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Abstract. Lightning strikes near Medium Voltage (MYV)
electricity distribution lines cause voltage transients to be
induced onto the conductors of the power lines. The resultant
Lightning Induced Overvoltage (LIOV) on the phase
conductors may be estimated using computer models or
measurements. Models and measurements are mostly limited to
short floating lines to simplify calculations and to ensure
accurate results that can be easily compared between different
models. Existing measurement methods cannot be used to
distinguish between nearby lightning and direct lightning
strikes to an operational MV network by using only one
instrument on a line that is more than 100 km long. The
instrument needs to be less than a hundred meters from where
the LIOV amplitude on the line is the highest. The new method
described in this paper allows one to distinguish between
nearby and direct lightning strikes to the line; by comparing the
polarity of the current transient recorded at the substation to
the lightning return-stroke polarity obtained from a lightning
detection network. The new method also allows one to
determine whether the LIOV of a particular lightning transient
exceeded the Basic Insulation Level (BIL) of the line, by
observing the power frequency fault current. The new method
was applied to an operational 714 km network operating at 22
kV, and the results were compared with predictions in IEEE
Std 1410-2010. Significantly fewer line faults due to nearby
lightning were observed than predicted; the reason for this is
explained.

Index Terms—Basic Insulation Level (BIL), lightning coupling
model, line lightning performance, line flashover rate,
Lightning Induced Overvoltage (LIOV), Lightning Generated
Current (LGC), Lightning Detection Network (LDN).
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I. INTRODUCTION

Asigniﬁcant number of flashovers can be experienced on
an MV line due to LIOVs caused by nearby lightning,

especially if the line BIL is low and the soil resistivity
is high [1]. Line faults during a lightning storm can be due to
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direct lightning strikes to the line, nearby lightning and other
elements in the lightning storm such as moisture and wind.
The line faults in each of these categories required different
mitigation interventions.

Numerous lightning channel models [2] [3] and lightning
coupling models that describe the electromagnetic coupling
between the lightning channel and the line are available. The
main purpose of these models is to calculate the LIOV on the
line at the position closest to the earth-termination point of
nearby lightning, i.e., where the amplitude is normally the
highest. The second purpose is to calculate the LIOV along
a short line. The models break the line and lightning channel
into small sections (dipoles) and then calculate the coupling
between each section of the lightning channel and the line.
The total LIOV on each section of the line is then calculated.
Data needed for the model includes the lightning channel
tortuosity, the distance between the lightning channel and the
line, the changing soil properties and other line parameters
that are generally difficult to obtain. Line lengths that were
used for comparing models and measurements were a few
hundred meters. The method cannot be reliably applied to
long operational lines. Results from these models were
published in the IEEE Std 1410-2010 [4] in a format that can
be used to estimate the lightning performance of long
operational lines. The accuracy of these models for long
operational lines was not verified by measurement.

The polarity of the LIOV has the same polarity as the
return-stroke current for direct lightning strikes to the line
and, due to the finite soil conductivity, the opposite polarity
for nearby lightning (this applies for the LIOV measured
further than 250 m from the nearby lightning earth-
termination point). This can be used to distinguish between
direct lightning strikes to the line and nearby lightning. The
charge that is transferred from the cloud to the line by the
return-stroke generates a LIOV as well as a LGC on the line.
The LGC, which is a common-mode current on the MV line,
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is more reliable and easily distinguishable in the measured
data than the LIOV. The polarity of the LGC measured at the
feeder substation was therefore used for comparison with the
return-stroke current polarity captured by the LDN. A power
frequency fault current would indicate whether the amplitude
of the LIOV exceeded the BIL of the line, and hence whether
a line flashover resulted. The LGC polarity was therefore
used to determine whether the lightning was nearby lightning
or whether it was a direct strike to the line, and the presence
of power frequency fault current was used to determine
whether the LIOV amplitude exceeded the BIL of the line.
The limitation of this method is that the feeder substation
measurement point needs to be further than 250 m from the
nearby lightning channel earth-termination point.

