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ABSTRACT

The lightning performance of a Medium Voltage (MV) line needs to be divided into two categories:
lightning performance due to nearby lightning and direct lightning strikes. A better nearby lightning
performance requires a higher Basic Insulation Level (BIL) while the direct lightning performance
requires a lower BIL to minimize equipment failure. The electromagnetic coupling models for
calculating the Lightning Induced Overvoltage (LIOV) on a line are complicated and reliant on
accurate input data. Therefore, short floating lines (< 3 km) were used to calculate the line’s lightning
performance. The models were then verified with LIOV measurements on these short floating lines
and the results were normalized to estimate the lightning performance of long operational lines. These
estimations for long lines could never be verified due to the complexity of calculations and the cost

and logistics of equipment to do measurements on long operational lines.

A new methodology to measure the lightning performance of a long operational line was developed
and verified. The obstacles such as the long line length, the changing soil resistivity, the lightning
channel properties and the rapid attenuation of the LIOV along the energized line have been used as
an advantage in the new method. The finite soil conductivity was used as an advantage to distinguish
between nearby lightning and direct lightning strikes while the power frequency current was used to
determine whether the LIOV exceeded the line BIL and caused a line fault.

An existing electromagnetic coupling computer model, the ATP-EMTP, was verified with the
existing ERM using the same input data. The ATP-EMTP model was then extended to include the
equipped long MV line. There was no existing model or measurements to which the results could be
compared to. Actual nearby lightning and direct lightning strikes of which the termination point was
known were used to verify the new methodology. A significant size database (consisting of 38 675
lightning flashes and 1 155 line faults over two years) was used to evaluate the IEEE Std 1410-2010
estimated lightning performance of the long line.
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1 INTRODUCTION

Lightning can cause between 50% and 80% [1] [2] [3] [4] of equipment failures as well as
disturbances of the voltage and current as shown in Figure 1.1. An unscreened MV line’s lightning
performance is compromised by lightning nearby and direct to the line. The higher the line’s BIL is,
the more lightning energy (charge) is contained in the resultant LIOV that travels along the line to
the equipment connected to the line. Except for MV equipment failures [5] due to voltage surges as
shown in Figure 1.2 and Figure 1.3, line faults caused by lightning flashovers result in voltage dips
[6] [7] [8] that can also damage equipment on the low voltage network [9]. On the contrary, the lower
the BIL is, the more faults caused by LIOVs due to nearby lightning strikes that exceed the BIL could
occur as shown in Figure 1.4. To find an optimal BIL for the line, it is therefore necessary to clearly
distinguish between faults caused by nearby lightning and direct lightning strikes when evaluating

the line’s lightning performance.

gzmwﬂam16:57:56:574162 Elzmgfosm04:29:23:653562 B 0O G ar v why Wy Pr [ Resouton

RMS Voltage waveforms at substation

16kV

5
>
— 12KV
Q
%3 aKV
=
4KV
S
Voltage waveforms at substation
_ A v ®
— 0K
<
— 10K
Q
?.9 10 kV
=
L aw
RMS Current waveforms at substation
< 200A- AL
= E-JOA:
c 4
L 4004
= 200A4
O i
Q,JL_:g LHJ P | l -
Current waveforms at substation
—_ ESIpca’ |
= ]
— 600A
[ 4
o 04
5 6004
(@] 1
-1.2 kA A
03/12 17:00 20:00 22:00 03/13 00:00 02:00 04:00

Time [h]
Figure 1.1 A recording of the voltage and current at the feeder substation. The recording at the top
shows numerous voltage disturbances and the bottom recording several faults caused during a

lightning storm that lasted for 11 hours.
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Figure 1.2 Lightning either ignites or splinters (if the lightning strike exceeds 7 kA [10]) the wood.

The insulators of the charcoaled pole were tested to be in perfect order.

The Lightning Generated Voltage (LGV) on the line due to direct lightning strikes exceeds the BIL
in 98% of the cases [11] [12] [13], causing line faults and possible equipment failure. LIOV
amplitudes due to nearby lightning strikes depend on many factors, mainly the lightning channel and
lightning strike current parameters, the distance between the nearby lightning strike and the line, the
line characteristics, equipment connected to the line and line geometry, the soil parameters and the
environment. The LIOV amplitude due to nearby lightning strikes can either be calculated or
measured to determine whether it exceeds the line’s BIL. Previous research mostly used short (< 3
km) floating lines to increase accuracy, simplify measurements and calculation of LIOVs. The results
were then normalized to derive the lightning performance of a long operational line.
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Figure 1.3 Surge arrester failures resulted in transformer failures at one of the customer Network

Centres.

Figure 1.4 A LIOV that exceeds the BIL will flash over to earth (left). A power frequency fault will
then follow (middle) along the spark caused by lightning and if not isolated in time can be developed
into a three-phase fault (right).
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Calculation and simulations to determine the LIOV on the line are very complex and lengthy, even if
the section of line is short and sometimes numerous assumptions and approximations had to be made.
These assumptions and approximations will compromise the accuracy of this research significantly.
The energized line in this research is 714 km long, had many branches, had 234 transformers with
sets of arresters and the line geometry and soil conductivity changed significantly along the line.
Other input data parameters to the models such as the distance between the nearby lightning strike
termination point and the line were not known reliably enough and some of the lightning channel
parameters (tortuosity and inclination) were unknown. The LIOV amplitude and so the nearby
lightning performance of the line in this research can therefore not be determined reliably by

calculation or simulation.

Cameras [14] [15] and the position of lightning-triggering rocket launchers [16] were used in
previous research to determine the lightning strike earth termination point. Rogowski coils, as well
as a capacitor and resistor dividers connected to high sampling rate recorders that were triggered by
the LIOV, were installed on these test lines at the points closest to the nearby lightning strike earth
termination point. The LIOV amplitude on the line is the highest at the point closest to the nearby
lightning strike and it is therefore the point with the highest probability of the LIOV exceeding the
line BIL, causing a line flashover that results in a power frequency fault. As the amplitude and the
shape of the LIOV attenuate rapidly over a short distance, it is of utmost importance to do the
measurement as close as possible to the point on the line closest to the nearby lightning strike. Due
to the length of the line in this research, the cost and logistics of the number of measuring equipment

needed would be too high and were also not available.

Previous research [17] on the lightning performance due to nearby lightning strikes to an MV line in
operation used three different methods (different combinations of protection operation, LDN data and
the LIOV-EMTP software) that delivered three significant different answers and it could not be
compared to the IEEE standard 1410-2010 estimations. It was an indication that the current approach
to calculation and measurements of the LIOV to determine the nearby lightning performance of long
operational lines was not possible due to the complexity and lack of accurate input data.

A new approach to measure the actual lightning performance that distinguishes reliably between

nearby lightning and direct lightning strikes to long operational lines was followed. A new

methodology and model, where it was only necessary to compare the polarity of the LIOV and

Lightning Generated Current (LGC) on the line with the lightning current polarity obtained from the
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LDN to distinguish between nearby lightning and direct lightning strikes to the line. The rigorous
verified model proves that the polarity of the LIOV on the line change after about 250 m due to the
finite soil conductivity and becomes opposite to the lightning channel current polarity. To determine
whether the LIOV exceeded the BIL, the power frequency fault current was used to determine a line
flashover (which does not always result in breaker operation). The line length that would have made
the research impossible, the changing soil conductivity and the complexity that the power frequency
energization would have added to the LIOV amplitude, were then used to the advantage of this
research. Faults during a storm could then easily be categorized as faults due to nearby lightning,
direct lightning strikes or weather-related faults where the moisture content in the lightning storm

caused insulation breakdown.

The new methodology consisted of measuring the LIOV and LGC polarities on the line at the feeder
substation and comparing it to the corresponding lightning return stoke polarity as captured in the
LDN. A direct lightning strike will inject a charge into the line of the same polarity as that of the
cloud (and the lightning channel current) because there was no soil directly involved between the
lightning strike termination point and the line. The charge will dissipate to earth through flashovers,
surge arresters, other equipment and a portion will dissipate to earth through the Neutral Earthing
Compensator (NEC) at the feeder substation. As the LIOV attenuate about 40% of the time to an
amplitude that cannot trigger an instrument anymore, the resultant LGC due to the charge that
dissipates to earth through the NEC are measured by a continuous high sampling rate (400 kHz)
specially configured Quality of Supply (QoS) recorder (logger). If the LGC polarity was the same as
the corresponding lightning return-stroke current polarity captured by the LDN, it will indicate that

it was a direct lightning strike to the line.

The ATP-EMTP model [18] was then extended to include the energized long RVZ line and it proved
that at a distance further than 250 m from a nearby lightning strike the polarity of the resultant LIOV
was of opposite polarity to the lightning channel if the ground conductivity was finite. Traditionally
the LIOV was measured to detect lightning activity, but the LIOV measurement was difficult to see
as it was superimposed on the 22 kV Alternating Current (AC), However, the LGC on the NEC zero-
sequence current (with a nominal voltage of zero Ampere) recording was much easier to notice. If
the polarity of the LGC superimposed on the zero-sequence (common mode) current was opposite to
the polarity of the lightning return-stroke current recorded by the LDN, it indicated that the lightning
strike was nearby to the line. An AC fault current at the same time would indicate that the LIOV
exceeded the line BIL and caused a line fault. An AC fault current during a storm without the LDN
recording a lightning strike (within =+ 10 ms) was categorized as a fault due to insulation failure caused
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by other elements of the storm (wind or moisture). An accurate lightning performance database over
two years was then normalized and compared to the IEEE Std 1410-2010 lightning performance

estimation [12].

1.1 Problem statement

The following problem statements were identified:

1. The methods to detect and record LIVs and the lightning termination point used for short lines
cannot be used for long lines because it is not practical to install a large number of cameras,
recorders and current sensors as well as resistor dividers.

2. The location accuracy of lightning detection networks is not consistent and varies between
zero and 500 m. Thus, the data it provides cannot be used to determine whether the lightning
was nearby or was a direct lightning strike to the line.

3. The LIOV that is key in measuring lightning activity on short lines cannot be used on long
lines as the LIOV is attenuated as it propagates along the line to such an extent that it is no
longer measurable.

4. The earth conductivity, environmental conditions and BIL vary along the line and therefore a
long line's lightning performance prediction cannot be extrapolated from a short line's
lightning performance.

5. With the above in mind, a new method which is independent of the requirements mentioned
in PS 1 and the locational inaccuracy of the LDN is needed.

1.2 Objectives of the research

To address the above problem statements, the following objectives are proposed:

1. To develop a model that can support measurements of zero-sequence currents to distinguish
between nearby and direct lightning strikes to a long MV line

2. To develop a measurement method to verify the model in Objective 1

3. To develop a statistically significant lightning performance database of an MV line using the
model in Objective 1 and the measurement method in Objective 2

4. To use the database to compare the actual lightning performance of a long operational MV
line with the IEEE standard 1410-2010 predicted lightning performance for that line
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1.3 Research questions

1. Extending the existing theoretical models of the lightning-induced voltages on MV lines, can
a model be developed and verified that uses the polarity of the lightning channel current
obtained from the LDN and the polarity of the LGC superimposed on the zero-sequence
current to discriminate between nearby lightning and direct lightning strikes to a long MV

line?
2. Using the measured lightning performance data and the developed theoretical model, can the

deficiencies of the IEEE standard 1410-2010 estimation method applied to a given long MV

line be checked?
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2 LIGHTNING PERFORMANCE OF MV LINES: A LITERATURE SURVEY

The lightning performance of a line is negatively affected when either nearby lightning strikes or
direct lightning strikes to the line cause an insulation failure on a line that results in a power frequency
flashover. There are also line faults due to other factors such as wind and moister present in a lightning
storm that can be by mistake attributed to lightning-initiated faults. A literature survey of existing
models to describe the lightning properties along the return-stroke channel and the coupling between
the return-stroke current and the line was done. The purpose will be to determine the probability of
these lightning strikes inducing a voltage on the line that exceeds the line BIL and whether these
methods are also applicable to long operational power lines. A survey on modelling the lightning
channel and the coupling between the lightning channel and the power line was done. The accuracy,
assumptions and applicable limits of each model were studied. Limitations on actual measurements
of magnetic fields, electric fields and induced voltages to verify the models were part of the survey.
The success of attempts of previous research to apply these modelling and measurements to long
operational lines were evaluated. Existing standards that estimate the lightning performance of an

MYV power line were surveyed as well.

A lightning discharge produces an electric field and a magnetic field. These fields in turn induce
voltages and currents on nearby power lines. Figure 2.1 shows measured values [19] of the electric

field, E, and the magnetic field strength, H, on a line two km from an 8 kA lightning strike.

The two most important models needed are a return-stroke model which specifies the current along
the channel during the return-stroke phase and a coupling model to calculate the electromagnetic
coupling between the lightning return-stroke channel and the line. The line construction
(configuration) is modelled with many assumptions and approximations of the environment. Monte
Carlo methods [20] [21] [22] [23] [24] [25] can be used to model the probability, point of termination

and lightning parameters (amplitude, waveform).
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Aug 19th, 2005 at 14:13:13 (=20 km) - Trigger 2 of6 Aug 19th, 2005 at 14:13:13 (r=2.0 km) - Tnigger 2 of 6
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Figure 2.1 Electric and magnetic fields experienced by a line 2 km away from an 8 kA lightning

strike [26]. Permission obtained from the Journal of Geophysical Research 2007.

Simulation of lightning in laboratories, triggered lightning and actual lightning experiments have been
performed to verify the models and approximations. Laboratory lightning and triggered lightning
experiments are best for deriving theoretical formulas for specific line configurations. Many of these
experiments are done on de-energized lines to simplify and protect the measuring equipment.
Although this can be used as a very necessary base for line design, it is practically influenced by a

large number of different line and equipment configurations as well as environmental factors.

2.1 Definition of lightning current parameters

A definition of all the lightning parameters is given by SANS 62305-1 [27]. SANS adopted the IEC

values. The lightning parameters of interest is shown in

Table 2.1 and in Error! Reference source not found.. The peak value and the rise time of the
lightning surge current are important input parameters to electromagnetic coupling models for

analysis purposes to determine the resultant LIOV on the line for a given line surge impedance.
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Table 2.1 Lightning parameters of interest.

Parameter in
Figure 2.2 Description
l10 10% intercept along the stroke current waveshape
Is0 30% intercept along the stroke current waveshape
loo 90% intercept along the stroke current waveshape
l100 100% intercept along the stroke current waveshape
S30 Instantaneous rate-of-rise of current at Iso
S10/90 Average steepness through lip and lgg intercepts
Sm Maximum rate-of-rise of current along the wavefront
T1 Front time
T, Time to half value
T10/90 Equivalent linear wavefront duration derived from lio /S10/90
Sm + , S10/90
—_ I]_OO '“"“"“"“"“'"“"“"f"'ji““
ONf 14
5 90 if
= 7/
Q 4
e
< 50%
x
m ,,,,,,,,,,,,,,,,,,,,,, ’,' ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
= N
Y
@] ll 530
o
.E’l. |30 """""""" ’f
=t
c 7
7] V4
rall /
5 10 !
) 1 - : >
L — 3 >
. T ! Time
d 10/90
—
| T]

A
v

T,

Figure 2.2 Important parameters of the lightning surge current.
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According to SANS 62305-1, typical values for T1 and T of the current wave shapes are:

— for the first positive stroke: 10/350 ps,
— for the first negative stroke: 1/200 ps,
— for the subsequent negative stroke: 0,25/100 ps

Some authors [28] [29] added a factor to describe a nearby lightning strike and concluded that the

mean rise-time of a subsequent stroke can be taken as 0.67 ps.

Anderson and Eriksson [30] did a study comparing their measurements with those of other
researchers. They derived a formula to calculate the average rise-time for the first stroke as:

S, =3.21%%*
(1)
And for subsequent strokes as:
S,, =6.91%% )

where, Sz = the wave front rise-time in KA/us

| = the peak current amplitude in KA.
Calculations to determine the induced voltage amplitude of a lightning stroke are very dependent on
the rise-time. For the worst-case scenario, the maximum rise-time for the first strokes in a flash can
be determined as shown in Figure 2.3 [30]:
S, =3.91°% (3)

And for subsequent strokes:

S, =3.81°% (4)
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A lightning flash consists of either one or more strokes. A lightning flash is defined [17] as a group
of strokes that terminate on the ground within 1 second and are within a radius of fewer than 10 km.
Furthermore, strokes with the same flash may not be further apart than 500 ms. Research done by Le
Vine [31] shows that the lightning frequency spectrum ranges between 1 kHz and 1 GHz. The
frequencies 124 kHz (mean value of 31.1 kA and 24.3 kA/us first stroke) and 516 kHz (mean value
of 12.7 kA and 39.9 kA/us subsequent stroke) are recommended for first and subsequent strokes
respectively [32] in cases where a single frequency is used for estimates. Power lines have a high
surge impedance (about 350 Q) that results in high surge voltage amplitudes when lightning currents
are injected into the line. To do proper calculations, it is necessary to know the lightning return-stroke

current parameters as well as the surge impedance of the line.

Usually, three steps are taken when calculating induced voltages on overhead lines, namely:

- the estimation of the spatial and temporal distribution of the current along the lightning
channel,

- the calculation of the generated electromagnetic fields

- the coupling of the obtained fields with overhead conductors located near the lightning

channel.

2.2 Propagation of current along the lightning channel

The lightning channel between the cloud and an Elevated Strike Object (ESO) on the ground can
normally be seen during the return-stroke phase. The propagation of current along the channel
depends on the channel conductance. Conductance is normally dynamic as the current propagates
between the cloud and the ESO. Measuring points along the channel are defined as the distance from
the earth — zero metres being on top of the ESO. According to [33] the current amplitude and its rise-
time decrease closer to the cloud as shown in Figure 2.3. The lower the rise-time, the lower the current
amplitude and the further the current dipole is from the line segment, the less the electric field strength
and LIOV amplitude on the line become. This means that the coupling between the top of the lightning
channel and the line is much less than the coupling between the lightning channel termination point

on earth and the line.
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Figure 2.3 The current characteristics along the lightning channel. The return-stroke current

amplitude and rise-time decrease as the height above ground increases.

Figure 2.4 shows a lightning strike nearby a line. Some models describing the lightning channel are
listed on the right. The lightning strike channel is not straight and each segment or current dipole has
a different coupling strength to each line segment. Most models assume the lightning strike to be
straight and vertical to the ground to simplify calculations. Some electromagnetic coupling models
between the lightning return-stroke and the line (Rusck, Chowdhuri, Agrawal and ERM) or computer
coupling models (LIOV-EMTP, ATP-EMTP, Rusck-EMTP and LIV-ATP) that will be analysed later
are also shown. It is important for this research that the electromagnetic coupling model includes the
coupling between lossy ground and the line as the horizontal electric field component due to the
ground becoming significant at some distance from the nearby lightning strike termination point.
Most coupling models assume that the line is floating and some that the line is lossless to simplify
the calculations. The line in this research was not floating and lossless and the ground had a finite
conductivity, therefore an electromagnetic coupling model that included the electric field component
due to the ground resistivity was chosen and was extended to include the ATP model of the research

line.
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Figure 2.4 The coupling between a nearby line and a lightning return-stroke channel. Note that the

lightning channel of the return-stroke is not straight in any way. On the right side is different return-
stroke channel models, in the middle coupling models and below computer models that are based on

the coupling models and returns stroke current models.

