]. Differ-
ences in the median peak current of positive and neg-
ative first strokes are evident between tower measure-
ments and LLS estimations. Notably, the median peak
current derived from LLSs for negative first strokes
aligns with that of negative subsequent strokes, as re-
ported in studies like [16, 18]. On the other hand,
direct measurements report considerably higher me-
dian peak currents for the first stroke than subsequent
strokes [13]. As a result, considering these discrepan-
cies, for positive and negative first stroke peak cur-
rents the LP assessment focuses solely on conven-
tional PDFs.

3. Negative flash multiplicity: the parameters of the log-
normal distribution (M = 3.4, B = 0.96) of the num-
ber of stroke per flash are available in the standards
(e.g., [1]); such distribution is used in this work as
the reference one. However, the median multiplicity
measured at the instrumented tower of Monte San Sal-
vatore is 2.8, with a 39% occurrence of flashes with a
single stroke [12]. Indirect records gathered across
regions of various climes revealed median multiplic-
ities ranging from 3 to 5 and percentages of single-
stroke flashes between 14% and 21% [23]. However,
the storm characteristics could influence such values,
particularly with reduced sample sizes [24, 25]. Thus,
the adoption of a huge amount of LLS data to estimate
the negative flash multiplicity may mitigate this prob-
lem. LLS data typically yields markedly lower flash
multiplicity values with respect to direct tower mea-
surements [18, 26], likely due to potential failures in
detecting subsequent return strokes with small peak
current. Since the choice of the negative flash mul-
tiplicity PDF has been found to produce considerable
effects on the expected number of flash-overs per year
[11], a reliable estimation of such a parameter would
contribute to improving the LP evaluation.

4. Distance between ground terminations of negative
flashes: optical observations reported in [22] revealed
that most subsequent stroke terminations are within 2
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Table 3 Test cases for the assessment of the LP. The GFD is assumed to be unitary. In the second column, the acronyms ‘nf’, ‘ns’
and ‘p’ refer to negative first, negative subsequent and positive return strokes, respectively. Front duration PDFs and correlation coef-
ficients with the peak current, as well as the PDF of the peak current for positive and negative first return strokes, are always assumed

from the literature.

Case # Return stroke  Neg. subsequent Neg. flash Neg. flash ground Flash polarity
types strokes / PDF multiplicity PDF  terminations dist. PDF  prob. (a,, a;)
Al nf-ns Conventional Conventional - -
A2 nf-ns Conventional LLS-inferred - -
A3 nf-ns LLS-inferred Conventional - -
A4 nf-ns LLS-inferred LLS-inferred - -
B1 nf-ns Conventional Conventional Conventional -
B2 nf-ns Conventional LLS-inferred Conventional -
B3 nf-ns LLS-inferred Conventional Conventional -
B4 nf-ns LLS-inferred LLS-inferred Conventional -
BS nf-ns Conventional Conventional LLS-inferred -
B6 nf-ns Conventional LLS-inferred LLS-inferred -
B7 nf-ns LLS-inferred Conventional LLS-inferred -
B8 nf-ns LLS-inferred LLS-inferred LLS-inferred -
Cl nf-ns-p Conventional Conventional Conventional Conventional
C2 nf-ns-p Conventional LLS-inferred Conventional Conventional
C3 nf-ns-p LLS-inferred Conventional Conventional Conventional
C4 nf-ns-p LLS-inferred LLS-inferred Conventional Conventional
C5 nf-ns-p Conventional Conventional LLS-inferred Conventional
Co6 nf-ns-p Conventional LLS-inferred LLS-inferred Conventional
C7 nf-ns-p LLS-inferred Conventional LLS-inferred Conventional
C8 nf-ns-p LLS-inferred LLS-inferred LLS-inferred Conventional
Cc9 nf-ns-p Conventional Conventional Conventional LLS-inferred
C10 nf-ns-p Conventional LLS-inferred Conventional LLS-inferred
Cl1 nf-ns-p LLS-inferred Conventional Conventional LLS-inferred
C12 nf-ns-p LLS-inferred LLS-inferred Conventional LLS-inferred
C13 nf-ns-p Conventional Conventional LLS-inferred LLS-inferred
Cl4 nf-ns-p Conventional LLS-inferred LLS-inferred LLS-inferred
C15 nf-ns-p LLS-inferred Conventional LLS-inferred LLS-inferred
Cl16 nf-ns-p LLS-inferred LLS-inferred LLS-inferred LLS-inferred

km from the first stroke termination. The log-normal
distribution parameters extrapolated from the mea-
surements of [22] and the Ttalian LLS data [18] are
almost the same.