The research reported in this paper was done on a 714 km
unshielded overhead distribution network operating at 22 kV
in the Free State Province of the Republic of South Africa.
The 714 km includes branches of the network. There were
234 pole-mounted transformers (each one fitted with surge
arresters) connected to the MV line. The average lightning
Ground Flash Density (GFD) was 11.9 flashes/km?/year
during the year that the measurements were made. The
average soil resistivity along the line was approximately
300 Q-m. The terrain consisted mostly of flat grasslands. A
continuous-sampling logger (recorder) was installed at the
feeder substation where the voltage and common-mode
current were recorded. A similar logger was installed in the
middle of the line as a reference — see Fig 1. Both these
loggers had a 400 kHz sampling frequency, were GPS time-
stamped and the time correlation between the logger data and
the LDN data was within 10 ms.

Section II shows the results of previous research to
distinguish between nearby and direct lightning strikes to
operational lines. Section III describes the methodology and
procedures followed in the research. The results will then be
analyzed, normalized and compared to the IEEE Std 1410-
2010.

GFD map — RVZ feeder (2018-07-01 to 2019-06-30)

T p——
T [——
| YR

9to 11 (140)

Tto 9 (77)
5t0 7 (26)

Bl e o

Substatio

LYRVILLE S/STH
= Loggers

0 75 15

15 Kilometers

Fig 1 The two installed loggers (recorders) as well as the GFD
in a 1 km buffer around the test line.
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II. PREVIOUS WORK PERFORMED TO DISTINGUISH BETWEEN
NEARBY LIGHTNING AND DIRECT LIGHTNING STRIKES TO AN
MV LINE

A. Previous Research

Much work has been performed by several researchers to
study the LIOV amplitude due to nearby lightning for MV
lines. The two methods that are normally used are
measurements [5] and computational models. These
provided results for short floating lines (< 2.8 km). The
LIOV was measured as close as possible to the nearby
lightning earth-termination point since the LIOV waveform
gets attenuated and distorted as it propagates along the line.

The models [6] [7] require an accurate estimate of the
distance between the line and the earth-termination point.
The earth-termination point was determined by either a
camera triggered by the lightning [8] or the GPS coordinates
of a rocket launcher [9] that triggered the lightning. Some
information such as the lightning return-stroke peak current
amplitude can be obtained from the LDN. The soil properties
that affect the LIOV amplitude and polarity are mostly
unknown and make modelling difficult [10]. The lightning
channel properties and tortuosity are also needed in the
lightning coupling models. These parameters are generally
not known and are approximated by lightning channel
models [2].

The lightning performance of a 15 kV operational line in
Italy was measured over one year [11]. The circuit breaker
operations were linked to LDN lightning data. LIOV-EMTP
was used to compute the LIOV on the line due to the
identified nearby lightning that could possibly cause a line
flashover. Three different methods were proposed to
correlate the LIOVs that caused line flashovers with
lightning strikes which revealed three significantly different
results. The data was also not in a format to compare with the
estimated (using the IEEE Std 1410-2010 method) lightning
performance of the line.

Research done by the Council for Scientific and Industrial
Research (CSIR) in South Africa [12] used a camera to
determine the nearby lightning earth-termination point and
stated that the polarity of the LIOV will be opposite to the
lightning return-stroke current polarity for nearby lightning
and the same polarity for direct lightning strikes to the line.
At that time no details about the lightning return-stroke peak
current or polarity were known.

Similar research was done on a 156 km line built with a
300 kV BIL [13]. The insulators had a 170 kV BIL and were
in series with a wood-gap to increase the line BIL to 300 kV,
but poles with stay wires reduced the actual line BIL. It is
important to note that no flashover due to nearby lightning
was recorded over the eight-year measurement period. The
results of the eight-year measurement period are shown in
Table I below. The line faults were categorized in a format
that distinguish whether it was caused by nearby lightning or
direct lightning strikes to the line.