The propagation velocity of the current along the current channel is given by [34]:

Vi = ¢ (5)

/1+(W/1,,)

where Ip is the current peak value (in kA) and W is an empirical constant. According to Wagner [35],
W = 230 kA. According to [36], the propagation speed of the current along the channel does not
influence the current peak. The choice between these hypotheses will be important in a methodology
where the LIOV was calculated to determine whether the LIOV exceeded the line BIL. The measured

fault current at the substation will reveal whether the LIOV exceeded the line BIL in this research.
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Knowledge regarding the lightning current propagation along the lightning channel is important to
accurately model the coupling between the return-stroke and the ESO. Lightning channel models can
be grouped into four different models [37]. These four models are Gas Dynamic models (mostly
physical models), Engineering models, Distributed Parameter models (Transmission line models) and

Electromagnetic models.

2.2.1 Gas Dynamic models for calculating the current along the channel

Different Gas dynamic models were created by Braginski [38], Hill [39], Krider [40], Plooster [41]
and Borovsky [42] to mention some. These models are based on the radial evolution of a short
segment of the lightning channel and its associated shock wave [43]. Some of these Gas Dynamic
models were developed to be used in a laboratory to simulate spark discharges in the air [44]. Gas
Dynamic models are useful to better understand the lightning energy balance and thunder generation
mechanisms. These models do not include the longitudinal evolution of the lightning channel and
usually ignore heating of the air around the lightning channel, the corona sheath and the

electromagnetic skin effect and will therefore not be further investigated for this research.

2.2.2 Electromagnetic models

Existing electromagnetic models created by Moini [45], Baba [46] and Chen [47] to name some
simulated the electromagnetic fields produced by the lightning current and induced voltages and
currents on other objects. They are based on Maxwell’s equations which are solved using numerical
techniques such as the method of moments or the finite-difference method. The basic model consists
of a perfectly conducting ground, a vertical wire with a 30 mm radius and a 10 m current source

between the wire and ground [48]. Figure 2.5 is an illustration of the model configuration.
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Figure 2.5 The basic Electromagnetic model [48].

There are generally six types [48] or different sets of values for the speed of the current, the vertical
wire (inductance and resistance) and the dielectric medium (permittivity and permeability)
surrounding the wire. The configuration of type six differs from the other types as it consists of two

vertical wires with a radius of 20 mm each and that is 30 m apart.

It is not necessary to employ a model for the field propagation effects (such as the Cooray-Rubenstein
formula), nor a model for the field to conductor coupling (such as the Agrawal et al formula) when
using the Electromagnetic model - which is an advantage. However, the calculations are more
difficult.

In conclusion, for practical application, all the models are very dependent on accurate assumptions of

the soil conductivity, lightning parameters and their actual geographical position, dielectric properties

of the surrounding media and other objects close to the object of interest.
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2.2.3 Engineering models for calculating the current along the channel

Engineering models [49] [50] relate the current propagation along the vertical channel to the
electromagnetic field at various distances for an assumed spatial-temporal distribution of the current
along the channel. The line has been considered grounded on one end. These models also make use
of the strengths of the electromagnetic, gas dynamic and distributed circuit models. Some inputs to

these models are dependent on experimental data.

The Engineering models can further be categorized into three types namely the current propagation,
current generation and current dissipation models. The current propagation model is used by many
researchers to construct different transmission line models. It considers the steamer as a current from
earth to the cloud through a lossless path that is created by the stepped leader. The current generation
models take the effect of corona into account. It is observed in the current dissipation model that if
the travel current pulse magnitude through the transmission line is lesser than the corona threshold

value, the propagation is assumed to be lossless.

One of the current propagation models, the Transmission Line model, was used in the research. The
lightning channel is considered to be a transmission line with distributed R-L-C parameters in this
model. Each of the line parameters representing the return channel is a function of both space and
time [51] [52]. This approach is representable in EMTP.

There are several transmission line return-stroke models. Some of them are:
- lossless transmission line (TL) [53],
- modified transmission line model with linear current decay with height (MTLL) [54]

- modified transmission line model with exponential current decay with height (MTLE) [55].

The TL and the Bruce Golde (BG) [56] models are similar and assume that the lightning channel
current has the same amplitude along the channel. The TL, MTL and MTLL models are classified as
the transmission line type models while the TCL, BG and Diendorfer and Uman (DU) [57] models
are classified as travelling current source type models. The return-stroke current beneath the

wavefront in the lightning channel can be described as:

BG model:
I(z,t) =i(0,t) (6)
TL model [53]:
38



I(z,t) =i(0,t —Z'/v) (7)
MTLE model [58] [59]:

I(z,t) =i(0,t —Z' /v)exp(—z'/2) (8)
MTLL model [60]
I(z,t) = i(0,t — 2'/v)(1 — 2'/Hso1) 9)
TCL model [61]:
I1(z,t) =i(0,t+ 2'/v) (10)
DU model [57]:
I(z,t) = i(0,t +2'/c) —1(0,2'/V; /(1 + Vs /c))e~ (=% /Vp)/ e (12)

where

1(z,t) = the current along the return-stroke channel at a certain height z and time t
i(0,t) = the current at the bottom of the return-stroke channel

z' = the high from ground level

v = the return-stroke speed V¢

A = the return-stroke current decay constant
H = the lightning channel height
¢ = speed of light

Tp = rise-time

Figure 2.6 shows the lightning return-stroke current amplitude attenuation along the lightning return
stroke channel for the TL, MTLL and MTLE models. The lightning return-stroke current amplitude
does not attenuate along the lightning channel for the TL model but attenuated linear and exponential
for the MTLL and MTLE models along the lightning channel respectively. Figure 2.6d shows a
comparison of the return-stroke current amplitudes for the TL, MTLL and MTLE models at a height
of 4000 m.
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Figure 2.6 The current along the lightning channel for TL, MTLL and MTLE models at distances of
0 m, 2000 m and 4000 m from ground level [34]. The last panel shows a comparison between the TL,
MTLL and MTLE models at 4000 m. Permission obtained from Alexandre Piantini.

Of importance for this research was that the model that was used to calculate the electric field
generated by the returns stroke needed to be valid nearby as well as far from the lightning termination
point. Figure 2.7 shows a recording of the electric field due to flash S9721 [62] 110 m and 50 m from
the lightning channel. Figure 2.8 shows the predicted electric field 50 m [63] from Flash S9721. All
the relevant models predicted the maximum electric field very similar to the measured value. Some
models [64] also include the effect of non-vertical lightning strikes and non-flat terrain [65], but it
did not influence the results of this research.
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Figure 2.7 A recording of the electric field generated by Flash S9721. Note that the maximum electric

field was recorded as 26 kV/m 50 m away from this flash [62]. Permission obtained from the Journal

of Geophysical Research 2001
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Figure 2.8 A simulation of the electric field generated by Flash S9721 50 m from the lightning channel
termination point using several different lightning channel models [63]. Note that all the models
except for the MTLE predicts an electric field of between 25 and 30 kV/m which is very close to the

measured value of 27 kV/m. Permission obtained from Rajeev Thottappillil.

An accurate prediction of the electric field far away from the lightning channel was also important
for this research. Figure 2.9 shows the electric field calculated by the TL, MTLE, BG and TCS models
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at 5 km and 100 km from a lightning flash [66]. There was very little difference between the results.
The TL model can be selected for this research as it is mathematically the simplest model and the
results will be more than adequate. The TL model was employed by many electromagnetic coupling

models as it will not underestimate the electric field within the Transmission line model assumptions
[67].
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Figure 2.9 The electric field calculated by the TL, MTLE, BG and TCS models at distances of 5 km
(solid lines on the left) and 100 km (right) [66]. Permission obtained from the Journal of Geophysical

Research.
2.2.4 Distributed Parameter models of the current along the channel

The Distributed Circuit Models simulated the lightning channel as being a vertical transmission line
with specific values of shunt capacitance, resistance and series inductance per unit length. The
voltages and currents were then calculated along the lightning channel. It also took the effects of the
leader into account [68]. It is further divided into Discharge Models that assumed the transmission
line to be charged, Lumped Excitation Models that assumed that the transmission line is not charged
and Parameter Estimation Models where the streamer current and the transmission pulse current are
used to estimate the physical lightning properties. The properties of the return-stroke current were not

important for this research as only the polarity of the return-stroke current was needed.

2.3 Coupling models between the lightning channel and the line

There are several models [69] [20] [16] that were used to calculate the coupling between the return-

stroke current and the line. The best-known basic coupling models are the models derived by Rusck

(1957) [70], Chowdhuri (1969) [71] and Agrawal (1980) [20]. Piantini derived the Extended Rusck
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Model (ERM) [72]. The Rusck model did not take the contribution of the vector potential into account
and therefore makes the model source dependent [73]. The Chowdhuri model does not include the
magnetic induction contribution of the incident field [74]. Some researchers investigated the transient
response of multiconductor lines [20] [75] [76]. These models can be verified by comparing them to
models that were already verified and proved to be rigorous. A model can also be verified by
measurements on experimental lines. Longer operational test lines involved more complexities of
which some elements were not known accurately. In this research, the operational line was 714 km
long (that includes the branches), was running along a changing environment and natural lightning
(captured by the LDN) was used as a source for the induced voltages. In such cases there may be a

bigger difference between the model and measurement results.

To compare models more accurately, some assumptions were made. The most common assumptions
were that the lightning channel was straight and terminate perpendicular to the ground, the line was
floating, short and lossless, the exact distance between the nearby lightning strike termination point
and the line was known and defined the soil conductivity as infinite. These assumptions can also be
simulated in laboratories for model verification, but cannot be made when doing line designs as it can
result in some errors in line performance that may be significant and will be quantified later [73].

The Rusck model was the simplest equation where all the above assumptions were made as shown in

Equation 12.
U =30{ 1+—=L—)(£2) (12)
J2-w/e?
where

U,,=the LIOV on the line

v = the speed of the current propagation

¢ = the speed of light

h = the height of the conductor above the ground
L, = the return-stroke current

d = the distance between the lightning strike termination point and the line
As for this research, at least the soil conductivity had to be considered. The Rusck model was then

improved to the Extended Rusck Model (ERM) [72] to include the soil properties. An induced voltage

on the line as a result of a horizontal electric field due to the finite conducting soil was added to the
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LIOV generated by the horizontal and vertical electric field over infinite conduction soil. It can be
written as [72]:
U(x, t)p>0 = U(xl t)p:O + VEXI(X, t) (13)

Where
U = the induced voltage on the line
VExI = the voltage induced due to the horizontal electric field as a result of the lossy ground.

As proposed by [77], the horizontal component of the incident electric field can be written as [72]:

__avS(xt) , aI(x,t)
Ex(x, h,t) = P Vig(x,t) + LT (14)
and the unit length volt drop due to the ground transient resistance is [77]:
! — t ! — i
Vg, t) = [j &, (t =) I(x,T)dr (15)

Where

Ex = horizontal electric field

VS = scattered voltage

V', = volt-drop due to the ground transient resistance
L = inductance of the line

f'g = ground transient resistance

Figure 2.10 shows the ERM equivalent circuit of a single line that was used to calculate the induced
voltage on the line that was excited by the electromagnetic field due to a return-stroke. Of importance
is that the induced voltage (Vg) due to the horizontal electric field component as a result of lossy
ground was included in the ERM model.
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Figure 2.10 The ERM equivalent circuit of a single line [72]. Permission obtained from Alexandre

Piantini.

The Chowdhuri model does not take the effect of finite soil conductivity into account [71] and will
therefore not be considered for this research. The CR model [78] took the soil conductivity into
account in the horizontal electric field calculation and was used as part of the computer model that

was used for this research. It can be described by:

E,(z=hr) = —He(z = 0,) =2+ E, (2 = h,7) (16)

€+o/jw

Where

E,.(z = h,r) = horizontal electric field

Hy(z = 0,r) =the ideal azimuthal magnetic field that is at ground level
E,,(z = h,7) =the horizontal field when soil conductivity is infinite
Uo= magnetic permeability of space

€ = ground electric permittivity

o = ground conductivity

w = angular frequency

The Agrawal model expresses the coupling equations in terms of the scattered voltage on the
conductor, the inductance of the conductor and the ground impedance to calculate the incident electric
field along the x-axis at the conductor's height. Equations 17, and 18 are the TL coupling equations
of the Agrawal model that is expressed in the time domain and the total voltage is given by equation
19 [75] [79].
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di; (x t) di(x,t)

ES(rht) =200 1 g @ + L2 (17)
a‘(" D4 G'vS(x, t) + ¢ 2ED (x D=9 (18)
v(x,t) = vs (x,t) + vi(x,t) (19)

where
EZ(x, h,t) = the horizontal component of the incident electric field along the x-axis at the
conductor's height (in V/m)
i(x,t) = the current induced along the line (in A)
&'y = the inverse Fourier transform of the ground impedance (in Q)
& = denotes the convolution product
L', C', G' = the line inductance, capacitance and conductance per unit length respectively
i;(x, t) = multi-conductor line induced current vector along the line (in A)
v3(x,t) =single-conductor line scattered voltage along the line (in V)
vi(x,t) = single-conductor line incident voltage along the line (in V)

v(x,t) =single-conductor line total voltage along the line (in V)

Figure 2.11 shows a schematic layout of the Agrawal formulation [75].
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Figure 2.11 A differential coupling circuit redrawn for a lossless single wire overhead line according
to the Agrawal formulation [75].

Piantini [80] also confirmed that the modelling accuracy of the lightning channel does not have much
influence on the peak amplitude of the induced voltage. However, it does influence the amplitude of

the surge tail.

46



2.4 The effect of coupling between the line and the ground on the LGC

The methodology in this research mainly used the LGC along the line to distinguish between nearby
and direct lightning strikes to the line as the LIOV was in most cases not visible due to the low
substation source impedance. The amplitude of the LGC was reduced due to the ground transient

resistance and was dependent on the relative permittivity of the ground and the line geometry.

Carson derived an expression to calculate the transient ground impedance for frequencies up to a few
MHz [81]. Timotin [82] derived an expression that assumed that the conduction current density in the
ground with a poor conductivity was negligibly small. The ground transient impedance increased
indefinitely at very high frequencies due to this assumption. Sunde [83] derived an expression that
seems to be accurate within the TL limits. At lower frequencies, the Sunde expressions reduced to
the Carson expression.

A new expression which was non-singular and analytic, was proposed by [77] to describe the soil
impedance behaviour accurate at both late-time and early-time within the TL limits. The validity of
the expression compared well with an inverse Fast Fourier Transform algorithm of the Sunde
expression when calculating the volt-drop per unit length due to the soil transient resistance. The
Timotin expression resulted in higher volt-drop values (0.29 VV/m versus 0.26 VV/m for both the Sunde
and the Rachidi et al new expression) [77] for a5 mm conductor 10 m above the ground (conductivity
of 0.001 s/m and relative permittivity of 10). The risetime was 0.5 us and the current 1 A. current.

The LGC amplitude for this research was measured at the substation that was between 500 m and
70 km from the closest point on the line where the nearby lightning strike terminated. The LGC on
the line closest to the nearby lightning strike was less than 350 A and attenuated to be in the order of
40 A at the substation where the current was terminated to ground through an NEC. For this research,
the amplitude was not of importance as only the polarity of the LGC superimposed on the power
frequency zero-sequence current was measured to distinguish between nearby and direct lightning

strikes.

2.5 Computer models

Several computer models based on electromagnetic coupling models and lightning channel models

were developed to calculate the LIOV on the line. The EMTP-RUSCK model was tested against

measurements [84] and was found to correlate better than 10%. It was also compared with the
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Agrawal model [85] and was found to correlate better than 5%. However, nothing was mentioned
about the soil resistivity and it is not sure whether this was considered, which was crucial for this

research.

The LIOV-EMTP model [17] was based on the MTLE lightning channel model and the Cooray-
Rubenstein coupling model. It took the effect of lossy ground into account. This model was used to
calculate the LIOV on the line closest to the nearby lightning strike. The input data to this model was
compromised by the LDN geographical accuracy and would have been difficult to use for this

research.

The ATP-EMTP model [18] used the Transmission Line model for the return-stroke channel, the
Cooray-Rubinstein model for the horizontal electric field over lossy ground and the Agrawal coupling
model to calculate the LIOV on the line. This model was accurate for calculating the LIOV due to a
nearby strike that is between 100 m and 10 km from the line and for line lengths up to 2 km. The
ATP-EMTP model was suitable to be include as part of the ATP model of the line in this research.
The ATP-EMTP model was also extended to include line protection such as overhead screening wires
(that was not applicable in this research) and surge arresters and the extended model was known as
the LIV-ATP computer model [86].

2.6 Electromagnetic coupling model dependencies on input data

The electromagnetic coupling and computer models are theoretical accurate and were verified by
actual measurements in controlled areas with certain assumptions. However, the input data to the
models on lines in operation was not always available or accurate. This was typical data such as the
lightning tortuosity, an accurate distance between the lightning channel termination point on earth
and the line and the changing soil properties,

Figure 2.12 shows that the electric field due to a different lightning channel tortuosity can vary up to
29% from what is predicted due to a straight lightning return-stroke channel. The angle between the
lightning return-stroke channel and the line can result in an even bigger difference in the LIOV as
shown in Figure 2.13. The lightning tortuosity as well as the angle between the line and the lightning
return-stroke channel are most of the time not available and will result in an unacceptable inaccuracy

even when using the most accurate lightning channel model.
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Figure 2.12 The effect of the lightning channel tortuosity on the electric field around the lightning
return-stroke. It shows the sensitivity of the electric field to the lightning channel tortuosity[87].
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Figure 2.13 The sensitivity of the LIOV to the lightning channel angle in relation to the line [88].
Permission obtained from the ScienceDirect Elsevier Electric Power System Research.

The current rise-time [89] of the lightning return-stroke was also an important input needed for the
electromagnetic coupling models and it can make a 35% difference in the LIOV amplitude between
a 1 ps and 9 ps rise-time as shown in Figure 2.14. A lightning stroke induced a voltage of 420 kV
and 160 kV if it terminates 50 m and 200 m [90] from the line. A significant deviation in the
calculation of the LIOV can be expected due to this input parameter as the LDN accuracy was
specified as better than 500 m. Should the soil resistivity [90] worsen from zero to 1000 Q.m the
LIOV amplitude will increase from 240 kV to 480 kV for this specific case. The line height [89]
above the ground (which can differ due to the terrain) also resulted in a significant difference in the

LIOV amplitude calculation. It can therefore be concluded that LIOV were very sensitive to these
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input parameters, which were not always available in uncontrolled areas, even though the most

accurate coupling model was used.

The lower the soil resistivity (higher soil conductivity), the lower the induced voltage on the line due
to nearby flashes [12] [17]. This is due to a larger coupling between the ground and the conductor as
the return-stroke current does not penetrate deep into the ground. Darveniza [91] suggests that the
Extended Rusck Model can be simplified by increasing the line height to simulate a higher soil
resistivity. Figure 2.15 shows the dependency of the number of flashovers per 100 km per year on the
Critical Flashover Voltage (CFO) of the line and the soil (ground) conductivity.
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Figure 2.14 The LIOV is very sensitive to inaccuracies of the return-stroke rise time [89], the distance
between the line and return-stroke [90], the height of the conductor [89] and the soil resistivity [90]

was possible. Permission obtained from the IEEE 2016.