5. Probability of flash polarity: a common assumption
in application considers that 90% of total lightning
are of negative polarity, leading to set a, = 0.90 and
ap = 0.10 [10, 16]. However, the LLS data analysis
reported in [18] revealed a larger occurrence of posi-
tive flashes (18%) .

6. Ground Flash Density (GFD) N,: reliable estimation
of N, holds significance as it directly influences the
count of annual flash-overs (F). N, = 1.78 flashes
km~2 yr~! resulted from the 10-year LLS data anal-
ysis of [18], accounting for the whole extension of
Italy. According to the IEEE Std. 1410 [1], meth-
ods based on satellite measurements, such as the Op-
tical Transient Detector flash density (&) [27], may
yield alternative estimates in the absence of local LLS
data. Since N, accounts for both ground and cloud
discharges, it is suggested to approximate the GFD
as N, = N, /3 [1]. Thus, for the sake of comparison, if
the availability of LLS data is not considered, for Italy
N, = 9.00 flashes km 2 yr_1 [27]; hence, N, = 3.00
flashes km~2 yr~! may be an approximation of the

GFD.

4 Results

According to the considerations on LLS data availability
and accuracy discussed in the previous sections, different
combinations of lightning parameters and distributions are
considered with the aim of assessing the impact of the use
of local data from LLSs on the LP evaluation (Table 3).
Cases Al, Bl and C1 are the benchmarks (only conven-
tional parameters and PDFs). The effects produced by
the progressive replacement of parameters and PDFs from
conventional to LLS-inferred are studied.

Multi-stroke negative flashes are simulated in Cases Al-
A4 by disregarding multiple ground terminations and as-
suming the first stroke striking point for all the strokes of
the same flash. The distribution of ground terminations
distance of negative flashes is introduced from Case B1.
Finally, from Case C1 also the presence of positive strokes
is considered.

The expected number of flash-overs per year F is com-
puted as a function of the line CFO (which ranges between
50 kV and 250 kV) and shown in Figure 2. From panel
(a), which depicts Cases Al-A4, it can be observed that
when the negative flash multiplicity PDF is assumed from

629



1 1 1
OO T, Bl ——B3 SR RS B5S ——B7
081 "----B2 ---—B4 081 ™-—- B6 —--—B8
o e & 0.6 Do
06 ».\.“ ) 051 T
E/ 0.4k rmm E/ 0.4 reo.
0.2 T 0.2 i
0 0 0
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
CFO (kV) CFO (kV) CFO (kV)
(a) (b) (¢)
1 1 1 1
A — c13 ——Cl5
0.8 ™ 0.8 0.8 - ===C14 === C16
=06 =706 0,6 e
[ - e T T TN N O 0 i 7 e,
Nis e 23 N
& 0.4 p & 04 K 0.4 b SUN
0.2 0.2 0.2 B T
0 0 0 0
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
CFO (kV) CFO (kV) CFO (kV) CFO (kV)
() (e) 6 (@

Figure 2 LP assessment results: expected number of flash-overs per year with N, = 1 flash km~2 yr—! against the line CFO. Case

details in Table 3.

LLS data (Cases A2 and A4) instead of the standard one
[1] (Cases Al and A3), a lower F is estimated. On the
other hand, the use of the LLS-inferred distribution of neg-
ative subsequent strokes results in an enhancement of F,
appreciable with both the conventional multiplicity PDF
(Case A3 vs Case Al) and the LLS-derived multiplicity
PDF (Case A4 vs Case A2).