The IEEE Std 1410-2010 [4] is a guide for the prediction
of the number of faults per year for different BILs due to
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nearby lightning and direct lightning strikes to the line. The
predictions are based on the predicted flashover rate of a
floating conductor — which is the worst-case scenario. The
effect of surge arresters, soil resistivity [14], conductor
height and earthing configurations are also shown. However,
the predicted lightning performance due to nearby lightning
and direct lightning strikes to a long operational line has
never been verified with actual measurements.

III. METHODS AND PROCEDURES

Previous research could determine the LIOV amplitude
and polarity by either measurement or calculation on short
floating lines. Simulation inputs needed included the BIL of
the line, soil resistivity, distance between the nearby
lightning earth-termination point and the line as well as the
lightning flash information (from the LDN). These had to be
known or assumed for the long operational line that was used
for the research.

TABLE |
LINE FAULT CATEGORIES AS DEFINED IN PREVIOUS RESEARCH [3]
Nearby lightning (11929

Direct lightning flashes within 1 km
buffer)
Phase- Single- Faults
Year phase phase | quenched | Phase- | Single- | Did not
ending faults faults before | phase | phase | cause
February | (breaker | (breaker | breaker | faults | faults | flashover
operation) | operation) | operation
2009 15 0 18 0 0 1603
2010 34 9 9 0 0 2062
2011 30 2 28 0 0 1983
2012 26 3 14 0 0 2471
2013 14 0 22 0 0 1091
2014 7 1 11 0 0 887
2015 4 0 6 0 0 1087
2016 9 0 4 0 0 745
Annual 17.4 1.9 14 0 0 1491
average Direct lightning = 33.3 Nearby lightning = 1491

The cost and effort to install loggers (recorders) and
cameras along a long operational line of several 100 km
(including branches) to distinguish between nearby lightning
and direct lightning strikes to the line as well as to measure
the LIOV amplitudes are high. A new method had to be
formulated to distinguish reliably between nearby lightning
and direct lightning strikes to the line as well as to determine
whether the BIL of the line was exceeded.

A. Method to distinguish between nearby lightning and
direct lightning strikes to the line

Most LIOV waveforms are bipolar [15] (i.e. they consist
of both positive and negative half-cycles), but for this
research the polarity of the first half-cycle of the LIOV
oscillation was of interest. A direct lightning strike to the line
will cause a LIOV (that can be several megavolts in
magnitude [16]) and a LGC measured at the feeder
substation, both of which have the same polarity as the
lightning return-stroke current. If nearby lightning is closer
than 60 m to a 10 m high conductor, the lightning is assumed
to terminate on the line and hence is considered to be a direct

lightning strike to the line according to IEEE Std 1410-2010.
The transient magnetic field generated by nearby lightning
generates an electric field that can be resolved into a
horizontal electric field component and a vertical electric
field component for modelling purposes. The vertical and
horizontal electrical field components induce voltages and
currents with the same polarity as the lightning return-stroke
current if the soil conductivity is infinite. If the soil
conductivity is finite, the current through the soil generates a
horizontal electric field component of opposite polarity to the
lightning return-stroke current and this becomes dominant
after about 250 m along the line. Measurements and
calculations of the polarity of the LIOV and LGC further
than 250 m from the nearby lightning earth-termination point
showed that the induced voltage and current on the line are
of opposite polarity to the nearby lightning return-stroke
current.

The Alternative FElectromagnetic Transient Program
(ATP-EMTP) lightning model [17] based on the
Transmission Line (TL) return-stroke model [18] and the
Agrawal model [19] estimates the LIOV amplitude and
polarity accurately up to 3 km from the nearby lightning
earth-termination point. This model was then extended to
include part of a long operational line. However, for this
research only the polarity of the LIOV and LGC were of
interest.