Nucci et al [17] used the Monte Carlo method [52] [53] [54], in conjunction with the LIOV-EMTP
program to determine the effect of ground conductivity on the LIOVs on a typical Italian 15 kV
network. Soil conductivities of 0.001 S/m and ideal ground were compared for a ground-flash density
of 1 ground flash/km?/year as shown in Figure 2.16. In both the mentioned cases the flashover rate of
the line increased as the ground conductivity decreased.
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Figure 2.17 shows that the higher the ground conductivity, the lower the induced voltage. In this case
there were 10.5 times more incidents where the LIOV on the line exceeds 150 kV when the ground

conductivity is 0.001 S/m instead of ideal ground. The result corresponds well with [29] [93].

100.000
10,000 b - s TS b T e

>
£ :
g 1.000 e ........
B I v
@
2 : :
8 0.100 f--mrmmeeeeeeee SO LN
'E r . :
L‘_L“ —A— (A) IEEE Std.

0.010 L. —5—(B) LIOV-MC (ideal groud) ;

. —O— (C) LIOV-MC (og=0.01 S/m) i
- <= +(D) LIOV-MC (0g=0.001 S/m)
0.001 L. .

50 I1OOI 150 200I T 250 300
CFO (kV)

Figure 2.17 An improved model of the dependency of the number of flashovers per 100 km per year

as a function of the Critical Flashover Voltage (CFO) and the ground (soil) conductivity [92].

Permission obtained from the IEEE 2007.

It can be seen that the soil conductivity can contribute significantly to errors in calculating the LIOV.
However, this research was not dependent on accurate values of the soil resistivity to calculate an
accurate value for the LIOV to determine whether the LIOV amplitude exceeded the line BIL.

2.7 Accuracy of the LDN

The LDN is an important tool to be used for lightning research. The LDN GPS time stamping of a
lightning strike, the geographical position of the lightning strike termination point or both can be used
to correlate a specific lightning strike with a point of interest. Both these parameters were used in this
research. The time correlation between the recorder (logger) at the feeder substation was within 10 ms
and was the primary source for correlating lightning strikes with line faults. The geographical position
of the lightning strike point was mainly used to establish in which section of the line the lightning
strike terminated. In events where there was more than one lightning strike at the same time along the
714 km line, the pole-mount breaker operations could then be correlated with the relevant lightning
strike to establish which lightning strike caused a line fault. Some of the nearby lightning strikes

terminated on trees which were about 15 m from the line. If the GPS coordinates of the lightning
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termination point were accurate (£10 m) this research was not necessary to determine whether the
lightning strike terminated on the line or nearby the line. However, the specification for the
geographical accuracy of most LDNs is < 500 m.

The Detection Efficiency (DE) of the LDN which is an indication of how many lightning strikes were
not missed but detected by the LDN is also an important parameter for this research. One of the LDN
suppliers (that also supplied the South African LDN) indicated that the global accuracy of the LDN
is on average 1 km [94]. The DE depends on the lightning stroke amplitude as shown in Figure 2.18
[95]. Note that the average DE for negative 20 kA lightning strikes (which was average in that
research), was 95%.
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Figure 2.18 The Detection Efficiency of the Vaisala GLD360 LDN. The DE increased as the lightning

return-stroke amplitude increased.

The Austrian LDN geographical accuracy was measured [96] using cameras as a reference and the
median deviation was 95 m, 130 m and 90 m in 2015, 2018 and 2018 respectively. The maximum
distance deviation was 3.5 km, 2.6 km and 2.7 km for 2015, 2017 and 2018 respectively. A lightning
flash DE between 96.08% and 98.62% and a lightning stroke DE between 76.36% and 85.6% were
measured. The US NLDN [97] geographical accuracy median deviation was measured using Elevated
Strike Objects (ESO) as a reference and was found to be 308 m and the maximum distance deviation
was 4.2 km. These findings would result in significant errors when calculating the LIOV.
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A similar test was done using the Slovenian Lightning Locating System [98]. In this study lightning
that caused line faults were matched to strikes in a 500 m, 2000 m or 2000 m corridor or buffer along
the line. It was not clear whether GPS time stamping was used and whether the lightning strikes were
direct or nearby to the line. It seems as if 56% of the LDN results had more than a 500 m error. Table
2.2 shows the results.

Table 2.2 Correlation of 865 lightning strikes in different corridor widths with line faults.

Width of corridor [m] Correlated events [%]
0—-500 44

500 — 1000 27.5

1000 — 2000 28.5

Studies to determine the geographical accuracy error of the International Centre for Lightning
Research and Testing (ICLRT) site at Camp Blanding, Florida, are summarized in Figure 2.19. The
LDN geographical accuracy varied significantly even with the lightning strikes seen by the same

number of sensors.

12

o) ® 2001
= o 2002
£10— v 2003
S
Ll‘j 8 - 0 O
S 0
§ 8

o)
9 61
@
E: g
2 o
o 47
< v
2 J s

o) o
> 24 g vy v

o
0
@ e v VY ¢
0 | I E ‘ ! T T T ‘ ? | ? T
3 4 5 6 7

8 9 10 11 12 13 14 15
Number of NLDN Reporting Sensors

Figure 2.19 The NLDN absolute location error versus the number of reporting NLDN sensors, for 95
strikes in 31 triggered flashes during 2001-2003 [99]. Permission obtained from the Journal of

Geophysical Research.
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Before this research was started the South African LDN was also tested. A 24 Vaisala LS7000 sensor
LDN was used for the study in this research. The geographical accuracy was specified to be < 500 m
and the flash detection efficiency was > 90%. A camera that was triggered by movement caused by
lightning [100] was used in research at the University of the Witwatersrand to determine the SALDN
DE and to verify the geographical accuracy between 2009 and 2013. The camera was installed
1.88 km from the Brixton tower in Johannesburg to measure the location accuracy of flashes captured
by the SALDN against the ground-truth photographs and was found to be 280 m. The maximum
capturing speed of the camera was limited to 30 Frames Per Second (FPS) [101]. The time correlation
between the photographs and the corresponding lightning flashes captured by the LDN was 12 ms.
An important finding of the research in [102] [103] was that only 40% of the median error ellipses
included the tower. During these four years, the SALDN flash DE increased from 50% to 76% due
to extra sensors that were added to the network. The 10% confidence ellipses included the tower in
10% of the lightning flash events while the 99% confidence ellipses included the tower between 90%
and 100% of the lightning flashes. In 2015 two new Phantom cameras were installed, one with a 5000
FPS capability and the other one’s speed was 15 000 FPS [104].

The confidence ellipse in the LDN geographical display is an indication of the deviation between the
displayed lightning termination point by the LDN and the ground-truth termination point of the
lightning strike. A small ellipse is an indication that the displayed lightning termination point is closer
to the ground-truth termination point. The size of the ellipse is determined by the difference between
each sensor location point. A method to discard the outlier sensor positions was investigated by
comparing the Gaussian distribution, the Cauchy function and the Students t-distribution [105]. The
length of the 95" confidence ellipse decreased from 1.25 km to 350 m in an example where the
Students t-distribution was used. [106]

Research done between February 2017 and February 2018 [107] by the University of the
Witwatersrand on the geographical accuracy of lightning strikes to the same tall towers indicated a
median location error of 68.5 m. The maximum location errors were 1.7 km and 11.6 km for the two
towers respectively. The LDN geographical accuracy needs to be less than 10 m for all the lightning
ground-termination points in this research to distinguish between nearby lightning and direct

lightning strikes to the line.
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Analysing results from Jooste et al [108] showed two strikes (-120 kA and -19 kA) measured by the
South African LDN that were located within 20 m (detected by 11 sensors) and 200 m (6 sensors)

respectively.

The South African LDN accuracy was further investigated for this research by analysing the direct
strikes to the line. The exact location of the strike termination on the line was unknown. It was then
assumed that the lightning strike terminated on the point closest to the midpoint of the ellipse on the
line as illustrated in Figure 2.20. The best possible geographical accuracy of the LDN is shown in
Figure 2.21. The average geographical inaccuracy of the LDN per number of sensors that detected
the lightning strike is shown in Figure 2.22 which shows that the geographical distance deviation is

not consistent with the number of sensors that detected the stroke.

The accuracy of the LDN was very random (see Figure 2.22) and it seems like the number of sensors
that detected the lightning strike is not directly related to the geographical accuracy. The geographical

data of the LDN should therefore be validated and verified with additional measurements.

Shortest distance between
midpoint of ellipse and the
closest point on the feeder
were taken as the LDN
accuracy (best possible case)

Figure 2.20 A drawing illustrating how the SALDN geographical lightning stroke position deviated
from the ground-truth position of the stroke which was assumed to be a point on the line closest to

the ellipse centre. A direct lightning strike to the line was plotted 252 m from the line.

In this research, the SALDN average geographical distance error was measured as 231 m and the
flash DE was 95%. A summary of research that has been done at the University of the Witwatersrand
[109] published a flash DE of 93% for downward flashes and 56% for upward flashes to the towers
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that were used to determine the DE. These towers were very high and would result in much more

upward flashes than from the 10 m line that was used in this research.

Lightning data from February 2011 to May 2013
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Figure 2.21.The South African LDN geographical accuracy.
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Figure 2.22 The average accuracy of the South African LDN per number of sensors that detected the

400

30

o

20

Average distance error [m]
(=]

10

=

o

lightning strike. The graph shows that the geographical distance deviation is not consistent with the
number of sensors that detected the stroke. There was only one lightning strike that was detected by

23 sensors simultaneously.

A relatively high geographical inaccuracy that was much higher than the required 10 m was noted on
all the LDNs that were studied. An average geographical inaccuracy of 231 m (South African LDN)
is much higher than the required 10 m, hence this research. Otherwise, the LDN alone could be used
to determine whether a lightning strike was nearby or direct to the line. The geographical data alone
can therefore not be used to determine whether the lightning strike was direct or nearby to the line.
GPS time stamping, circuit breaker operations and PQ loggers need to be used in conjunction with
the LDN geographical data to determine whether the lightning strike was direct or nearby to the line.
The recorded LDN distance from the line can also not be used to calculate the induced voltage on the

line.
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2.8 Measurements done in previous research

Many different methods were used to do lightning measurements on lines, mostly to verify models.
Measurements were also used as a source for average model input data parameters. As lightning-
induced voltage amplitude and waveform shape attenuate significantly over a short distance along
the line, it is important to install a measurement instrument at the location or very close to the location

where the LIOV need to be verified or measured.

Small scale networks [65] [110] that fit into the laboratory were a popular method to verify models
and derive constants in equations. The advantages of small-scale models are that the induced voltages
were of much lower amplitude and the environment parameters were known and could be well
controlled. Models of networks [111] [112] [113] were built inside the laboratory and an impulse
generator was then used to simulate the lightning strike. The output parameters of the impulse
generator could also be well controlled. This was a reliable and safe method to do measurements and

where models could be reliably verified.

A second measurement method was to use a rocket launcher [114] [16] [115] [116] [117] [118] to
trigger the discharge from the cloud. The position of the lightning strike termination point (the rocket
launcher) was known and proper instruments could be installed at the rocket launcher to measure the
lightning strike properties reliable. Instruments could also be installed on the test line at the optimal
locations. The line properties and the soil properties were known reliably. Although more expensive,
this method offered an accurate experimental configuration to verify electromagnetic coupling

models.

A third method was to use natural lightning activity to a known high building [119] or high mast
(ESO) next to the line to do these measurements [120]. Instruments to measure the lightning
parameters were installed in the ESO. In these cases, the tall object close to the line where lightning
terminated was used as a known point of termination. This method could be timeous (need to wait
for lightning activity), but it rendered more realistic results due to a natural lightning channel

tortuosity.
A fourth method was to use natural lightning [121] and cameras [122] [15] [123] [124] to determine

the actual point of termination. The lightning flash parameters as captured by the LDN were used in

conjunction with the photos captured by the camera to calculate the LIOV on the nearby line [14]
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[125]. This method was closest to reality. One of the challenges experienced with the cameras was

that the visibility was hampered by heavy rain and mist.

Measurements to capture induced voltage oscillations [126] showed that in 67% of the cases the LIOV
tend to oscillate around the zero voltage axis. This was also the case in numerous other measurements.

Only the polarity of the first half cycle of the oscillation was of interest in this research.

There was a well-known research site in South Africa [125] [127] [128] [129] [130] between 1978
and 1989. Only lightning parameters of direct lightning strikes to the line were available as there were
no LDNs available at that time. The 10 km 11 kV line that was built at a high altitude (1500 m) was
floating for the first half of the research. Thereafter the line was equipped and energized. A significant
finding of this research was that the LIOV amplitudes declined from 160 kV to 40 kV after the line
was equipped and energized as shown in Figure 2.23. It shows that a much lower LIOV amplitude

can be expected on energized lines than on floating lines.
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Figure 2.23 Measured LIOV before the line was equipped and energized (left) and after the line was

equipped and energized (right).

Most of the induced voltages of 47 nearby lightning strikes close to the test line were less than 100
kV [130]. It was not sure whether surge arresters were installed during all the incidents at the time of

the research.

The research inputs from the CSIR, Eskom’s research division and municipalities together with the

test line findings were then used to determine the most optimal BIL of an MV line. Although the
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highest LIOV measured on the floating line was 160 kV and the author’s comment that the LIOV due
to nearby lightning should rarely exceed 200 kV, it was decided to standardise on a 300 kV BIL. An
assumption was made that the number of flashovers due to indirect lightning strikes will be negligible
should the BIL be 300 kV.

From a practical point of view, insulators with a BIL of 150 kV were used in series with a wood gap
in the bonding wire down the pole, totalling a 300 kV BIL. A 300 kV BIL line design will result in a
good PQ performance as there is very little chance of a line flashover due to nearby lightning flashes.
An insulation over-design in favour of PQ results in compromising SAIDI due to equipment failure.
Evidence of this was found on the 10 km test line as 76 wood-poles were damaged by lightning
between 1978 and 1982 [130].

One shortcoming of all the South African research was the absence of a Lightning Detection Network
(LDN) before 1996 that could provide details of lightning strokes. Secondly, there were no surge
arresters installed on the test line when the highest induced voltages were recorded. At a later stage,
surge arresters were installed on the test line with the main objective being to study the surge arrester
characteristics. No recording could be found of nearby lightning-induced surges that exceeded the
10% rating of arresters [125]. There was therefore a high probability that all lightning-related
equipment failures on a well-maintained line could be attributed to direct lightning strikes to the line
or equipment connected to the line. The research results were not in a format that could provide a
measured flashover rate per year per 100 km

It was also noted in the research on the RVZ line [131] that LIOVs on an energized line due to nearby
lightning had a much lower amplitude than on floating lines. Figure 2.24 shows a nearby lightning
strike of -12 kA that terminated 800 m from an energized line and 5 km from a floating line.
Figure 2.25 shows that the accumulated charge on the floating line resulted in a 40 kV LIOV lasting
for about 500 ms on the line where no equipment was installed — except for the 5 MQ three-phase
resistor divider. The charge on the energized line was consumed by surge arresters, equipment, load
and coupling between the line and the environment. There was no trace of a LIOV or LGC on the
waveform measurement at the feeder substation due to this nearby lightning stroke as shown in
Figure 2.26.
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Figure 2.24 A -12 kA nearby lightning strike terminated 800 m from the energized line and 5 km from

the floating line.

62



Voltage on floating line

40 .
Time |

of |
stroke

20

Voltage [kV]

0

Voltage at supstation
20

Voltage [kV]
o

-20
Current at substation
. 100
=
I=
¢ Op
S
=
(@)
-100
500 15:1.1:53.000 500 15:11:54.000
Time [ms]

Friday 20 March 2020: 15:11:52 - 15:11:55
Figure 2.25 The waveform measured on the floating line (top) and at the substation (bottom)
measured at the same time as the -12 kA nearby lightning stroke shown in Figure 2.24. The time scale

at the bottom is valid for all three panels.
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Figure 2.26 There was no trace of any LIOV or LGC due to the -12 kA nearby lightning stroke on the

waveform recordings at the feeder substation.

Lightning research in Italy [17] where a live MV line was monitored using the Italian Lightning
Location System CESI [132] [133] (geographical accuracy <500 m and detection accuracy >90%) to
link the lightning captured by the Italian monitoring system and protection relay operations CESI-
SAM [6].

The first criterion for linking lightning to line faults was if there was a protection relay operation as
well as lightning strikes in the vicinity of the line that correlate within 1 second. If this criterion was
met, it was seen as a possible fault due to lightning. These flashes and the line were then modelled
using a computer simulation program, Lightning Induced Over Voltage — Electromagnetic Transients
Program code (LIOV-EMTP) [134] [135] [136], to calculate the LIOV along the line for each of those
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flashes. The LIOV-EMTP code was a result of merging the LIOV code [25] [137] [75] [81] [138]
[139] and the EMTP [140] [141].

The second criterion used was to find strikes that could be linked to protection operation and could
induce a high enough voltage (using LIOV-EMTP) to exceed the BIL of 125 kV. A third criterion
was to identify strikes that comply with both the first and second criteria. The result is shown in

Table 2.3. There were big differences in the results of the three criteria.

Table 2.3 A summary of the number of lightning strikes that comply with the three different criteria

that linked lightning activity to line faults.

Candidate fault
Fault events Candidate faults events events determined
correlated to determined by using by using criterion 3
lightning according criterion 2 (LIOV-EMTP (time and LIOV-
to criterion 1 correlation) EMTP correlation)
Number of
single-phase
fault events 14 11 (6) 4
Number of
multi-phase
fault events 16 21 (13) 4

Some comments on this study would be that there might be doubt whether it was a direct or nearby
lightning strike to the line that caused the fault. This was due to the inaccuracy of the LDN. No surge

waveforms were shown to determine whether it was a direct or nearby lightning strike.

Uncertainties with this work were the exact position (<500 m) of the detected flash which would have
a large influence on the coupling between the flash and the line. The one-second time deviation may
also cause uncertainty as to which lightning strike caused the protection relay operation. In cases
where the protection relay operated due to a phase-to-phase fault, the voltage dip (due to the fault
current) could indicate where the fault possibly was along the line. This would help with identifying

the lightning strike.

It was also challenging to link the actual lightning strike with the relevant measured induced voltage
in other research. A one-second time difference in time-stamping between the strike and measured
induced voltage was acceptable for [142] [143] [144] [145] [7] [6]. Napolitano et al [146] studied

a 26 km MV network in Italy and reported a time correlation of tens of milliseconds between the
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LDN and recording equipment on the line. They studied 6 out of the 569 flashes as shown in Figure
2.27. Table 2.4 shows the strike and protection detail that was studied by Napolitano et al [146].
Figure 2.28 shows the measured voltage waveform of the first strike of flash 62676 and Figure 2.29
for the second strike. It is visible that the first strike was negative, but the first cycle of the surge
voltage is positive. The second strike was also negative and so was the voltage polarity. The author
did not mention an important finding that the first strike was nearby to the line while the second one

was direct to the line.
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Figure 2.27 An Italian network that was studied where Units 1 to 3 are voltage recorders. The cross
and ellipse are the lightning strike location with the accuracy probability [146]. Permission obtained

from the ScienceDirect Elsevier Electric Power System Research.
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ScienceDirect Elsevier Electric Power System Research.