The log-normal distribution of the distance between
ground terminations of negative flashes is considered in all
the B Cases. Cases B1-B4 replicate Cases A1-A4 includ-
ing the conventional PDF, whereas Cases B5-BS8 replicate
Cases Al1-A4 including the LLS-inferred PDF, as shown
in panels (b) and (c), respectively. Comparing the corre-
sponding curves of panels (b) and (c), no significant vari-
ations are observed, since the two distributions are very
close to each other. However, in accordance to what has
been reported in [11], with a relevant flash multiplicity
(i.e., the conventional log-normal [1]: M = 3.4, 0}, =
0.96), higher values of F are observed when the ground ter-
minations distance PDF is considered, as appears by com-
paring Cases B1 (B5) and B3 (B7) with Cases Al and A3,
respectively.

Curves of panels (d)-(g) are computed accounting for pos-
itive strokes, too. Cases C1-C8 replicate Cases B1-B8
including the conventional PDF whereas Cases C9-C16
replicate Cases B1-B8 including the LLS-inferred PDF.
The occurrence of positive flashes resulting from the LLS
data analysis [18] is 1.8 times the typical value [10, 16].
Nevertheless, with any negative flash multiplicity PDF,
comparable results are obtained with the conventional flash
polarity probability and with that extrapolated from LLS
data. As discussed in [11], the effect produced by the in-
clusion of positive strokes in the LP is influenced by the
selection of the distribution for the negative flash multi-

plicity. When the standard multiplicity PDF [1] is as-
sumed, no substantial variations can be observed by com-
paring the corresponding curves with and without positive
strokes, i.c., Cases C1 (C3), C5 (C7), C9 (C11) and C13
(C15) with Cases B1, B3, B5 and B7, respectively. On
the other hand, when the LLS-inferred multiplicity PDF
(M =0.8, 0j, = 1.2) [18] is assumed, the inclusion of pos-
itive strokes leads to a slight increase of F, as can be seen
by comparing Cases C2 (C4), C6 (C8), C10(C12) and C14
(C16) with Cases B2, B4, B6 and B8, respectively.

In conclusion, the estimated annual counts of flash-overs
per year depicted in Figure 2 are expressed assuming N, =
1 flash km~2 yr~'. However, such values should be ad-
justed in accordance with the specific GFD. In the context
of Italy, with the assumption of no availability of local LLS
data, an estimation of the GFD as N, = 3.00 flashes km—2
yr~! can be obtained according to the IEEE Std. 1410 rec-
ommendations [1]. However, the LLS data analysis con-
ducted in [18] yielded N, = 1.78 flashes km~—2 y1r*l (i.e.,
a 0.6 times lower value). This discrepancy implies a de-
crease of a factor 0.6 in the estimated F', when employing
the same distribution scheme for lightning parameters.

5 Conclusion

This contribution has discussed the Lightning Performance
(LP) evaluation of a distribution network in Italy including
probability distributions of lightning parameters extrapo-
lated from national Lightning Location System (LLS) data.
Different types of return strokes and multiple ground ter-
minations within a flash have been considered in the anal-
ysis. The effects on the annual counts of flash-overs (F)
produced by the replacement (when possible and justified)
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of conventional distributions of lightning parameters with
LLS-inferred distributions have been studied. Employing
the negative subsequent stroke channel-base peak current
distribution extrapolated from LLS data resulted in an ap-
preciable higher value of F' with respect to the benchmark
distribution (provided by tower measurement campaigns).
On the other hand, when the distribution of negative flash
multiplicity is inferred from LLS data in place of that given
by direct measurements, a reduction of the estimated F has
been obtained. Considering the distribution of the distance
of negative flash ground terminations produced a signif-
icant increase of F'; however, the similarity between the
LLS-inferred distribution and the conventional distribution
led to comparable results. With the inclusion of positive
strokes in the LP assessment, although the LLS recorded
almost double the percentage of positive flashes compared
to the conventional one, no noteworthy variations in the an-
nual count of flash-overs have been observed. The findings
of this paper underscore the potential utility of LLSs in en-
hancing the assessment of the LP of distribution networks.
Consequently, additional efforts in improving and validat-
ing the use of LLS data to estimate lightning parameters
would be desirable, with a particular focus on the negative
first stroke channel-base peak current.
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