Fig. 2 shows a simulation of a 15 km line using the ATP-
EMTP model, without any equipment associated with an
operational line. The first curve (red) shows the LIOV on the
section of line closest to the nearby lightning strike earth-
termination point. Curves 2 to 6 show the LIOV amplitude
and polarity along the line between 150 m and 15 km from
the section of line closest to the nearby lighting strike earth-
termination point. It was noticed that at distances beyond
250 m the LIOV on the line changed polarity. This agrees
with simulations done with the Extended Rusck Model
(ERM) [20] as shown in Fig. 3 as well as with the LIOV-
ATP model [21]. These polarity changes were also
confirmed by measurements [22] [5]. Fig. 4 shows a
simulation using the ATP-EMTP model that was extended
with part of the line having equipment associated with an
operational line. Oscillations can be seen on the LGC close
to the nearby lightning, but although the LGC was attenuated
and distorted the polarity of the LGC was still of opposite
polarity to the lightning return-stroke current at more than
250 m from the earth-termination point of the nearby
lightning strike.

It can be concluded that nearby lightning will cause a
LIOV and LGC on the line with opposite polarity compared
to the nearby lightning return-stroke current. This same
behavior can also be seen in calculations performed by Leal
et al [23] and measurements performed by Yokoyama et al
[5]. Only one nearby lightning event in the research
presented in this paper was closer than 250 m from the feeder
substation where the measurements were made.
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Fig. 2 The LIOV at various distances along a line, X, estimated
using the extended ATP-EMTP model for a +30 kA lightning strike 100 m
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Fig. 3 The LIOV at various distances along the line, x, estimated
using the ERM model [20]
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Fig. 4 LGC estimated using the ATP-EMTP model that
was extended to include part of the long line and includes
the equipment connected to the line (line not floating).

The line’s surge impedance was 350 Q. For a direct
lightning strike, a lightning return-stroke current in excess of
1714 A is expected to cause the LIOV to exceed a line BIL
of 300 kV. The LIOV and LGC of a negative nearby
lightning return stroke current (-61 kA in Fig. 5) and positive
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nearby lightning return-stroke current (+59 kA in Fig. 6)
were measured at the feeder substation. In both cases the
LIOV was attenuated to a point where it was not visible. In
contrast, the LGC was clearly visible and was of opposite
polarity to the nearby lightning return-stroke current. A
simulation of the +59 kA nearby lightning event using the
ATP-EMTP model (that was extended to include the line up
to the feeder substation) confirmed the observation that the
LIOV attenuated to almost zero while the LGC was clearly
visible at the feeder substation (compare Fig. 6 to Fig. 7)
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Fig. 5 Nearby lightning with a peak return-stroke current of -61 kA caused
a positive LGC.

Lightning terminating 60 m from the line with a peak
return-stroke current of -9 kA would have caused a LIOV of
less than 69 kV and would not have caused flashover on a
line with a BIL larger than 150 kV. Fig. 8 shows that the
-9 kA lightning event caused a line flashover and can
therefore be classified as a direct lightning strike to the line.
For this case the LGC had the same polarity as the lightning
return-stroke polarity.
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Fig. 7 A simulation using ATP-EMTP that was extended to include the
line up to the feeder substation for the lightning event shown in Fig. 6. The
LIOV attenuated to almost zero at the substation, while the LGC can still
be clearly seen. C3 and V3 are the LGC and LIOV respectively measured
at the feeder substation.

The geographical inaccuracy [24] of the LDN was too
large to determine whether the LIOV due to nearby lightning
exceeded the line BIL. However, it is a clear indication that
the line BIL was exceeded if the LGC was followed by a
power frequency fault current.
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Fig. 8 A negative LIOV and LGC caused by a -9 kA
direct lightning strike to the line.

Fig. 9 shows a typical example of a recording of the fault
current and the breaker operation. Fig. 10 zooms into where
the LIOV caused an insulation failure and resulted in a 50 Hz
fault current between the white and red phases. The polarity
of both the LIOV and the LGC was negative. The polarity of
the lightning return-stroke current (shown in Fig. 11) was
also negative, which indicates a direct lightning strike to the
line. This direct lightning strike caused a phase-phase fault,
resulting in a circuit breaker operation and was tabled in the
yellow block in Table II1.

The first stroke in the flash that caused a line flashover was
used to represent the lightning return-stroke current polarity
and clasification (nearby or direct). Should the LDN not
detect this stroke, the complete flash was classified as “not
detected by the LDN” because the polarity of the return-
stroke current of this undetected lightning strike was not
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known (the blue line in Table III).