Table 2.4 Details of the strike and the protection operation. Permission obtained from the

Flash event number
Date
Stroke1

LLS time stamp

Peak current (kA)

Error ellipse axes (m)
Related voltage transient
Trigger time delay (j.s)

Stroke 2
LLS time stamp

Peak current {kA)

Error ellipse axes (m)
Related voltage transient
Trigger time delay (s

Directional relay activation
Overcurrent relay
activation

Circuit breaker tripping
Directional relay
deactivation
Owvercurrent relay
deactivation

Circuit breaker reclosing
Circuit breaker opening
transient

Circuit breaker closing
transient

15714
May 15, 2007

14:30:20.
627983052
8.7

1200 and 400
Fig. 6

9.9 (Unit 1)
39.2 (Unit 2)

14:30:20.74

14:30:20:74

62676
June 15, 2007

16:30:20.
511131173
—10.3

400 and 300
Fig. 7

40.6 (Unit 1)
2.8 (Unit 2)
18.2 (Unit 3)

16:30:20.
566098022
—11.5

300 and 300
Fig. 8

31.6 (Unit 1)
3.6 (Unit 2)
15.7 (Unit 3)
16:30:20.57
16:30:20.54

16:30:20.66
16:30:20.74

16:30:20.74

16:30:21.13
Fig. 9

Fig. 10

64244
June 15, 2007

16:41:49.
626720476
—11.2

400 and 300
Fig. 11

42.8 (Unit 1)
—37.7 (Unit 2)
29.9 (Unit 3)

16:41:49,
670654962
—10.4

900 and 400
Fig. 12

23.7 (Unit 1)
—0.6 (Unit 2)
43.5 (Unit 3)
16:41:49.64
16:41:49.65

16:41:49.73
16:41:49.79

16:41:49.80

16:41:50.20
Fig. 13

Fig. 14

67



Voltage (kV)

-20 —phase 1
~-phase 2
-25 T -35 T T r r
20.5110 205113 20.5116 20.5118 20.5122 20.5110 20.5113 20.5116 20.5119 20.5122
Time (s) Time (s)
(c) 30
s
o
(-]
(=]
B
S
—phase 1
------- phase 2
-~ phase 3
-40 : ' r 2 !
20.5110 205113 20.5118 20.5119 20.5122
Time (s)

Figure 2.28 The voltage waveforms in graphs a to ¢ were recorded on units 1 to 3 respectively for
flash 62676 strike 1 [146]. Permission obtained from Fabio Napolitano.
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Figure 2.29 The voltage waveforms in graphs a to ¢ were recorded on units 1 to 3 respectively for

flash 62676 second strike [146]. Permission obtained from Fabio Napolitano.
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2.9 The effect of arc quenching on lightning performance measurements

Protection operation was normally used to determine if lightning caused a line flashover. It was
necessary to do actual recordings of the voltage and current on the test feeder as some of the faults
may quench before the protection operation was activated. Actual measurements on live lines using
natural lightning required special measurement equipment with proper surge protection as well as fast
sampling rates. Fast sampling rates over long periods will result in a need for huge data storage

capabilities.

Power frequency arc-quenching can take place [108] [2] after a lightning strike (direct or nearby to
the line) caused a line flashover which might be followed most of the time by a power frequency fault
current. Figure 2.30 shows an example of such an event. This would underestimate the actual
lightning performance (shows fewer faults) of a line should the protection operation be used to

determine line faults due to lightning.

Voltage waveforms at substation |2019/01/30 18:47:34:727952 Elzmgfmm 18:47:34:800113

Voltage [kV]

18:47:34.740ms 760ms 780ms 800ms

Current waveforms at substation

Current [A]

18:47:34.740ms 760ms 780ms 800ms
Time [ms]

Figure 2.30 Example of arc-quenching of a power frequency 3 phase fault caused by a direct lightning

strike as shown in Figure 2.31. The fault was quenched before the breaker operated.
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Figure 2.31 The direct lightning strike to the feeder that caused a line flashover shown in Figure
2.30.

Table 2.5 shows the number of lightning-related faults on an 11 kV line where the power frequency
arc was quenched [108]. Of the 52 power frequency faults, 31 were quenched. A large number of
nearby lightning strikes were present in comparison to the direct lightning strikes to the line as was
also found by Rusck [147]. Table 2.6 shows a lightning investigation on a 22 kV line over eight years
involving 12195 lightning flashes [148] causing 266 lightning-related which 42% of the faults
guenched were before breaker operation. Similar work was done by Miyazaki et al [123] as shown in
Table 2.7 where some of the fault currents also were quenched before circuit breaker operation. Figure
2.32 shows a summary of the work done by Miyazaki [123]. It was noted that several direct lightning
strikes to the pole-top resulted in a line fault which caused the upstream circuit breaker to trip. One
fault was initiated by a direct lightning strike to a pole-top fitted with a surge arrester. It was also
noted that the author acknowledges that in some cases the exact termination point of the lightning
strike captured by the camera, was difficult to establish due to bad weather.
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Table 2.5 Number of trips and arc-quenching due to direct and nearby lightning on an 11 kV line
[108].

TBP 11 kV feeder faults due to lightning
March 2008 to February 2009
Nearby Flashes: 2078

Direct Flashes: 52

Phase to Single-phase No breaker phase-to- Single-phase No trip
Phase faults | to earth faults trip phase faults | to earth faults
15 6 31 0 0 2078

Table 2.6 A summary of the circuit breaker operations caused by lightning on the GAKG line. All

nearby lightning flashes within 1 km of the line were tabled [2].

Direct lightning Nearby lightning (11929 flashes)
Year Phase-phase | Single-phase |Faults quenched| Phase- Single- Did not
ending | faults (breaker | faults (breaker | before breaker phase phase cause a
February| operation) operation) operation faults faults flashover
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 1491.1
average Direct lightning faults = 33.3 Nearby lightning = 1491.1
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Table 2.7 Observations of specific lightning strikes that caused flashovers but not necessarily a circuit

breaker operation due to arc quenching.

C Lightning phenomena
a Numh Number | Maximum Relay Estima-
umber .
S| i i i operations ted
Lightning of of insulator p _ Remarks
€ strike following | voltage In current
N _ flashover bstati b
point ) current | (absolute | SuPstalions y
ases
0 P phases value) LPATS
One phase
150 kV )
Phase 1(R- (no -41.5 flashover did not
1 0 (over _ )
conductor | phase) ) operation) KA cause the line
range
J faults in this case
ZnO elements
equipped with the
(no -43.32 struck pole
2| Pole head 0 0 50 kV _
operation) kKA probably prevented
the flashover
generation
This case
suggested that AC
2 (R-,T- (no -21.66 | following current
3| Pole head 0 116 kV _
phases) operation) kKA spontaneously
extinguished after
flashover
2 (R-
-54.55
4| Pole head 3 - 134 kv OCR A
phases)
This case suggests
that distribution
-35.35 line faults were
5| Pole head 3 67 kV OCR
kKA caused by
following strokes
in a flash
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Figure 2.32 A summary of the work done by [123] showed that several faults were quenched before

breaker operation. Permission obtained from the IEEE 20009.

2.10 The effect of line construction on the line flashover rate

The BIL in the midspan of the line is much higher than at the pole-tops. It is therefore relevant to
know whether the lightning strike terminated midspan or on the pole-top. Oguchi et al [14] measured
lightning surges and used cameras to record lightning strikes to the line. One of the findings was that
lightning tends to terminate on the pole rather than on the shield wire (57% and 95% of lightning
strikes terminate on the pole-tops with and without shield wires respectively as shown in Figure 2.46).
However, if the shield wire cap (450 mm high) is left on the pole, 100% of the strikes terminate on
the pole. Although poles with earthed points that extend higher than 450 mm above the phase
conductors can replace the effect of shield wires (have a positive effect), surges due to nearby flashes

will be of higher amplitude when the shield wire is removed [32] [149]
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Pattem |Lightning flash to|No. of lightning flashes| | pattern |Lightning flash to|No. of lightning flashes
©0) Pole head 31 (57%) @ Pole head 18 (95%)
o) Ground wire 18 (33%) ® Power line 1 (5%)

() Power line 2 (4%) Others 0 (O%)
0,
Others 3 (6%) Total 19 | (100%)
Total 54 (100%)

Figure 2.33 Lightning strike terminations on the line [14]. Permission obtained from the IEEE 2012.

Due to the distances along the shielding wire from the midspan to the pole and down the pole with
some earth resistance as well, a midspan flashover might take place. In this case the pole BIL had not
much effect. However, should a ground wire cap be left sticking out on top of the pole (and with no
ground shielding wire), all lightning flashes terminated on top of the pole. In this study, it was found
that only 7 out of 248 nearby (indirect) lightning strikes caused line faults as seen in Figure 2.34.
Oguchi concluded that this 6.6 kV line with only the insulators contributing to the BIL, is resistant to

nearby strikes. The BIL of the insulators was not mentioned.

It can therefore be concluded that the literature with regards to measured lightning events and
resultant effects on distribution networks has inaccuracies. These inaccuracies can be ascribed to the

fact that no accurate distinction was made between direct and nearby lightning strikes to long lines in

the absence of cameras. The shortfall will be addressed in this thesis.
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Figure 2.34 Results of Oguchi's research [14]: Lightning events that are related to line faults. A small

number of faults were due to nearby lightning strikes. Permission obtained from the IEEE 2012.

2.11 Line construction and insulation levels

HV lines (44 kV and above) with overhead shield wires are designed to withstand nearby lightning
strikes as well as low amplitude direct lightning strikes should the tower footing resistance values be
low enough. The design objective is for the lightning to terminate on the overhead shield wires and
not directly on the phase conductors. If low earth resistances cannot be achieved, line surge arresters

can be used to prevent flashover to the phase conductors.

The insulation level of an unshielded MV line will not be sufficient to prevent a line flashover due to
a direct lightning strike should there be no surge arrester in close proximity. Flashovers might occur
at multiple poles until the remaining LIOV amplitude is less than the line’s BIL [11]. The higher the

earth resistance, the more flashovers will take place.

The lower the BIL, the lower will be the amplitude of the remaining LIOV that propagates to
equipment (mainly surge arresters, fuses and transformers) installed on the line. Secondly, less energy
will be dissipated in the surge arresters as most of the lightning current will be diverted to the ground

at the points where flashovers occurred. It is therefore advantageous from this point of view to ensure
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that the line’s BIL is as low as possible. The ideal will be to install surge arresters on each pole, but

this will result in high capital and maintenance costs.

A balance needs to be found between lowering the BIL, the acceptable flashover rate due to nearby
lightning strikes and damage to equipment due to direct lightning strikes. The weakest point of the
line insulation is at the poles. Several factors influence the line’s pole design to satisfy the required

BIL to minimise flashover due to indirect lightning strikes.

Objects such as trees, buildings, telecommunication structures, high ground, and other tall objects
along the line have both a negative and a positive influence on the flashover rate of the line [12].
Other design parameters such as surge arrester installation, phase conductor height above the ground,
overhead shield wire, and low ground resistivity reduce the induced lightning surge amplitude [32].
The lightning flash parameters (mainly rise time, lightning channel tortuosity and the angle between
the lightning channel and the line) also influence the LIOV amplitude along the.

2.12 Pole construction of the research line

The intention was to design the RVZ line according to a 300 kV philosophy which was implemented
on most of the line suspension poles as shown in Figure 2.35. The reason for using wood as part of
the insulation was to increase the line BIL at a low cost to improve the nearby lightning performance
of the line during lightning storms [150]. A flashover (due to high LIOV) along a wood path is
characterized by a relatively high residual arc voltage which gives the wood some arc-quenching
properties [150]. Strain poles with stays had a BIL of 150 kV (only the insulator BIL) as shown in

Figure 2.36. The strain poles also effectively lower the suspension poles’ BIL.
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Wood
insulation
BIL

Figure 2.35 A suspension pole-top with a 300 kV BIL configuration. Wood was used to increase the
pole-top BIL to 300 kV.

24 BIL only
<[ that of the
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Figure 2.36 A pole-top configuration of a strain pole with stays. The BIL was limited to the insulator

BIL of 150 kV. The contribution of the stay insulator to the BIL was negligible.
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2.13 Design philosophy

Measurements done by Geldenhuys [11] showed that induced voltages on 8 — 10 m unshielded
distribution lines occasionally exceed 200 kV but seldom exceed 250 kV. A 300 kV BIL line should

therefore be able to withstand most of the nearby lightning-induced voltages.

As there are many more lightning strikes adjacent to the line compared with direct strikes to the line,
the focus was mostly to ensure that as few as possible line trips occurred due to nearby lightning
strikes. The biggest challenge was to model the line correctly. The model was influenced by the
number of surge arresters, insulation level, soil resistivity [92] (which is also weather dependent),
earthing configuration, screening by other objects [32] and the construction of the line. These factors
vary along the line and the design along the line often changes due to practical reasons. Several field
and theoretical studies [151] [120] [138] [152] [122] [15] were done to determine the optimal line

configurations and use of protective devices.
2.13.1 Shielding by adjacent objects
Figure 2.37 shows the effect of tall objects along the line as presented in the IEEE standard. The

further away the object, the lower the shielding factor. The shielding factor can be defined as the

lightning protection that an object next to the line gives to the line itself.

| Object Height |

Ho ——H=30m
—O—-H=20m

0.80 - —a—H=15m
.6.. —%—H=10m
USL 0.60 - —%—H=75m
o —Oo—H=56m
% 0.40 4
)

0.20 -

0.00

0 20 40 60 80 100

Distance of Object from the Distribution Line (m)

Figure 2.37 Shielding factor due to objects of different heights along the line [12]. Permission
obtained from the IEEE 2010. Adjacent objects also attract lightning closer to the line.
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The environment along the RVZ research line consisted mostly of flat grasslands and very few high

trees and high ESOs were found close to the line.
2.13.2 Influence of the Overhead Ground Wire

The Overhead Ground Wire (OGW) on MV lines has three basic functions. One is to protect the line
by ensuring that the lightning current terminates on the OGW. Another is to conduct the lightning
current to earth and the third is to reduce the LIOV on the line due to the electric field caused by
nearby lightning. As shown by Jooste et al [153] and Mafatle et al [154], the choice of shield wire
material is very important. Copper and aluminium conduct lightning current with a volt drop up to
100 times lower than steel (due to the skin effect) [153]. Steel overhead ground wires may flash over
to the phase conductors for midspan lightning current terminations [154]. The effectiveness of the
Overhead Ground Wire (OGW) is very dependent on the number of grounding points and the value
of the pole footing earth resistance. Should there be only one earth point on the OGW, the formula

for describing the voltage Ug on the phase conductor is given [155] [156] as:

Us(®) = I x (“6/, + R) (20)

- where lg is the current through the earth point (in A), Zg the surge impedance of the OGW (in Q)
and R is the pole footing earth resistance (in Q).

Figure 2.38 shows the effect of the shield wire on the induced voltage due to nearby lightning on the

line. For the condition considered in [149], the shielding factor, which is the ratio between the induced

voltage on the line with and without the shield wire, is between 55% and 70%.
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Figure 2.38 The effect of OGW on induced voltages for a nearby lightning flash. LSP is the Lightning
Strike Point, SA indicates the presence of surge arresters. The distance between the LSP and the line
was 50 m [149]. Permission obtained from IEEJ Trans 2007.

The overhead ground wire contributed significantly to a floating line in reducing induced surge

amplitudes on the phase conductors due to nearby lightning strikes.

2.13.3 Surge arresters

Line surge arresters are the component that contributes most to an improved lightning performance
of a line. It reduces the induced overvoltages on the line if the induced voltage exceeds the surge
arrester protective level. The shorter the distances between the surge arresters the lower the induced
surge voltages. Figure 2.39 shows a significant reduction in the induced surge voltages on the line if

there are surge arresters close to the lightning termination point [149].

Piantini etal [157] [158] used a simulation model [110] to calculate the voltage on an MV line induced
by a 38 kA stroke 70 m away with and without surge arresters. The result is shown in Figure 2.40. It
can be seen that line surge arresters placed 300 m apart caused a reduction in surge voltage of more
than 50%. However, should the surge arresters be further apart (600 m) the effect on the induced

voltage became much less.
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Figure 2.39 The effect of line surge arresters on the lightning-induced voltages on the line where a
is where the lightning strike point is closest to a pole fitted with surge arresters and b is where the
lightning strike point is closest to the midpoint between surge arresters [149]. Permission obtained
from IEEJ Trans.
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Figure 2.40 The induced voltage on a line with and without a surge arrester due to a lightning strike
70 m from the line with surge arresters spaced every 300 m (a) and every 600 m (b) [157]. Permission
obtained from Alexandre Piantini.

Borghetti et al [159] did a comparison between lightning-induced overvoltages on a line with and
without surge arresters. The line configuration used is shown in Figure 2.41. Strike location 2 was
taken for the illustration. Should surge arresters be installed at each transformer, the induced voltages
at the transformers were reduced. Figure 2.42 shows voltage peaks at the T-offs and the transformer
points without any surge arresters installed. This was due to wave reflections from the transformers
that were seen as a high impedance to the ground for voltage surges. After surge arresters were added,
the induced surge voltage amplitude was reduced significantly as shown in Figure 2.43. The surge
voltage amplitude reduced from 133 kV to 61 kV at transformer 1 (comparing Figure 2.42 and Figure
2.43). However, there were no changes in induced voltage on the line closest to the strike. This was
due to the relatively high impedance (in the high-frequency range) between the point of termination
and the closest surge arrester. Figure 2.44 shows the voltage at the point in the line closest to the
nearby lightning strike termination point with and without surge arresters. The surge arresters reduced
the induced voltage significantly to safe values. Should surge arresters be installed at the T-offs as
well, the highest induced voltage was 73 kV (at To) which was a significant reduction from 167 kV

(at the point in the line that was closest to the nearby lightning strike) as shown in Figure 2.45.
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Surge arresters do make a significant contribution to reducing the LIOVs on the line. However, in
practice one would have to make sure that surge arresters are well earthed and soil ionization and pole

footing earth resistance need to be considered to calculate the LIOV more reliable.
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Figure 2.41 Line configuration studied by Borghetti et al to show the effect of surge arresters. The
strike at location 2 will be used for the calculations [159]. Permission obtained from the IEEE 2009.
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Figure 2.42 The induced overvoltage along the line without any surge arresters [159]. Permission

obtained from the IEEE 2009.
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Figure 2.43 Induced voltages along the line with surge arresters installed at all the transformers
[159]. Permission obtained from the IEEE copyright 20009.
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Figure 2.44 LIOV at the point in the line that is closest to the nearby lightning strike with and without
surge arresters [159]. Permission obtained from the IEEE 2009.
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Figure 2.45 Surge arresters installed on the transformers as well as on the T-offs [159]. Permission
obtained from the IEEE 2009.