A. Measurement method

A logger that sampled continuously at 400 kHz was
installed at the feeder substation. The power frequency
voltages and currents were measured, as well as the LIOVs
and LGCs. The common-mode LGCs were calculated using
the three phase currents. The recordings were GPS time-
stamped and the time correlation with the LDN was within
10 ms. Each recorded lightning event could be correlated
with the particular lightning stroke within a flash, as shown
in Fig. 12 and Fig. 13.

The logger was configured to vary the sampling rate
according to the rate of change in the voltage and current.
The logger would then increase the sampling rate to a
maximum of 400 kHz only when lightning activity (high
frequency current and voltage components) was present.
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in circuit breaker operation.
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B. The actual BIL of an MV line

It is necessary to determine the actual BIL of the line for
comparison with the IEEE Std 1410-2010 data. Many MV
lines have a BIL that varies along the line. The BIL at mid-
span to earth is normally larger than 1 MV. Depending on
the insulation coordination philosophy adopted, the
insulation level at the poles varies between that of the
insulator only (on a fully bonded and earthed pole) and
several MV for a fully insulated wood pole structure. The
line in this research had 150 kV BIL insulators and was
mostly built according to a 300 kV BIL insulation
coordination philosophy. Fig. 14 shows a typical
intermediate pole-top with a 300 kV BIL. At poles where
equipment was installed and where stays were attached to the
poles (strainer poles), the effective BIL of the line dropped
to that of the insulator only (150 kV).

Stays were installed at least every kilometer on the line,
lowering the line BIL to 150 kV at these poles. An example
is shown in Fig. 15. A LIOV with sufficient amplitude would
cause a line flashover at this point even if the nearby
lightning was closer to a pole further away with a 300 kV
BIL. The highest actual BIL in the section between the
strainer poles was simulated using ATP and was found to be
176 kV and 206 kV with a surge arrester far away (4 km) and
nearby (700 m) respectively. The effective BIL in the middle
of the section was about 300 kV if there were surge arresters
at the strainer poles.

For the purpose of this research, each nearby lightning
event that caused a line flashover (insulation failure) was
investigated and the BIL at that point was calculated. The
complete line was divided into sections and an average BIL
for the line was calculated to be 165 kV.

The recorded LIOVs and LGCs were compared to the
LDN data. For a match (within 10 ms) between the
recordings and the LDN data, the polarity of the return-stroke
current, the LIOV and the LGC were used to classify the
lightning event as either nearby lightning or a direct lightning
strike to the line. If a fault occurred during a lightning storm,
but was not due to lightning, the fault was classified as a
weather-related fault. In this case the fault was likely due to
moisture or wind that caused an insulation failure. Faults that
occurred outside the lightning storm was classified as
“other”.

Each fault was classified as a phase-earth fault, as a phase-
phase fault or — if it turned out that way — to be a “no fault”.
Lastly the faults were categorized as either being cleared by
circuit breaker operation or being quenched before circuit
breaker operation. The BIL of the line was verified in cases
where a fault occurred due to nearby lightning and in cases
where a direct lightning strike to the line did not cause an
insulation failure.

Fig. 14 A typical intermediate pole-top of the MV line. Note the wood-
gap at the bottom to increase the pole’s BIL. Some damage due
to lightning is visible on the wood surface.

N

Fig. 15 The stay wires reduce the BIL of the line at strainer poles.

IV. LIGHTNING STATISTICS

The measurements were performed between 1 July 2018
and 30 June 2019. Lightning details during this period as
captured by the LDN are shown in Table II. A total of 15 135
lightning flashes (45 861 lightning strokes) that terminated
within 1 km from the line were recorded by the LDN. The
average  lightning  ground  flash  density = was
11.9 flashes/km?/year. More information on the lightning
flashes over the one-year period is shown in Table II.