Nucci et al [17] used the Monte Carlo method to generate random strikes and varied the peak value
of the lightning current Iy, its front time tz, the strike location and the value of the voltage for each
phase. These strikes were uniformly placed around a 1.8 km line in lossy ground. Surge arresters were
placed at different locations along the line. Figure 2.46 shows that there are about 160 times more
incidents where the induced voltage exceeded 150 kV should the surge arrester spacing be 1800 m

instead of 150 m in ideal ground conditions.
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Figure 2.46 The effect of the lightning-induced overvoltage on an MV line at different line surge
arrester intervals for a ground- flash density of 1 ground flash/km?/year [17]. Permission obtained
from the IEEE 2010.

Figure 2.47 shows the influence of the line surge arrester spacing on the lightning-induced
overvoltage on an MV line according to IEEE Std 1410 2010 [12].

IEEE Std 1410-2010
|IEEE Guide for Improving the Lightning Performance of Electric Power Overhead Distribution Lines
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Figure 2.47 Typical influence of the surge arrester spacing on the lightning-induced overvoltage

[12]. Permission obtained from the IEEE 2010.
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All the work mentioned in this section indicated that especially with surge arresters placed at intervals
less than 200 m apart, there was a significant reduction in the lightning-induced overvoltage on the

line.

2.14 Summary of relevant findings of literature survey

Lightning activity on MV lines was measured by several researchers. Several parameters were not
available reliably to distinguish between nearby lightning and direct lightning strikes to the line and
also to configure the data in a format that could be compared to the IEEE 1410-2010. Although the
lightning return-stroke models as well as the electromagnetic coupling models between the return-
stroke and the line were accurate, many assumptions had to be made to simulate cases where natural
lightning was used for simulation (not all the relevant lightning channel data and accurate distance
between the ground-termination point and the line was always available). However, the lightning
performance estimation for long operational lines based on the existing methods and models could

not be successfully verified by measurement due to cost and logistical support.

The geographical inaccuracy of the LDN was the main reason why the existing methods could not be
used to model or measure the lightning performance of long operational lines. The number of cameras
needed to capture the position and tortuosity of the lightning return-stroke reliably was also not
feasible on long lines. Furthermore, the LIOV attenuated to such an extent that it could not be used
to trigger instruments to start recording. No research could be found where the LGC was measured
(neither the amplitude nor the polarity) or used to trigger an instrument. A lack of reasonable accurate
field data to be used in existing lightning return-stroke models and electromagnetic coupling models

yielded inaccurate results.

A very useful measurement in previous research was that the LIOV on the line changed polarity at
about 250 m from the nearby lightning return-stroke as shown in Figure 2.48 [120] and models
(Figure 2.49 [160]). This principle was used to analyse measurements at the substation (further than
250 m from the return-stroke point of ground termination) to distinguish between nearby lightning

strikes and direct lightning strikes to the line.

The changing environment and line parameters along a long operational line made it difficult to

determine whether a nearby lightning return-stroke would result in a LIOV that exceeded the BIL of

the line. Some previous research used the protection operation to determine whether the LIOV
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exceeded the BIL of the line, but it could result in an error of between 38% and 40% due to arc
quenching (the fault current was independently quenched before protection or breaker operation).
However, this principle was refined in this research by continuous measurement (not using the LIOV

to trigger the instruments) and it could be used to overcome the error due to arc quenching.
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Figure 2.48 Recordings on an MV line of lightning terminated on an ESO that was 200 m from the
line [120]. Permission obtained from the IEEE 1986.
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Figure 2.49 The ERM shows that the LIOV on the line change polarity at about 250 m from the nearby

lightning return-stroke due to the finite ground conductivity [160]. Permission obtained from

Alexandre Piantini.
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Previous research concluded that surge arresters improved the lightning performance of MV lines
significantly. Surge arresters will contribute best to low LIOVs if the surge impedance of the surge
arrester earth leads as well as the earth resistance (of the earth configuration and soil) is low. The
uneven spread of surge arresters and different earthing resistances of the surge arresters such as in
long operational lines made accurate modelling of these long lines difficult.
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3 THE RESEARCH METHODOLOGY

3.1 Area of study

An area with a high lightning Ground Flash Density (GFD) was chosen to create a significant
lightning incident database with a high confidence level. The RVZ 22 kV line in the Free State, South
Africa was used for data collection. The GPS coordinates in the middle of the line were -30.2732°
south and 27.1558° east. The GFD along this line varied between 3 and 24 flashes per km? per year
while the average soil conductivity for the area was between 0.01 S/m and 0.003 S/m.

3.2 Tools, equipment and software

The available tools consisted of the South African Weather Service’s (LDN), the Alternative
Transient Program (ATP) software, an advanced Quality of Supply (QoS) data logger and a fully
equipped 714 km (including the branches) 22 kV operational MV line. Protection data, breaker
operation information and Supervisory Control and Data Acquisition (SCADA) data were also
available.

The ATP-EMTP simulation model that was developed by Hgidalen [18] was used for simulating the
coupling between nearby lightning and the line. The ATP-EMTP simulation model made use of the
TL model for the lightning channel, the propagation effect of the electromagnetic field was modelled
using the CR approximation and the Agrawal model was used for calculating the LIOV. The MV line
was modelled using the JMarti model. The lightning parameters were adjusted to the information

from the LDN for the lightning event that was measured or recorded.

The sampling speed of the ELSPEC recorders that were used was 400 kHz. The resistor dividers that
were used as a backup VT, were exclusive non-inductive resistors with a voltage coefficient
< 0.003ppm/V. A capacitor divider was also used to supply another backup recorder but was

unreliable during wet weather.

The LDN information has two uses, one being live lightning data which is used by the Utility Control

Centre for operational purposes and the other being Fault Analysis Lightning Locating System

(FALLS) software that provided lightning flash detail that was used for this research. The ATP

software is an interface to the Electromagnetic Transient Program (EMTP) to model LIOVs, LGCs,

50 Hz power supply and the operational line with all its equipment and loads. High-level protection
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operation information was available from the SCADA system while detailed protection operation was

downloaded directly from the breakers.

3.3 Coordination of the instruments and the measurements

To obtain a statistically significant dataset of voltages, currents, LIOVs and LGCs on the line, a long
(714 km that includes the branches) operational radial MV line in a high lightning density area was
selected for studying lightning events. The lightning-induced voltages and currents were recorded
with an advanced QoS data logger installed on the line at the substation. A second QoS recorder was

installed in the middle of the line (as a reference when needed).

The QoS data recorders (loggers) were configured to:
- Continuously record the voltage and current on the line with a high sampling rate (400 kHz) to
ensure that no lightning activity on or near the line will be missed. There was no need for a LIOV

to trigger the recordings

- Calculate the zero sequence (common mode) current using the phase currents to monitor the LGC

polarity

- Ensure that the data memory capacity was not exceeded by compressing the data while

measurement was in progress

Data from the LDN was obtained to compare the lightning return-stroke information with the QoS
logger recordings on the line. Should the recorded lightning strike polarity obtained from the LDN
be opposite to the related measured LGC and LIOV, it was classified as a nearby lightning strike.
Details of this process will be discussed in the Data analysis section. Incidents where the LIOV or
LGV (due to either a nearby or direct lightning strike respectively) exceeded the BIL of the line were
identified by a 50 Hz fault current due to the line flashover. Cases where nearby lightning caused a
line flashover were identified and investigated to verify the BIL at that point of interest and to note

any abnormalities on the line or equipment.

The results of the new methodology were then compared to the IEEE standard 1410-2010 by
normalizing the average GFD in a 2 km buffer along the line as well as the number of lightning-
related faults over the two years to the number of faults per year for a GFD of one flash per km? per
year. This comparison will reveal the difference in the estimated lightning performance (according to

the IEEE Std 1410-2010 for floating lines) and the real lightning performance of the operational line.
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The result will be an indication to insulation coordination designers of the expected level of insulation
overdesign should they use the IEEE Std 1410-2010 for floating lines (worst case scenario) as a base

for their design.

3.4 Application of the tools, equipment and software

The amplitude of the LIOV on short floating lines (no equipment connected) could be accurately
measured to determine whether it exceeded the BIL of the line by using high sampling rate recorders
that were triggered by the LIOV. As the line was extended and energized (equipment connected), the
LIOV attenuated to such an extent in relation to the 50 Hz voltage component that it cannot be used
to trigger data loggers. Both the simulations and the measurements showed that in some cases the
LIOV become invisible when superimposed on the 22 kV waveform. Simulations could be used in
these cases to omit the 22 kV waveform and to reduce the voltage scale for the LIOV to become
visible. This was the reason why the LGC was used to verify the polarity as it was superimposed on
the zero-sequence current that was normally zero Ampere. Calculations to determine whether the
LIOV exceeded the BIL of the line could also no longer be used as the actual point where the lightning

terminated was unknown due to the LDN geographical error margin.

Traditionally the LIOV was measured to determine whether the LIOV exceeded the line BIL. Due to
the distance (kilometres) between the lightning termination point and the measurement equipment,
the LIOV amplitude attenuated in some cases to such an extent that it could not indicate if it exceeded
the line BIL. A new approach whereby the LGC on the zero-sequence current was used to give the
required information about the polarity of the lightning-generated charge on the line. One recorder at
the feeder substation was sufficient to satisfy the need for the required power frequency and lightning
data. The recorder was set to sample continuously to ensure that the required power frequency and
lightning activity on the line could be captured. Data storage space was optimized by varying the
recorder sampling speed and compressing the data while recording. This made it possible to capture

data for months before it was necessary to download the recorder.

A new methodology to distinguish between nearby and direct lightning flashes was employed
whereby the polarity of the LGC component that flowed through the NEC was measured. Under ideal
conditions, the 50 Hz current component through the NEC was zero and the LGC superimposed on
the zero-sequence power frequency current could easily be identified. A 50 Hz fault current on the
line indicated that the LIOV exceeded the BIL of the line.
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A cloud can be discharged to the ground along a lightning return stroke channel with a ground-
termination point that is either on the line (direct lightning strike to the line) or nearby to the line as
shown in Figure 3.1. In a case of a direct lightning strike to the line, the return-stroke current injected
into the line will cause an LGV amplitude that has a 98% [12] probability of being higher than the
line BIL at that point. There is a good chance that the LGV amplitude can be clamped at a voltage
that is less than the line BIL and will prevent a flashover if there are well earthed surge arresters at
that point in the line. The resultant LGV and LGC will flow along the line and attenuate due to surge
arresters, the line surge impedance and other equipment impedances. The polarity of this LGV and
the LGC injected into the line will be the same as the polarity of the lightning return-stroke [125]
[120]. Part of the lightning-injected current will flow to earth through the NEC at the feeder
substation. Due to the attenuation of the LGV along the line and the low source impedance at the
substation, the LGV superimposed on the voltage of the 22 kV line may not be visible at the feeder
substation in some cases. As the zero-sequence power frequency current was mostly less than 2 A,
the component of the LGC superimposed on the zero-sequence current at the substation could easily
be seen and was measured continuously with an advanced QoS recorder at a high sampling frequency
rate (400 kHz) to determine the polarity of the LGC.

In the case of a nearby lightning strike, the current in the stroke generated a magnetic and electric
field. The electric field could be divided into two components, namely a horizontal electric field and
a vertical electric field (as shown in Figure 3.1) to determine the total electric field. The polarity of
the LGC and LIOV due to the nearby lightning strike needed to be interpreted correctly for this
research. The amplitude of the LIOV was mainly dependent on the lightning return-stroke current
amplitude, soil conductivity, the channel tortuosity, channel inclination, the line height and the
distance between the nearby lightning strike and the line. The polarity of the LIOV on the line very
close to the nearby lightning strike was the same polarity as the return-stroke current. At some
distance along the line, the polarity of the LIOV change to be opposite to the lightning return stroke
if the soil conductivity is finite. Several models [12] showed that if a lightning strike terminates closer
than 60 m to the line, it was normally attracted to the line and rather terminated direct to the line while
LIOVs on the line due to nearby lightning strikes further than 1 km from the line were insignificant
compared to the BIL of the line.
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Figure 3.1 The electric and magnetic fields due to a nearby lightning return-stroke.

As pointed out in the literature review and verified in this research, the polarity of the LIOV and then
LGC in areas with finite soil conductivity changed to be opposite to the polarity of the lightning
return-stroke at about 250 m from the nearby lightning return-stroke ground-termination. This was
not the case for a direct lightning strike to the line as there was no soil directly involved between the
lightning termination point to the line and the point of measurement at the feeder substation. On
average 99.96% of nearby lightning strikes to the 714 km line used in this research were therefore
further than 250 m from the substation. The chances that a LIOV due to a nearby lightning strike
closer than 250 m to the substation exceeded the line BIL was further minimized by the well earthed
surge arresters at the feeder substation. Should the polarity of the LGC be the same as the return-
stroke polarity (obtained from the LDN), it was classified as a lightning strike direct to the line while

opposite polarities will indicate a nearby lightning strike to the line.

This new measurement methodology was able to distinguish between nearby lightning strikes and
direct lightning strikes to a long line in operation without being dependent on the accuracy of the
distance between the lightning strike termination point and the line, the lightning return-stroke
inclination and tortuosity, accurate line parameters and soil properties, protection operation,
triggering of instruments by the LIOV and having instruments connected at the position on the line
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closest to the lightning strike termination point. As the LIOV amplitude could not be measured on a
long operational line, the current waveform recording at the feeder substation was used to detect a
fault current, which indicated that the LIOV amplitude exceeded the line BIL.

3.5 Methodology used

The methodology used in this research to distinguish between the nearby lightning and direct

lightning strikes to the line was to:

- print the recordings on the logger at the substation that contains fault current flow to a file
(PowerPoint). This was an indication that the line insulation level was exceeded.

- search the LDN database for lightning events at the same time as the fault recordings.

- print the matching LDN geographical display, the lightning return-stroke polarity, GPS
coordinates and the confidence ellipse to a file (PowerPoint).

- compare the LGC polarity in the recording to the lightning return-stroke polarity

- use the breaker operations report to assist in rare cases where there were more than one
lightning return-strokes that could cause the line fault.

- Classify lightning return-strokes with the same polarity as the LGC as direct lightning strikes
to the line and opposite polarity events as nearby lightning.

- Normalize the measured data on the operational line and compare it to the IEEE Std 1410-

2010 lightning performance estimation.

3.6 Comparison between existing and new methodology

The flowcharts in Figure 3.2 shows the process that was followed when existing electromagnetic
coupling models were used to distinguish between nearby lightning and direct lightning strikes to the
line and to determine the lightning performance of short floating MV lines. The input parameters in
the red dotted blocks were usually not adequately accurate to distinguish between nearby lightning
and direct lightning strikes to the line for determining the lightning performance of a long operational
MV line.
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Figure 3.2 A flowchart of the method used in conjunction with existing electromagnetic coupling
models to determine the lightning performance of short floating MV lines. The blocks with the red
dotted lines are the parameters that lack adequate accuracy in the case where the line is long and in

operation.

Figure 3.3 shows the process for measuring the lightning performance of short floating lines. The
purpose of the measurements was to verify the models and therefore the soil and line parameters (in
the red dotted blocks) were also needed. The soil conductivity changes along a long line and are
generally not accurately available. The cost became high and logistics difficult for data analysis of a
high number of cameras (in the red dotted block) to verify the lightning return-stroke termination

point.
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Figure 3.3 A flowchart of the method used in conjunction with existing measurement configurations
to determine the lightning performance of short floating MV lines. The blocks with the red dotted
lines were the parameters that lack adequate accuracy in the case where the line was long and in
operation.

Figure 3.4 shows the new process to distinguish between nearby lightning and direct lightning strikes
to the line and measure the lightning performance of long MV lines in operation. The new
methodology complemented the existing methods because the existing electromagnetic coupling
models and measurement methods could only be used to determine the lightning performance for
short floating lines whereas the new method could only be used for long lines in operation. There was
an overlapping line length where both methods could be used. Floating lines between a few meters
and 3 km were used in most existing electromagnetic coupling models and measurement processes.
If a section of the line was more than 250 m from the nearby lightning strike termination point, was
energized and the neutral point of the NEC or transformer was earthed at the supply point, the new
measurement method could also be used to measure the lightning performance of this section of the

line.
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Figure 3.4 A flowchart for the new measurement methodology to distinguish between nearby

lightning and direct lightning strikes to a long MV line in operation.

3.7 Justification of the new methodology

An ATP model as shown in Figure 3.5 was used to calculate the BIL along the MV line. An LGC
was simulated on the line using a Heidler impulse current model. The LGC amplitude was increased
up to a point where the LIOV would exceed the lowest BIL of the line in the vicinity of the nearby
lightning strike termination point. The amplitude of the LIOV on the line closest to the nearby
lightning return-stroke termination point was then taken as the BIL of the line at that point. An
average BIL of the line as well as the BIL at these specific points on the line where line flashovers
occurred due to nearby lightning strikes was modelled. A database consisting of 38 675 lightning
flashes (126 311 lightning return-strokes) within a 2 km buffer around the line that distinguishes
between line flashovers due to nearby lightning, direct lightning strikes, weather-related faults and
other faults were created. The database was normalized in a format to compare the results with the

IEEE standard 1410-2010 estimation of the lightning performance of the line.
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Figure 3.5 An example of the ATP model to determine the line's local BIL.

The ATP-EMTP computer model [161] was employed as it was easy to extend this model by
including the ATP model of the long line in operation that was used in this research. This computer
model is based on a TL return-stroke model, the CR model to simulate the horizontal electric field
and the Agrawal model for the electromagnetic coupling between the return-stroke and the line. A
+50 KA lightning strike 50 m from a 1 km line and soil resistivity of 500 Q.m. was modelled and the
LIOV was then compared with the ERM [160] that used the same parameters. Figure 3.6 shows a
simulation with the ATP-EMTP model [161] as well as the ERM [160]. Of importance was that
beyond 250 m along the line, the LIOV on the line changes from being the same polarity as the
lightning return-stroke to opposite polarities. The distance where the LIOV polarity changed
depended on the soil resistivity. The higher the soil resistivity, the quicker a polarity change was
experienced. For example, if the soil resistivity was 2000 Qm, the polarity of the LIOV changed at
approximately 150 m from the point in the line closest to the nearby lightning strike. The LIOV
polarity change occurred at approximately 500 m when the soil resistivity was 100 Qm. The

methodology can therefore be used for soil resistivity of between 100 Qm and 2000 Qm.
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Figure 3.6 A direct comparison between the ERM (Permission obtained from Alexandre Piantini)
[160]) and the ATP-EMTP model using the same input parameters. Of importance is the change in
polarity of the LIOV after about 250 m from the nearby lightning strike.

The LIOV amplitude was normally peaking closest to the nearby lightning strike (red curve in
Figure 3.6) and is of most interest. The maximum amplitude of the LIOV should not exceed the BIL
of the line. In this research, the LIOV amplitude peak on the line closest to the nearby lightning point
of termination could not be measured or calculated because of the lack of equipment and the
uncertainty of the LDN geographical distance between the nearby lightning strike and the line. For
this reason, the power frequency fault current was measured to detect whether the LIOV amplitude

exceeded the BIL of the line.

The ATP-EMTP model was then extended to include part of the three-phase floating line towards the
feeder substation with no equipment connected to the line. As shown in Figure 3.7, the LIOV
attenuated significantly towards the feeder substation, but of importance was that the polarity of the
first cycle of the LIOV oscillation 15 km from the nearby lightning strike was opposite to the polarity
of the lightning return-stroke polarity. Figure 3.8 shows the current along the line after the equipment
was connected. Although some oscillations in the LGC could be seen, the first cycle of the LGC
oscillations at the substation was of opposite polarity in comparison to the lightning return-stroke

polarity.
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Figure 3.7 The ATP-EMTP model included the Hgidalen model for nearby lightning as well as a 15
km three-phase line that was floating and with no equipment connected. There was a close correlation
between the 3 phases and therefore only one phase was shown. The polarity of the LIOV changed
after about 250 m and was of opposite polarity (negative) at the feeder substation (curve no. 6) in

comparison with the lightning return-stroke polarity (positive) that was used for this simulation.

101



50

0 A
-50 ?\

<
g -100 1
3 150 LGC in the middle LGC at the
% ) of the line substation
2
c 200
G
on
g -250 -
= LGC 500 m from
2 300 \ the nearby
lightning strike
-350 I I 1 I I I I I I
0.00 0.04 0.08 0.12 0.16 0.20

Time [ms]
Figure 3.8 The ATP model shows the reflections (of LGC) caused by the line configuration and
equipment that was connected to the line. The amplitude of the oscillations due to the reflections
became lower as it progressed along the line. The first cycle of the LGC oscillation was still of
opposite polarity (negative) in comparison with the lightning return-stroke polarity (positive) used in
the simulation.

There were no existing models and measurements that this new methodology could be verified with.
A basic validation of a short floating line in the ATP-EMTP model was verified with the same input
data on the same short line in the ERM and the result was similar. This comparison validated the
basic principle of the new methodology — that the LIOV polarity as a result of nearby lightning change
polarity after about 250 m due to the finite soil conductivity. This is not the case for a direct lightning
strike to the line as there is no soil directly involved.

The extended ATP-EMTP model (that includes an ATP model for the long equipped and energized
line) had to be verified as being rigorous using actual measurements. Eight nearby lightning and four
direct lightning return-strokes of which there was no uncertainty of being nearby or direct to the line,
with different polarities and different distances from the feeder substation were used for verification
of the measurements and the model. Lightning strikes with different polarities, amplitudes, both sides

of the line, beyond the end of the line and different distances from the feeder substation were analysed
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and compared to simulations using the extended ATP-EMTP. Both the measurements and the
extended ATP-EMTP model verified that the methodology was rigorous. This methodology was also
verified with other lightning events in this research as documented in journal papers and conference
papers [131] [162].

The actual distance between the nearby lightning return-stroke ground-termination point and the line
was unknown (due to the LDN geographical distance error). A distance of 50 m between the line and
the nearby lightning return-stroke ground-termination point was assumed for simulation purposes (if
the lightning strike was closer to the line, the line would have attracted it to be a direct lightning strike
to the line [12]). Uncertainty in the distance between the line and the nearby lightning strike
termination point would compromise the amplitude accuracy of the LIOV and LGC. The new
methodology did not require an accurate amplitude of the LIOV and the LGC as a power frequency
fault current will reveal whether the LIOV exceeded the BIL of the line. The surge impedance of the
line was 350 Q. Should a lightning strike terminate direct to the line, the lightning current would

therefore detect an effective impedance of 175 Q.

For direct lightning strikes to the line:

- there will be wood splintering damage (that could only be caused by lightning > 7 kA).

- low amplitude direct lightning strikes that would not have caused a line fault if it was a nearby
lightning strike, were used in the case studies.

- Using the Rusck formula for a floating line, a nearby lightning strike of more than 20.161 kA,
50 m from the line is needed to cause a flashover on a line with a 150 kV BIL (minimum BIL
of the line in this research). In the case of an operational line, this nearby lightning strike
amplitude necessary to cause a flashover will be much higher (mainly due to surge arresters
connected to the line). A low amplitude direct lightning strike will be < 20.161 KA.

- The measurements in the case studies were verified using the extended ATP-EMTP model
and the measured LGC was in all cases of the same polarity compared to the relevant lightning

return-stroke polarity.

For nearby lightning:

- The minimum line BIL on the line was 150 kV, with a line surge impedance of 350 Q
(resultant surge impedance of 175 Q as the LGC flows to both sides on the line), a lightning-
generated current of 857 A will exceed the line BIL and cause a flashover on the line.
Therefore, nearby lightning strikes with high amplitudes (several times higher than the
required direct lightning return-stroke amplitude needed to exceed the line BIL) were used.
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return-stroke polarity.

There was no power frequency fault current measured at the time of that theses nearby
lightning strikes. This indicated that it must have been nearby lightning strikes.

As high amplitude (>7 kA) nearby lightning return-strokes were used in cases to prove the
methodology, there was a high probability that wood damage would occur if it was
misinterpreted as a direct lightning strike, which was not found in the nearby lightning cases.
The measurements in the case studies were verified using the extended ATP-EMTP model

and the measured LGC was in all cases of opposite polarity compared to the relevant lightning

The above criteria seem to be adequate to distinguish between nearby lightning and direct lightning

to the line. However, unevenly spread surge arresters and other equipment attached to the line as well

as compromised line equipment insulation, may cause unexpected flashovers due to nearby lightning.

There were 10 incidents where nearby lightning-caused flashovers due to other insulation

shortcomings. There were cases where much higher amplitude direct lightning strikes to the line did

not cause flashovers (6 in this research). There were surge arresters close by in these cases. Therefore,

a new methodology had to be used. Table 3.1 shows a summary of the verification of the

methodology.

Table 3.1 A summary of the simulated and measured verification of the methodology

Flashover | Distance from
Nearby Direct (Yes/ the recorder Polarity
lightning lightning No) [km] comparison Comments
An 18 kA direct
-18 kA on the The strike polarity lightning strike
right side of was opposite to the | would have caused
Casel the line No 12 recorded LGC a flashover
A 59 kA direct
+59 kA on The strike polarity lightning strike
left side of was opposite to the | would have caused
Case 2 the line No 44 recorded LGC a flashover
A 140 kA direct
+140 kA on The strike polarity lightning strike
the right side was opposite to the | would have caused
Case 3 of the line No 44 recorded LGC a flashover
A 61 kA direct
-61 kA on the The strike polarity lightning strike
right side of was opposite to the | would have caused
Case 4 the line No 49 recorded LGC a flashover
A 69 kA direct
-69 kA on the The strike polarity lightning strike
left side of was opposite to the | would have caused
Case 5 the line No 50 recorded LGC a flashover
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+118 kA on
the left side
of the line
and a +19 kA Both the strike A 118 kAand a 19
on the right polarities were kA direct lightning
side of the opposite to the strike would have
Case 6 line No 9 recorded LGCs caused a flashover
+101 kA A 101 kA direct
beyond the The strike polarity lightning strike
end of the was opposite to the | would have caused
Case 7 line No 38 recorded LGC a flashover
A 9 kA nearby
lightning strike
would not have
caused a flashover.
There was also
The strike polarity | wood damage that
and the recorded confirms that it
LGC had the same was a direct
Case 8 -9 kA Yes 31 polarity lightning strike
A1l4kAandal3
kA nearby lightning
strike would not
have caused a
flashover. There
was also wood
The strike polarity damage that
-14 kA and the recorded confirms that it
and -13 LGC had the same was a direct
Case9 kA Yes 18 polarity lightning strike
A 81 kA nearby
lightning strike
could have caused
a flashover, but
there was wood
The strike polarity damage that
and the recorded confirms that it
Case LGC had the same was a direct
10 +81 kA Yes 31

polarity

lightning strike

Case 1 in Figure 3.9 shows the LDN geographical presentation of a -18 kA nearby lightning strike
that was at the right side of the feeder and 12 km from the feeder substation. There was no fault

current on the feeder which was an indication that the LIOV did not exceed the line BIL at any point.
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Figure 3.9 Case 1. A -18 kA nearby lightning strike at the right side of the line, 12 km from the feeder
substation caused a positive LGC on the zero-sequence current recording. The amplitude of the LIOV
was too small to make a reliable conclusion on the polarity of the LIOV.

Figure 3.10 shows the extended ATP-EMTP model simulation results for the LGC and LIOV as from
1 km from the nearby lightning stroke ground-termination point up to the feeder substation. In both
the measurement and the simulation, the LGC had a positive polarity due to the -18 kA nearby
lightning strike. The LIOV measured at the substation was negligibly small in both the simulation
and the measurement. This was mainly due to the line surge impedance, surge arresters, other
equipment and the source impedance at the feeder substation. The difference in the measured and
simulated amplitude of the LGC could be attributed to the different actual line and lightning channel

parameters used in the simulation.
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Figure 3.10 An ATP-EMTP simulation of a -18 kA nearby lightning strike (Figure 3.9) that was 12
km from the feeder substation. The exact distance between the nearby lightning strike and the line
was unknown and 50 m was used in the simulation. The simulation shows the resultant LGC and

LIOV both had a positive polarity at 1 km from the nearby lightning strike where the closest surge

arresters were installed and at the feeder substation.

Figure 3.11 shows the LDN geographical display of a +59 kA nearby lightning strike on the right side
of the feeder and 42 km from the feeder substation. The LIOV attenuated to such an extent that it was
not visible when superimposed on the power frequency voltage waveform while the polarity of the
LGC was clearly visible and had a negative polarity. The +59 kA lightning return-stroke was

modelled using the extended ATP-EMTP model and the result is shown in Figure 3.12.
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Figure 3.11 Case 2. A +59 kA nearby lightning strike at the left side of the line, 44 km from the

substation caused a negative LGC on the zero-sequence current recording. The LIOV was not visible

on the recording.
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Figure 3.12 A simulation of the LIOV and LGC along the line as from 1 km from the nearby lightning

return-stroke point of termination up to the feeder substation that was 44 km from the nearby

lightning return-stroke point of ground termination. The LIOV at the substation was not visible before

it was amplified in the bottom graph.

Figure 3.13 shows positive (+140 kA) nearby lightning strike that terminated on the right side of the

line at a point 44 km from the feeder substation.
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Figure 3.13 Case 3The LDN geographical presentation of a +140 kA nearby lightning strike 44 km
from the feeder substation at the right side of the line.

Figure 3.14 shows a recording of the LIOV and LGC. A small disturbance could be seen on the LIOV
and it is difficult to identify the polarity of the LIOV. The LGC had a negative polarity due to a

positive nearby lightning strike. There was no indication of a fault current on the recording at the
substation.
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Figure 3.14 A recording at the feeder substation of the LGC (negative polarity) due to a positive
nearby lightning stroke shown in Figure 3.13.

Figure 3.15 shows an ATP-EMTP simulation of the nearby lightning strike in Figure 3.13 and as

recorded at the feeder substation in Figure 3.14. Both the LIOV and LGC had a negative polarity due
to a positive nearby lightning strike at the right side of the feeder.
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Positive (+140 kA) nearby lightning strike 44 km from the substation at

the right side of the line
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Figure 3.15 An extended ATP-EMTP simulation of the LGC and LIOV on the line due to the nearby

lightning strike as recorded in Figure 3.14. The LGC amplitude in the simulation is less than the

recorded LGC due to unknown parameters of the changing soil conductivity along the line and the

distance between the line and the nearby lightning strike ground termination point.

Figure 3.16 shows the LDN geographical display of a negative (-61 kA) nearby lightning strike on

the right side of the feeder. The incident occurred 49 km from the substation.
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Figure 3.16 Case 4. The LDN geographical presentation of -61 kA nearby lightning strike at the right

side of the line 49 km from the substation.

Figure 3.17 shows the voltage and current recording at the feeder substation at the time of the nearby

lightning strike in Figure 3.16. No LIOV superimposed on the 22 kV voltage waveform can be

noticed. The LGC had a positive polarity due to the negative nearby lightning strike. There was no

fault current measured at the substation which was an indication that the LIOV did not exceed the

line BIL.
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Figure 3.17 A recording of the LGC with positive polarity due to a negative nearby lightning strike
shown in Figure 3.16.

Figure 3.18 shows an ATP-EMTP simulation of the -61 kA nearby lightning strike which caused a
positive LIOV and LGC.
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Negative (-61 kA) nearby lightning strike 49 km from the
substation at right side of the line
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Figure 3.18 A simulation done using the extended ATP-EMTP model due to a negative nearby
lightning strike shown in Figure 3.16. Both the LGC and the LIOV polarity are opposite to the

lightning return stroke current polarity of the nearby lightning strike.

Figure 3.19 shows a geographical display of a -69 kA nearby lightning strike that terminated on the

left side of the line at a point 50 km from the substation.
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Figure 3.19 Case 5. The LDN geographical display of a -69 kA nearby lightning strike at the left side

of the line 50 km from the substation.

Figure 3.20 shows a recording at the feeder substation of the negative nearby lightning strike shown

in Figure 3.19. No LIOV could be seen on the voltage recording, but an LGC with a positive polarity

could be seen on the current recording due to the negative nearby lightning strike.
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Figure 3.20 A recording of the voltage and the current at the feeder substation due to a -61 kA nearby
lightning strike shown in Figure 3.19. The LGC polarity was positive which was opposite to the

nearby lightning return-stroke current polarity.

Figure 3.21 shows a simulation of the nearby lightning strike in Figure 3.19. The polarity of the LGC
in the recording and the simulation is positive and of opposite polarity to the negative lightning return
stroke. The -61 kA nearby lightning strike in Figure 3.16 was on the right side of the line and the -
69 KA nearby lightning strike in Figure 3.19 was on the left side of the line. In both cases, the LGC

and LIOV were of opposite polarity to the nearby lightning strike return-stroke current polarity.
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Negative (-61 kA) nearby lightning strike 50 km from
the substation at the left side of the line
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Figure 3.21 A simulation of the LIOV and LGC due to a negative nearby lightning strike shown in

Figure 3.19. Both the LGC and LIOV polarity was positive and of opposite polarity of the negative
nearby lightning strike.

Two positive nearby lightning strikes (Figure 3.22), one on the left side and one on the right side of
the line occurred 22 ms from each other. The time difference in the LDN database and the recording
were the same. In both cases, the first half cycle of the polarity of the LGC was negative (Figure
3.23) and opposite to the positive lightning return-stroke currents.
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Figure 3.22 Case 6. Two nearby lightning strokes, a +118 kA with a ground termination point on
the left side of the line and a +19 kA on the right side of the line. There was a time-lapse of 22 ms

between the two lightning strokes.
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Figure 3.23 A recording at the feeder substation of the two nearby lightning events in Figure 3.22.
The polarity of the first half cycle of the oscillation of both the recordings was negative while the

polarity of both the lightning return-strokes was negative.
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Figure 3.24 shows a positive (+101 kA) nearby lightning strike beyond the end of a branch. The
polarity of the first cycle of the LGC as shown in Figure 3.25 was negative and opposite to the

lightning return-stroke polarity.
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Figure 3.24 Case 7. A +101 kA nearby lightning return-stroke beyond the end of the line.
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Figure 3.25 A recoding at the feeder substation shows that the first half cycle of the oscillation was

of opposite polarity to the nearby lightning stroke in Figure 3.24.
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All die nearby lightning strikes caused an LGC current at the substation that had an opposite polarity
to the nearby lightning return-stroke polarity. It did not matter what the polarity, the amplitude, the
distance from the substation was, or the position of the ground-termination point in relation to the
line was. The lightning return-strokes had high amplitudes that would surely cause a LIOV that would
have exceeded the line BIL. It could therefore be concluded that a nearby lightning strike to the line

will have caused an LGC with a polarity that was opposite to the lightning return-stroke polarity.

Three cases where direct lightning strikes terminated to the line were modelled to verify the
recordings at the feeder substation. Low amplitude lightning return-strokes were chosen for the
studies. As discussed in 3.7, a nearby lightning strike 50 m from the line that exceeds 20.1 kA may
cause a flashover in the worst-case scenario (no surge arresters in close proximity). A -9 kA, a -14
kA and a -13 kA direct lightning strikes were investigated. Unfortunately, positive direct lightning
strikes were rare and had high amplitudes. A +81 kA direct lightning strike was used in the study.
There was some wood damage at the point where the lightning strike terminated to the line which

proved that the lightning strike was direct to the line.

Figure 3.26 shows that a power frequency fault current started to flow at the same time as the -9 kA
lightning strike at a point that was 31 km from the feeder substation. A 9 kA nearby lightning strike
50 m from the line will induce 21 kV (39 kV if superimposed on the peak of the 50 Hz voltage
waveform) at that point in the line which is far less than the 300 kV BIL of the line at this point. This
meant that the LIOV exceeded the BIL of the line. Furthermore, a 9 kA nearby lightning strike (which
would only induce a 60 A current in the line) would not have caused wood damage to a pole as wood
damage only occurs for lightning currents larger than 7 kA [150]. It can therefore be concluded that
it was a direct lightning strike to the line. Figure 3.26 shows that the LGC superimposed on the zero-
sequence current recording was the same polarity as the lightning return-stroke which proved the
theory used in the new methodology.

The -9 kA direct lightning strike to the line was then simulated using the extended ATP-EMTP model.
Figure 3.27 shows a simulation of the LGV and LGC at the feeder substation. The polarity of both
the LGV and LGC was the same as the polarity of the direct lightning return-stroke current polarity
which supported the theory used in the new methodology. Although it was not important for this
research, it was noted that the amplitude of the LGC was measured to be 166 A and according to the
extended ATP-EMTP simulation, the LGC was 170 A. There were significant differences between
the measured and simulated LGC amplitudes of the nearby lightning strikes due to many model input
parameters that could not be determined reliably.
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Monday 08 April 2019, 14:50:52: 00.885 - 00.920

Figure 3.26 Case 8. A -9 kA direct lightning strike to a pole that was 31 km from the feeder substation
resulted in a line flashover followed by a fault current. Note the similar polarities of the LGC and the

return-stroke current polarity.



Negative (-9 kA) lightning strike direct to the line 31 km from the

substation
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Figure 3.27 A simulation of the -9 kA lightning strike direct to the line as shown in Figure 3.26

Two strokes in the same flash as shown in Figure 3.28 terminated to the line at a point that is 18 km

from the substation. The lightning return-stroke current also caused wood damage. Both the LGC and

LGV measured at the feeder substation had a negative polarity which was the same polarity as the

lightning strokes. The two lightning strikes were 24 ms apart and terminated most probably to the

same point in the line. Figure 3.29 shows the recording of the LGC and LGV at the feeder substation.
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Figure 3.28 Case 9. A -14 kA and a -13 kA direct lightning strike to the line 18 km from the substation
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Figure 3.29 A recording at the feeder substation of a -14 kA and a -13 KA direct lightning strike to

the line as shown in Figure 3.28. Both the LDN data and the current recording shows that the two
lightning strikes were 24 ms apart.
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Figure 3.30 shows a simulation of the -14 kA lightning strike direct to the feeder. There would have
been barely any noticeable difference between a simulation of the -13 kA and the -14 kA lightning
strikes and therefore only one of the cases was simulated. The simulation also shows that the polarity

of the LGC and the LGV were both negative which is the same as in the recording.

Negative (-14 kA) direct lightning strike to the line 18 km from
the substation
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Figure 3.30 A simulation of the -14 kA direct lightning strike to the line. It confirmed that the negative

lightning return stroke caused an LGC with a negative polarity.