TABLEII
LIGHTNING FLASHES FROM 1 JULY 2018 TO 30 JUNE 2019
Asset name Count | Count- | Count+ |% positive|Density
RVZ line 15135 | 13817 1318 8.7 11.9

Max kA |Avg kA |MdnkA| Exp Fact | Min kA - |[Max kA +|Avg kA -
175 18 15 208.54 0 175 17

Mdn kA -|Min kA + Max kA + Avg KA +|Mdn kA +
15 10 165 19 10
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V. RESULTS

A. Measurements

The lightning performance of the line was worse than
predicted by the IEEE Std. 1410-2010. There were 89
thunder days, which caused a total of 381 lightning-related
insulation failures. These resulted in only 279 circuit breaker
operations, with the remaining 102 flashovers resulting in arc
quenching before circuit breaker operation could occur. This
underestimates the number of lightning-related insulation
failures if protection operation was compared with the LDN
data to identify the lightning-related faults [11]. There were
264 three-phase lightning-related faults and 117 single-phase
lightning-related faults, which differ with [25] and [26] that
estimated that between 50% and 80% of the faults would be
single-phase faults. Table III shows that a large number of
faults were due to direct lightning strikes to the line that tend
to cause three-phase faults.

There were only four nearby lightning events that caused
a line flashover. This finding agrees with [12] that measured
a maximum LIOV amplitude of 160 kV and 40 kV for a
floating line and an operational line with surge arresters
installed, respectively, and estimated that flashovers due to
nearby lightning for operational MV lines are rare. The
flashover between phases occurred in a section where the
line BIL was 162 kV while the single phase to earth
flashovers occurred where the line BIL was 165 kV, 189 kV
and 150 kV respectively. Previous research [13] where no
faults due to nearby lightning were recorded was performed
on a new line, while in this research the RVZ line was more
than 30 years old, such that the age-degraded insulators could
cause faults for nearby lightning. Insulators as shown in
Fig. 16 that failed due to under-flashes were found in the
vicinity of these four cases.

Five direct lightning strikes to the line (red block in
Table III) did not result in any insulation failure. This was
due to surge arresters very close to the lightning stroke
termination point. This was also experienced by [27].

There were fifteen lightning flashes where the LDN did
not detect the first strokes that caused a line flashover, these
recordings were ignored (blue row in Table III). A total of
24% of the faults that occurred during lightning storms were
not due to lightning, but postulated to be due to other
elements within the storm such as wind and moisture. Other
faults accounted for 118 events (17.6%)

Fig. 16 Insulators with under-flash failures. The upper insulator was still
functional during dry conditions.
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VI. COMPARISON BETWEEN THE ABOVE MEASUREMENTS
AND IEEE STD. 1410-2010 DATA.

A. Faults caused by nearby lightning

The main purpose of this research was to find a way to
distinguish between nearby lightning and direct lightning
strikes to a line and hence to determine the line’s
performance due to nearby lightning. The result was then
compared with the IEEE Std 1410-2010 data for the
estimated number of line flashovers. Measured flashovers
due to nearby lightning were normalized to a ground-flash
density of 1 ground-flash/km*year for comparison with the
IEEE Std 1410-2010 data for a soil resistivity of a 100 Q-m.
A total of four line flashovers due to nearby lightning were
measured while the IEEE data estimated 85 flashovers for
this 714 km line with a 166 kV BIL and lightning ground-
flash density of 11.9 ground-flashes/km?/year.

TABLE III
LINE FAULT CATEGORIES
Breaker| Quen- | No |Lightning| Weather
LINE FAULTS Tripped| ched | fault| related | related Other Total
Direct
Flash 206 57 »
Phase-| Nearby 0 1
to- flash
phase Weather 0
faults 44 34 78
related
Other 31 27 58
Direct 5
flash 73 41 .
Single Nearby 0 3
phase flash 260
faults | Weather 45 38 33
related
Other 31 29 60
Not detected by
the LDN K 5 9
Total 439 236 5 396 161 118 | 660

According to the IEEE Std 1410-2010, surge arresters will
decrease the number of faults due to nearby lightning if surge
arresters are closer than 600 m from each other. The average
surge arrester spacing on the RVZ line was 3051 m. The
general effect of surge arresters was therefore neglected, it
was only considered for determining the actual BIL of the
line. The comparison could only be done between 150 kV
BIL and 200 kV BIL due to the line BIL limitations. Fig. 17
shows that the number of flashovers/100 km/year during the
research period on the operational line was 21.3 times less
than predicted by the IEEE Std 1410-2010 data for a floating
line.
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Flashovers due to nearby lightning
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Fig. 17 Comparison between the predicted MV line performance
and the IEEE Std 1410-2010 data.