Figure 3.31 shows an LDN geographical picture of a positive (+81 kA) direct lightning strike to the

line. Some wood damage could be seen which is an indication that the lightning strike terminated

direct to the line.
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Figure 3.31. Case 10. A +81 KA lightning strike terminated direct to the line 31 km from the feeder

substation. Some wood damage also occurred at the point where the lightning terminated on the pole.

Figure 3.32 shows a recording at the feeder substation of the +81 kA lightning strike. The polarity of
the LGC and the LGV was positive which is the same polarity as the lightning return-stroke current
polarity. Figure 3.33 shows an ATP-EMTP simulation of the direct lightning strike in Figure 3.31.
Both the LGC and LGV polarity were the same as in the recording shown in Figure 3.32.
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Figure 3.32. A recording at the feeder substation of the +81 kA lightning strike direct to the line
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Positive (+81 kA) direct lightning strike to the line 27 km from the substation
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Figure 3.33. A simulation of the +81 kA lightning strike direct to line as shown in Figure 3.31.

In all four cases that were analyzed, it was found the direct lightning strikes to the line caused an LGC
and an LGV that had the same polarity as the lightning return-stroke current polarity. It was concluded
that nearby lightning strikes caused an LGC and a LIOV that had the opposite polarity at a point in
the line further than 250 m from the point in the line closest to the nearby lightning strike. This was
due to the finite soil conductivity. For direct lightning strikes, the polarity of the LGC and the LGV
stayed the same from the point where the lightning return-stroke terminated to the line up to the feeder
substation. This was due to the lightning strike that terminated on the conductors and there was no
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soil between the lightning strike termination point and the point of measurement at the feeder

substation.

3.8 Data Analysis

Lightning data as from 1 July 2018 to 30 June 2020 was used to determine the line’s lightning
performance. It consisted of 38 675 flashes (126 311 strokes) that terminated inside a 2 km buffer
around the line. The QoS loggers recorded the three-phase currents and calculated the zero-sequence
current continuously at a maximum sampling rate of 400 kHz. Both QoS logger data and the LDN
data were GPS timestamped and were compared within 10 ms accuracy. Each LGC and LIOV was
linked to a specific lightning strike captured by the LDN. This avoided counting faults due to rain
(wet insulation) and wind (conductor or tree clashing) that were part of the storm, as lightning-related
faults.

Figure 3.34 shows a typical recording of a lightning flash with several lightning strikes direct to the
line and that the last two lightning strikes (17 and 18) were nearby the line. The top waveform in
Figure 3.34 shows a recording of the voltage in the middle of the line. The power frequency voltage
in the middle of the line dropped significantly which was an indication that the fault was more towards
the end of the line. The first lightning strike was direct to the line and caused a flashover on the line.
Several lightning strikes within the flash were missed by the LDN. Figure 3.35 shows the recording
of the first stroke in this flash. The polarity of the LGV, as well as the LGC, were negative. The
sampling rate of the QoS recorder increased when high-frequency components (due to the leader
activities) on the current and voltage recordings were present and decreased again after the high-
frequency components vanished. This was done to save memory space. Another example of the leader
activities measured by [163] [164] is shown in Figure 3.36. Figure 3.37 shows the LDN data of this
lightning flash.

An insulation failure (line flashover) was visible on the 50 Hz current recording (a 50 Hz fault current
started flowing at the time of the first lightning stroke in the flash). If the fault current recorded by
the QoS logger decreased to normal load current, there was no breaker operation recorded and there
was no inrush current at the time the breaker should have auto-reclosed, it meant that the arc

independently quenched before the breaker could operate.
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Figure 3.34 An example of a lightning flash consisting of multiple strokes of which the 1 lightning
stroke terminated direct to the line causing the line to flashover while the 17" and 18" strokes
terminated nearby the line. It can be seen that nine lightning strokes within the flash were missed by
the LDN.
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Figure 3.35 The polarity of both the LGV and LGC due to the first stroke of the flash shown in
Figure 3.34 was negative. The QoS logger increased and decreased the sampling frequency during

the presence and absence respectively of the higher frequency components due to the lightning

activity.
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Figure 3.36 The high-frequency components due to leader activity [163]. Permission obtained from
the Atmospheric Research.
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Figure 3.37 The LDN data for the incident is recorded in Figure 3.34. Strokes 17 and 18 were nearby

lightning strokes and did not terminate on the line. Note the geographical inaccuracy of the LDN.

The first step in the data analysis was to analyze the recordings of the QoS logger, breaker operations
and SCADA reports for possible line faults and lightning activity. Figure 3.38 shows a typical
recording of a lightning storm captured on the recorder at the feeder substation. Each LGV, fault
current and LGC recording was analyzed. This required zooming in several times until all the required
LGC and LGV information were visible (from Figure 3.38 up to Figure 3.41). The QoS instrument
recording in Figure 3.41 shows that both the LGC and the LGV had a negative polarity.

The second step was to look for lightning activity at the same time on the LDN recording. In the case,
as shown in Figure 3.42, a -25 KA return-stroke caused the line flashover. The third step was to
determine whether the lightning flash was nearby or direct to the line by comparing the polarity of
the LGC and LGV to the lightning return-stroke data from the LDN. Similar polarities indicated that
it was a direct lightning strike to the line while opposite polarities indicated that it was a nearby
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lightning strike to the line. In this case, it was a direct lightning strike to the line because it had the

same polarity as the LGC and the LIOV as shown in Figure 3.41.
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Figure 3.38 A typical voltage and current recording during a period with lightning activity in the
afternoon of 28 December 2019. LGVs and fault currents were visible. Each incident had to be
investigated by zooming into a smaller time period (the red ellipse) up until all the required LGV and

LGC information could be seen.
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Figure 3.39 A zoomed-in picture of Figure 3.38 that shows a temporary fault caused by lightning
activity. The fault current duration (within the red ellipse) and the time that the breaker auto-reclosed

followed by the inrush current can be seen.
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Figure 3.41 Detail showing the polarity of the LGV and the LGC. Both the LGV and the LGC had a

negative polarity.
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Figure 3.42 The lightning incident that caused the temporary line fault shown in Figure 3.39. The
lightning strike (-25 kA) had the same polarity as the LGV and LGC and it was therefore a direct
lightning strike to the line.

The next step will be to determine if there was a fault current as a result of the lightning flash and
whether the 50 Hz fault current resulted in a breaker operation (Figure 3.39) or whether independent
arc quenching took place as shown in Figure 3.43. These recordings were compared to the protection
operation and the SCADA data.
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Figure 3.43 A three-phase fault that quenched independently before breaker operation.

In borderline cases or cases where additional information about the actual environment or equipment
connected to the power network was needed, a site visit was done using the GPS coordinates in the
LDN data to find the location. Any flash marks and damage were noted. All the locations where line
flashovers due to nearby lightning strikes occurred over the two years were also visited. The BIL of
the line at each of these events were verified during site visits. All the line faults were then categorized
according to the number of phases involved in the fault, the root cause of the fault, and whether the
fault was cleared by the breaker or quenched independently. The last step was to normalize the GFD
and the lightning-related faults on the RVZ line to a format that could be compared to the IEEE
standard 1410-2010 lightning performance estimations.

Appendix A shows more examples of recordings that were done in the research.
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4 THE CASE STUDY EXPERIMENTAL MEASUREMENTS AND ANALYSIS

Table 4.1 and Figure 4.1 show the line fault data and the GFD respectively between July 2018 and
June 2020. There were 1155 faults (flashovers) on the line of which 528 were lightning-related. A
total of 38 675 flashes (126 311 strokes) that terminated inside a 2 km buffer along the line were
recorded by the LDN. There were a total of 431 single-phase faults (38.2% of the faults) and 696
faults between phases which differ from [165] and [166] where it was found that between 50% and
80% of faults were single-phase faults.

Table 4.1 Recorded RVZ line faults categorized according to the involved phases, the root causes and

how the faults were cleared.

Total number of lightning flashes within a 2 km buffer along the line: 38 675 flashes (126 311 strokes)

) No Lightning | Weather- Lightning and
LINE FAULTS Tripped Quenched Other | Total
fault related related weather
Direct
278 96
flash
Phase- 377
Nearby
to- 1 2 557
flash 696
phase
Weather-
faults 99 81 180
related
Other 78 61 139
Direct
93 51 6
flash
Singl Nearb ot
ingle- ear|
g Y 1 6 320
phase flash 431
faults | Weather-
84 85 169
related
Other 51 60 111
Undetected by
20 8 28 28
LDN
Total 705 450 6 556 349 250 1155 877
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Figure 4.1 The GFD along the line between June 2018 and July 2020. The average GFD was 8.51
flashes / km2 / year. An additional recorder (QoS logger) was installed for reference purposes in the

middle of the line

Table 4.2 shows more detail on the lightning flashes that occurred along the RVZ line during the

research period of two years.

Table 4.2 Lightning flash details along the RVZ line between 1 July 2018 and 30 June 2020.

Asset name Count Count - Count + | % positive| Density Max kA | Avg kA |[Mdn kA
RVZ line 38675.8 | 35515.1 3160.7 8.2 8.51 180 19 16
Exp Fact| Min kA(-) | Max kKA(-)| Avg KA(-)| Mdn kA(-)| Min kA(+)| Max KA(+) | Avg KA(+)| Mdn KA(+)
319.46 1 180 19 16 6 180 18 11

Figure 4.2 shows the lightning trend during the research period. There was much more lightning

activity in the first lightning season than in the second season.
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Figure 4.2 Lightning details within a 2 km buffer along the line.

4.1 Lightning flashes direct to the line

There were 524 lightning flashes direct to the line that resulted in 371 breaker operations. A total of
147 faults were quenched independently before breaker operation. A 28% error would have been
made if breaker operations were used to count the number of faults due to direct lightning flashes to
the line. A total of 144 faults (27.8% of the faults) were single-phase faults and 374 faults were
between phases. According to the IEEE standard 1410-2010 the estimated number of direct lightning
flashes/year/100 km to the line can be determined by Equation 21:

N =N, (28h10:+b) (21)
Where

N = number of direct lightning strikes to the line per year per 100 km

N, = lightning flash density

h = the height of the line

b = the width of the line

According to Equation 21, a total of 97 flashovers/year/100 km due to direct lightning flashes to the
line were predicted in an area with a lightning GFD of 8.51 flashes/km?/year, a line-height of 10 m
and a line width of 2 m. There were 524 direct lightning flashes to the 714 km line during the 2-year

research period. The normalised number of direct lightning flashes to the line for one year per 100 km
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line was measured to be 37 flashovers/year/100 km which was lower than the 97 as calculated by
using Equation 21. The IEEE Std 1410-2010 overestimated the number of direct flashes to the line.

This could have been due to the environment and ESOs in the vicinity of the line.

4.1.1 Nearby lightning flashes to the line

Only 10 out of the 38157 nearby lightning flashes caused flashovers on the line over two years — an
average of 5 flashovers annually. The flashover rate for a line with a BIL of 165 kV should be 218.7
flashovers/714 km/year for a GFD of 8.51 and a soil resistivity of 300 ©-m according to the IEEE
standard 1410-2010 as shown in Figure 4.3. This is much higher than the measured average of 5
flashovers/714 km/year. The main reasons for the difference were most probably due to reasons as
discussed in the Literature Survey chapter. The lightning performance of the line due to nearby
lightning strikes was affected by surge arresters connected to the line, a possible lower rise time and
tortuosity of the lightning return-strokes, lower amplitude return-strokes, varied line-height and soil
resistivity.

IEEE Std 1410-2010
IEEE Guide for Improving the Lightning Performance of Electric Power Overhead Distribution Lines

Ll .. 3.6 flashovers/100 km/year x 7.14 x 8.51 =
Pea g, " 218.7 flashovers /714 km/year for GFD of 8.51
A .,..'6. 2 = 5
10.000 | e V.Vfla_s'l(1>~e§/~km /year and for p =300 Q.m
= i : 77"'—,..0."'~<.>
S 1.000 ¢ Sies <>~~._©_
- ~ B % RN
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S - —4
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Figure 4.3 According to the IEEE Standard 1410-2010 the flashover rate due to nearby lightning
flashes should be 3.6 flashovers/100 km/year for a line with a 165 kV BIL and soil conductivity of 3.3
mS/m (Permission obtained from the IEEE 2010 [12]). The flashover rate should therefore be 218.7
flashovers/714 km line/year if the GFD was 8.51 flashes/km?/year.
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Only two of the ten nearby lightning strikes that caused a line flashover resulted in a breaker operation
which meant that 80% of the faults in this category were independently quenched before breaker
operation. This was an indication that the fault mechanism was different to fault mechanisms due to
lightning events which had a lower (between 25% and 35%) independent fault current quench rate.
Some badly degraded insulators (Figure 4.4), as well as damaged surge arresters (Figure 4.5), were
found in the area where nearby lightning flashes caused flashovers on the line. It is possible that some
of the line faults that were at the same time as nearby lightning strikes occurred could have been
caused by a combination of damaged insulation and the moister content in the storm. This may explain
why lightning measurements on a new line did not show any flashovers due to nearby lightning strikes
[148].
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Figure 4.4 Many insulators were found to be in a degraded condition in the area where flashovers
occurred due to nearby lightning flashes. The insulator at the top was still functional during normal
dry weather.

143



Surge arrester
stand-off insulator

W —

Figure 4.5 A surge arrester with a failed ground lead disconnector. The surge arrester stand-off
insulator had a very short creepage distance and the power frequency insulation was further

compromised by moisture during thunderstorms.

4.2 Lightning flashes missed by the LDN

In some cases, the logger recorded a line fault with a visible LGC and LIOV amid a lightning storm
while no lightning strike was recorded by the LDN at that specific time. Figure 4.6 and Figure 4.7
show an event where the lightning flash was not detected by the LDN. In such cases, the QoS
recording was omitted from the lightning performance of the line and was logged as “not detected by
the LDN” as shown in Table 4.1. It was omitted as the polarity of these lightning strikes was unknown.
28 such cases appeared to be lightning strikes that were direct to the line and caused line faults. The
flash detection efficiency of the LDN was 95% if 28 out of 528 lightning flashes that caused line
faults were missed by the LDN. This was within the 90% flash DE specification of the LDN.
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Figure 4.6 A recording at the feeder substation showed that lightning activity caused a line fault.

T T T T T T T T T T T e
NN N
R e T T T T T T T T T Y
‘-/k/\/\.-'\.o’\/‘-/k/\/\f\.-’\.—’\/\/\/\f
\/\/\/\.-'\.o’\/\/\/\/\f\.-’\.—’\/\/_\/\f
L R R N '.-
+* F T
R R R R N A A *
AN
N AN o
NN N N
R T A A e e e N T T Y “
ey e e e e
P N N N
:/:/:/:/:#:{:/:/:/:/:K:#:{:/:/:/:f -

* Bt *
//.-'.o’////f\\\/\///.-’ *
T T 3-30-4 22400V Trfr VZ213-44-3 22

* s
ST,
~
Lo ERr *
: : Er :
*e e N I :
S
* P r i
¢+ LRI -
oS e e
- R WE213-44T
P
B
~ S
P ) +*
L I:I I:I.E‘ 1
LSS LS .
A Kilomejers
S o
B
+*
SR
E
w - LSS LS *
&+ M
LT T T T L T T
AR
S RN A 1 -12-1 22KVIA00V Trr
BN bt e
N L
A ARt AL AR AN
I R S R R S R A P R
EE ltg_details Browser - | I:I| Xl
Time GMT+02:00 PkCurr(kaA | Latitude Longitude |HumSer| CI;|
|:| 2020-02-06 12:54:10.869 -3 -30.211 260493 17
B | z020-02-06 12:54:14.819 -24 -30.3284 27.0855 15
. 2020-02-06 12:54:14.883 -5 -30.3415 27.0851 2
|:| 2020-02-06 12:54:16.630 =21 -30.108 255854 16 -
4| | 9 +

Figure 4.7 The LDN data at the time of the recording shown in Figure 4.6. There were no lightning

strikes at the time of the waveform recordings.
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4.3 Storm-related faults

Storm-related faults can be easily confused with lightning-related faults as they can happen during
lightning activity. These faults are not directly related to the line BIL, but rather due to the power
frequency creepage that is compromised by ageing insulation or other external elements. The
insulation was then further compromised by moisture that caused flashovers. The BIL of an insulator
is usually not compromised by more than 10% due to damaged insulation [167]. A total of 349 faults
(30.2%) were found to be storm-related faults where lightning was not directly involved.

4.4 Other faults

Faults classified as “Other” occurred more than an hour before or after a storm. Only 21.7% of the
faults were not storm-related. These faults were mostly caused by fatigue, birds, vandalism and

overloading.

4.5 Equipment failure due to the energy component in LGVs

Equipment failure was not properly monitored in this research because the format of the maintenance
and equipment failure database had some limitations. There was only one field in the database that
could be populated with the equipment that failed and also only one field where the cause of the
failure can be logged. All additional information had to be populated in the comments field which
was not compulsory. Normally the most expensive piece of equipment (such as the transformer) that
failed was logged and the other less expensive equipment (such as the fuses and surge arresters) that
failed at the same time and location, were sometimes logged in the comments field. No database
sorting could be done on the comments field which was also incomplete. The operating sheets of the
field staff were used to count the equipment failures manually for this research. Appendix B shows
all the equipment failures as well as possible remedies to prevent equipment failure due to lightning.

Equipment failures and remedies to prevent it was not part of the scope of this research.
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5 DISCUSSION

The methodology by using the finite soil conductivity to measure the actual lightning performance of
a long MV line in operation that was not dependent on input data which was difficult to get hold of,
with little logistics involved and was inexpensive proved to be rigorous. There were no previous
research, measurements and models that this methodology could be compared to and verified. Actual
lightning strikes of which the location was known without any doubt, were used to verify the
methodology with the supporting measurement method and the model that was developed. The
methodology was then used to distinguish between nearby lightning and direct lightning strikes to the
line and to create a significant data set over two years. The database was used to verify the IEEE Std

1410-2010 estimate lightning performance of the long operational line.

The better than the estimated direct lightning performance of the line could be attributed to
environmental conditions. The measured nearby lightning performance of the line was only 2% of
the IEEE Std 1410-2010 estimation due to the RVZ line that was equipped and energized while the
estimations were based on a floating line. Previous as well as this research revealed that the BIL on
operational lines can be very small and still give adequate protection against nearby lightning.

This methodology was used to categorize the line faults into four root causes that could be used to
distinguish between lightning-related faults, other weather-related faults and other faults happening
on clear days. It could further be categorized into single-phase faults, multiphase faults, faults that
independently quenched before breaker operation and faults that had to be cleared by breaker
operation. This information could be used by designers to optimize the line BIL, protection against

lightning damage, insulation materials, creepage distances and protection operation.

Using the LGC as the primary source of measurement instead of the traditional LIOV to determine
the polarity of the charge generated on the line overcame the problems due to the LIOV attenuation
along the line. There was a significant logistical saving in travelling and resources by setting the
recorder to vary the sampling speed and compressing the data to save storage space (downloads were
required only every second month). The research cost was low as only one recorder (and no cameras)

was required.