B. Faults caused by direct lightning strikes to the line

According to IEEE Std 1410-2010 data [4], 99% of the
direct lightning strikes to the line will cause a flashover. This
agrees with this research, that showed a 98.7% flashover rate
due to direct lightning strikes to the line. The estimated
number (N) of direct lightning flashes to the line can be
calculated from the lightning ground-flash density (N,), the
line height (h) and line width (b):

28h°-6+b)

N=N9( 10

(M

The number of direct lightning flashes to the line was
predicted using Equation (1) and was found to be 135 direct
flashes/100 km/year, while the measured number of direct
lightning flashes (381 to a 714km line) was 53
flashes/100 km/year. A further fifteen lightning events that
appeared to be direct flashes to the line were recorded but
were ignored as they could not be confirmed by the LDN (the
LDN did not detect these lightning flashes). A methodology
that used circuit breaker operation [11] to identify faults
could have missed 98 faults due to direct lightning flashes to
the line because of faults that quenched before circuit breaker
operation.

In general, it can be concluded that the line attracted fewer
direct lightning strikes to the line than predicted.

C. Permanent fault categories on the line

Fig. 18 shows the different permanent fault categories that
caused outages on the MV line. Maintenance staff reported
that 80% of equipment failures were experienced during
lightning storms.

RVZ count of Root Causes July 2018 to June 2019
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Fig. 18 Fault categories on the MV line studied during the measurement
period.

VII. RECOMMENDATIONS

The lightning performance of other operational MV lines
could be determined using the new method described in this
research. A large difference between the estimated and actual
performance of the operational line for nearby lightning was
found. It is important to measure the actual lightning
performance of operational MV lines, as atmospheric and
environmental conditions may cause significant lightning
performance deviation from predictions.

The floating-conductor scenario to estimate the nearby
lightning performance of operational MV lines could
introduce a large overestimation of the number of line
flashovers due to nearby lightning along an operational line.
This may lead to a line BIL overdesign. A higher BIL would
cause higher stresses on equipment attached to the line due
to a higher LIOV amplitude.

Insulators and surge arresters should be monitored, as their
condition can compromise the line’s lightning performance
significantly — up to 24% in this case.

The research showed that the effective BIL of the line was
reduced by equipment and stays. MV line designers need to
take this into account when they estimate the nearby
lightning performance of the line.

As 58% of the flashovers and about 80% of the equipment
failures were due to lightning, more attention should be given
to designs that protect the line and equipment against
lightning. Equipment failures can be reduced if the surge
amplitudes due to direct lightning strikes to the line are
limited by flashover from the line directly to earth instead of
through wood, fuses or surge arresters.

VIII. SUMMARY

Existing methods give only a rough estimate of the
lightning performance for long operational MV lines. Some
LIOV measurements have been made on operational MV
lines [11], but they could not determine the LIOV reliably
and were not in a format for comparison with the computed
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estimations [4]. A new methodology has been developed to
distinguish reliably between nearby lightning and direct
lightning strikes to long operational lines. The predicted
lightning performance of future operational lines is required
for insulation design purposes.

The finite soil conductivity that made modeling of the
LIOV difficult, was used to simplify the classification of
lightning events as either nearby lightning or a direct
lightning strike to the line. This eliminates the need for a
large number of cameras to distinguish between nearby and
direct lightning.

The new method makes it possible to measure the
lightning performance of a long operational MV line without
accurate information about the lightning return-stroke
channel, the line properties, the distance of the lightning
earth-termination point from the line, variable soil resistivity
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