This research proved that lightning was one of the biggest contributors to faults on this particular MV

line that was used for the research. The two categories of lightning flashes namely nearby lightning

and direct lightning strikes require opposite design criteria. A lower BIL result in a better line
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performance due to nearby lightning while a lower BIL resulted in more lightning energy directed
into the earth and less energy through the equipment such as fuses and surge arresters. Fewer
equipment failures resulted in fewer outages on the line. An investigation to further improve the line
performance by minimising lightning-related equipment failure was a secondary contribution of this
research and was attached as Appendix B.
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6 ASSESSMENT

6.1 Research Question 1:
Extending the existing theoretical models of the lightning-induced voltages on MV lines, can a
model be developed and verified that uses the polarity of the lightning channel current obtained
from the LDN and the polarity of the measured zero-sequence current to discriminate between

nearby lightning and direct lightning strikes to a long MV line?

Existing theoretical electromagnetic coupling models that include the soil resistivity were evaluated
within their validated limits on short floating lines. One of the computer models, the ATP-EMTP
model was chosen to be used in the studies as it could easily be extended to include the RVZ line
ATP model. The extended ATP-EMTP model was then configured using the same parameters as the
published results of the ERM [160]. There was a good comparison between the two models and the
polarity of the first half cycle of the LIOV oscillation changed in both cases after about 250 m along
the line. This verified the most important part of the research to distinguish between nearby lightning
and direct lightning to the line for short lines.

The ATP-EMTP model was then extended to include the MV line to the feeder substation where the
recording instrument was installed. There were no existing models that the extended ATP-EMTP
model could be compared to and therefore actual measurements had to be used for verification of the
new methodology. A nearby lightning strike with a high amplitude that would have certainly caused
a flashover on the line if it was a direct lightning strike to the line was chosen. The recording of the
LGC superimposed on the power frequency zero-sequence current due to a +59 kA nearby lightning
return-stroke current, 42 km from the feeder substation was compared with a simulation using the
extended ATP-EMTP model with the same parameters. The LGC polarity was negative and opposite
polarity to the nearby lightning return-stroke current polarity in both the simulation and the recording.
No power frequency fault current proves that it could not be a direct lightning strike to the line. This
served as proof that both the measurement and the simulation determined correctly that it was a nearby

lightning event and not direct lightning to the line.

Similarly, the LGC in both the recording and simulation of a -18 kA nearby lightning strike 12 km
from the feeder substation had a positive polarity that was opposite to nearby lightning return-stroke
current polarity. The LGC polarity (negative) in both the recording at the feeder substation and the
simulation due to a -9 kA direct lightning strike to the line (31 km from the feeder substation) were
the same as the polarity of the negative direct lightning strike to the line.
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Three lightning strikes of which the termination point (nearby or direct to the line) could be
established without using cameras or installing any measurements were chosen to verify the model
and the method of recording that was used in the new methodology. The validity of the new
methodology to use a polarity comparison between the LDN data and LGC recordings could be
proven without any doubt. The methodology is rigorous and valid for lightning strike ground

termination points that are further than 250 m from the recorder (logger) installation.

6.2 Research Question 2:
Using the measured lightning performance data and the developed theoretical model, can the
deficiencies of the IEEE standard 1410-2010 estimation method applied to a given long MV
line be checked?

This research showed that the worst-case scenario (a floating line) should not be used to design a line
BIL as it will lead to insulation over design. The biggest differences were that there were surge
arresters with an average distance of 3 km between them on the operational line and that the line was
energized. As shown in the literature study [12] [17] [157], surge arresters that were more than 1.8 km

apart did not make a big contribution.

There were 1 155 line faults that could be classified into faults due to nearby lightning, direct lightning
strikes, weather-related and other faults over two years. Of the 528 lightning-related faults, 518 faults
were due to direct lightning strikes to the line while 10 faults were due to nearby lightning. The
lightning-related faults were normalized to the number of faults in one year in an area with a ground-
flash density of 1 flash/km?/year and were then compared to the IEEE Std estimation as shown in
Figure 6.1. The average BIL of the 714 km line (including the branches) was 165 kV. There was a
strong suspicion that on average 14 faults per year on the line were due to direct lightning strikes but
were not captured by the LDN. That would decrease the percentage difference between the measured
results and the IEEE Std estimations. It was also suspected that the five faults annually that occurred
at the same time as nearby lightning, could be due to damaged insulation on the 30-year-old line.
Should this be the case, these faults should be categorized as weather-related faults and would have

resulted in a bigger discrepancy between the IEEE Std estimation and the measured results.
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Figure 6.1 A comparison between the measured results and the IEEE Std of the annual lightning
performance for a 714 km line in an area with a GFD of 8.51 and a ground resistivity of 300 Q.m.
The results were normalised to number of faults/year/100 km with a ground lightning density of

1 ground flash/km?/year.

The theoretical model principles could be applied to the measured results that were normalized and
then compared to the IEEE Std. The outcome was that the IEEE Std overestimated the number of line
faults due to nearby lightning and the number of faults due to direct lightning strikes. Accurate input
data parameters to the existing electromagnetic models (that are theoretical very accurate) were not
available and resulted in a difference between the estimated and measured lightning performance of
long MV lines in operation. A significant statistical database consisting of 1 155 line faults and
38 675 flashes (126 311 lightning strokes) within a 2 km buffer around the line over two years was

used to evaluate the deficiencies of the IEEE Std estimations when applied to operational lines.
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7 CONCLUSION

7.1 Contribution of the research

and it showed the IEEE Std 1410-2010 overestimated the effect of lightning on this line. There were
numerous lightning channel models and electromagnetic coupling models that can accurately
calculate the electric fields and lightning-induced voltages on lines provided that all the critical input
data parameters to the models were accurate. The accuracy of the input data to the models became
less as the line became longer and even more so when the equipment was connected to the line. The
contribution of this research was that a methodology was proposed to distinguish between nearby and
direct lightning strikes to the line for measuring the lightning performance of long operational lines

that were only dependent on data that could easily be obtained. Other contributions made include:

Those estimations of the line nearby lightning performance based on a floating line, resulted in a
significant BIL overdesign at the cost of equipment failure.

The new methodology was less costly, easier to obtain the equipment for measurements and simpler
to be used by engineers.

It also provided the actual lightning performance of the line in question and not the estimated lightning
performance of the line.

There was a finding that the number of faults due to nearby lightning on MV lines was negligible and
therefore less effort was needed to optimize the BIL.

It showed that the number of breaker operations was less than the number of insulation failures due
to arc quenching and that protection operation alone can compromise the accuracy of lightning-related
faults

A finding that ageing insulation and mechanical fatigue on old lines can contribute (30.2% in this
case) to line faults due to moisture and wind during a lightning storm.

The LGC on the zero-sequence current could be measured to detect lightning activity instead of the
traditional LIOV to solve the problem of the rapid LIOV attenuation along the line.

The LIOV and LGC could be measured with a lower sampling rate instrument provided that there
was some distance between the nearby lightning strike ground termination point and the point of
measurement.

A continuous sampling recorder could also detect lightning activity that was not detected by the LDN
and could be used to determine the LDN DE.
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7.2 Weaknesses of this research

The biggest weakness of the study was that the DE of the LDN was less than 100%. It resulted in 28
faults (5.3% of the lightning-related faults) during the two-year period that could not be categorized.
Although some learnings from the research suggest that all the 28 flashovers were due to direct
lightning strikes to the line, it was still decided to rather create a separate category for these line faults.

Other weaknesses include:

- There were ten line faults (1.9% of the lightning-related faults) over the two years that were most
probably due to damaged insulation rather than a case where the LIOV exceeded the line BIL. As
these faults occurred at the same time as the nearby lightning strike, it was categorized as line
faults due to nearby lightning.

- Lightning strikes that were closer than 250 m (0,035% of the line) from the substation might have
been categorized incorrectly. There was only one lightning strike within this distance which
terminated on top of the substation and it was omitted from the results.

- Only cloud-to-ground flashes were studied as data of flashes between clouds was not available.
The effect of flashes between clouds if any, needs to be further investigated.

- The maintenance and equipment failure databases were not structured to keep a record of all the

equipment failures which made it difficult to relate the equipment failures to lightning incidents.
There were also times that the network was without supply during a lightning storm when no

measurements were done. However, this could not worsen the line lightning performance as the

customers connected to the line were already without supply.
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9 Appendix A

9.1 More examples of recordings during the research

Figure 9.1 shows a recording of the RMS voltage, the voltage waveform, the RMS current and the
current waveforms that were measured at the feeder substation. The lightning activity lasted for 10
hours. Two feeders are connected to the substation. The first and the last faults due to lightning were
on the adjacent feeder as the voltage disturbances were significant while the current deviations were

small. However, each voltage and current disturbance was investigated.
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Figure 9.1 A recording of a typical lightning storm. Lightning caused several fault currents or

disturbances in the voltage and current recordings.
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Figure 9.2 shows an example of a flashover between the red and white phases due to a direct lightning
strike captured by the LDN (shown in Figure 9.4). A flashover to the blue phase also occurred after
a while which quenched again. Figure 9.3 shows that there was an LGC with a negative polarity that
was the same polarity (negative) as the lightning return-stroke current captured by the LDN. This
indicated that it was a direct lightning strike to the line.
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Figure 9.2 An example of a "Phase to Phase fault" due to a direct lightning strike to the line. The
fault was cleared by a breaker further down the line.
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Figure 9.3 A zoomed-in picture of the fault in Figure 9.2 showing an LGC with a negative polarity.
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Figure 9.4 A -39 KA direct lightning strike to the line causing a fault between the phases shown in

Figure 9.3.

Figure 9.5 shows a recording of a +140 kA nearby lightning strike that did not cause a line flashover.
If it was a direct strike to the line, a flashover would have occurred. As this lightning strike was 42
km from the feeder substation, the LIOV did not give any indication of the polarity of the lightning
strike. The polarity of the LGC was negative which was opposite to the polarity (positive) of the

nearby lightning strike shown in Figure 9.6.
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Figure 9.5 A recording of a nearby lightning strike. The lightning strike captured by the LDN is shown
in Figure 9.6.
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Figure 9.6 The LDN data for the nearby lightning strike that was recorded in Figure 9.5.
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Figure 9.7 is an example of a lightning flash that caused a flashover on the line. The disturbances of

the lightning strokes within the flash were clearly visible in the recording. However, none of the

strokes within the flash was captured by the LDN. Figure 9.8 shows the LDN data before and after
the time of the recording.
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Figure 9.7 An example of a lightning flash that was not detected by the LDN.

173



-
-

o m

-
-
-
-
-

Ea

s
s
- -
E
s s
s
-
s
s
P
-~
-

"'\."\."'\."'\."\."'\."'\."'\..-_"'\.

o
"
-
"
.
R
-~
o
E
LR
-
-~
e e oo R Mt

o N
e
T T T T
T T T T T
I T
R L TR Y

s
s
-

-
s
s
-
Lo
s
Er
s
-
s

R
R
L
)
LN
o
L
Cap -
o
o
LR
L Y

-~
-
-~
-~
-
-~
-~
-

P
s
o

"
.
"
"
.

E A
"
"
o )
. .
"
A
"

s

RS s

- Ea
o - .
R S R

R Y s
R
RS s
- -
S s
s
-

R
R
-
s
-~
-
Ear
T A T A A L TR Y
R
L
EaE e
EaC
L T T T
Er

e

&

3-30-4 22EN400V Trfr V7213-44-3 22

E O S

"

-

"
Ea i
.
.-'.-'.-'.-'.-'.-'.-'.-'.-’.-’x.-'.-'

"

.

o

-
s

s
-~

R A

L

-~
-~
R I

R

Ea

-

Ears -~ e
'\'\-\.'*-'\.

Ea R

LR R ¥
wwT
A e T e e T T e T T

Ea

-
R

R
R

-~
-
-~
-

.
s
-~
-~

Ears
Ears
T T T T T T R Y
S -
LR

Ea Ea
R T
Ea

-

Ears
R T T T Y
oo

] -

"

-
~
-
-
-
-
A
o

S
Ears
Ears

R

P

S
L
Ers
-

N

VZ213-44T

-~

-~

-
"\"\."'\."\\'\"\\.‘_H"\HH'\H'\\'\

-~

-

*

s
.

e

R S T T Y

s
™o
e
R
Ears
Es
s
Ears
Es
s

* L

R T T T Y
T T T T T T Y

-
S
T

Kilomejers

b
-
-
b

s
-
-
s
-
-
s
-
-
]

Ears
Es
Ears

-

.

-

.

-

-

-
LAY
-
DN
-
LAY
-

.

-
CAEN
-
LAY
-
LAY
-
DN
-
LAY
-
LAY
-
DN
=00
P 8
AR
-
DN
-
LAY
-
LAY
s
P

-
-
-
-
- *
-
-
-
-

-
-
s
-
-

-~

™ NN
Ea T e 3 —'_d -
A = -12-1 22KVI400V Trir
E S R N L Al il
. T

-
-
T T T e T T e e T T Y i S T T . T T
L . R R .

E& Itg_details Browser - O] x|
Time GMT+02:00 |PkCurr:kﬁ.| Latitude |L::rngitude |Hum5&r| Clﬂ

[1| 2020-02-06 12:54:10.869 =31 =302 26.95453 17

| 2020-02-05 12:54:14.819 -24 -30.3284 27.0855 15 _|

| 2020-02-05 12:54:14 383 -3 -30.3415 £7.0851 2

]| 2020-02-06 12:54:16.580 =21 -30.108 25.8854 16 Il‘
k

« |
Figure 9.8 The LDN data before and after the lightning flash in Figure 9.7.

E
s

Figure 9.9 and Figure 9.10 show a flashover between the blue phase and the earth during a lightning
storm. However, no disturbance due to lightning activity could be seen in the voltage or current
recordings. There was also no lightning strike captured by the LDN at the time of the recording as
shown in Figure 10.11.
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Figure 9.9 An example of a "Weather-related fault" Although the fault occurred during a storm, no

lightning activity could be seen on the recordings.
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Figure 9.10 The time when the fault in Figure 9.9 started. No lightning activity can be seen in the

recordings.
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Figure 9.13 An "Other” fault that happened on a clear day.
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10 Appendix B
10.1 Mitigation measures to minimize lightning-related equipment failure

Figure 10.1 shows the equipment that failed on the RVZ line during the research period. It can be
noted that the fuses were most vulnerable to lightning. Although the fuse elements were very cheap,
the travelling (the average distance that had to be travelled was 60 km per fuse) and overtime made
it expensive to replace the blown fuses. Most of the lightning activity was in the afternoon and as a

result, overtime was booked in 42% of the incidents.

RVZ cOUNT OF ROQT CAUSES Jury 2018 TO JUNE 2020

Cable Pro Conductor Problem; 6 Customer Load

Breaker Problem; .
Conductor Sagging; 1 / Crossarm Problem; 4 Problem; 14

Adverse Weather; 5

Drop-Out Fuse Link Problem; 4

Animals;

Fault Not Found; 34
Insulator Problem; 12

Isolator Problem; 1
Jumper Problem; 17

Metering Unit Problem; 1

Power Transformer
Problem; 16

Surge Arrestor Problem; 5

A

Ring Main Unit Problem; 2
AN

Tower/Structure/Pol

Drop-Out Fuse e Problem; 4
Operation; 327 Wood Structure

Problem; 7

Control Box
Damaged; 1

Inadequate Clearance; 1

Figure 10.1 The equipment that failed on the RVZ line during the research period. The Field
Operators mention that about 80% of the equipment failed during lightning activity. It can be noted
that the fuse elements were the most vulnerable equipment.

The surge arresters on the MV line are the primary protection of the pole-mounted transformers
against direct lightning strikes. It is therefore important to preserve the surge arrester’s life
expectancy. Numerous studies were done to determine what the energy absorption in the surge
arresters will be with different lightning surges and at different distances from the surge arresters.
Figure 10.2 shows the ATP model that was used for the studies to determine the energy absorption in
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a surge arrester due to a -18 kA 3/70 ps direct lightning strike to the line. A study was performed
whereby this direct lightning strike on the phase conductors of a 150 kV, 180 kV, 300 kV BIL as well
as a fully insulated line configuration was simulated. Lastly, another study was also performed where
the lightning strike terminated on the pole’s “earth” conductor. The lightning strike to the line was
set to terminate more than 2 km from where the surge arrester was installed. The pole closest to the
surge arrester installation where no flashover occurred due to the surge voltage was modelled to be 2

km away. At this point, the LIOV amplitude was just less than the line’s BIL.

6 -18 kA 3/75 ps
-

Pole-mount Surge voltage just L 1 Earth
transformer < than BIL
_ BIL
Fgﬂl S 1 150 kv BIL
! F(igézler |—| i i n . 0-3 MV
W, o S
= = e

= ey
fjﬁl -y ’l
~ Surge arrester

that energy is Last pole whehg % %
measured across flashover occurred - t

Figure 10.2 The ATP model that was used to simulate the energy absorption in a surge arrester using

different line BIL options.

A comparison of the energy absorption in a surge arrester at different line BIL configurations is shown
in Figure 10.3. The simulation revealed that a lower line BIL results in less energy absorption in the
surge arresters. A BIL of 150 kV was used during the simulation where a lightning strike to the pole’s
earth wire was simulated. As predicted, a flashover occurred between the earth conductor and the
phases and therefore very little difference between the 150 kV BIL and the earth curve could be seen.
All the parameters except for the BIL were kept the same for all the simulations. The energy
absorption in the surge arresters will change significantly should simulations be done with other

wave-shaped surges.
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Figure 10.3 Energy absorption in the surge arrester for different line BILs due to a lightning strike
direct to the line. Note that the higher the BIL, the more energy had to be absorbed by the surge

arrester.

A surge arrester takes between 45 and 60 minutes to cool down [168]. During this time the
combination of several lightning surges might exceed the surge arrester energy rating. The
transformer was unprotected after a surge arrester failure against voltage surges that could result in
transformer failure. According to Stringfellow [169], surge arresters fail very rarely due to nearby
lightning. For direct lightning strikes, the lower the BIL, the more flashovers would occur
simultaneously at several poles on the line, which in turn resulted in more parallel paths for the

lightning current to flow to earth and less energy needs to be absorbed in a surge arrester.
According to [150], a wood path can also quench a power frequency arc caused by a lightning strike.

However, these tests were only done for currents up to 3500 A. Independent arc quenching was found

to be very inconsistent and could not be confirmed in this research.
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10.2 Pole-mounted substation equipment reliability

A pole-mounted transformer installation consisted mainly of a transformer, a distribution type surge
arrester per phase and a fuse per phase. The BILs of the 11 kV and 22 kV transformers were 95 kV
and 150 kV [170] respectively. The fuse base insulator had a BIL of 150 kV for both 11 kV and 22
kV installations. Due to the earth wire and soil impedance, a 22 kV surge arrester lowered the peak
surge voltage to between 57 kV and 87 kV depending on the surge current. These values are between

31 kV and 47 kV for an 11 kV surge arrester [171]. The pole-mounted transformer configuration is

Line %

shown in Figure 10.4.

22 kV
BUSHING '
Neutral _ mk
bushing /¥v N
5 f Surge
Transformer < 2| Arrester
0 j

Lightning
surge
current

Neutral '
surge arrester

Figure 10.4 A typical pole-mounted transformer installation configuration in South Africa. A
lightning surge current flows through the fuse and surge arrester to earth at the pole-mounted

installation.

The equipment on a pole-mounted installation was exposed to lightning surges on the line and needs
to be protected accordingly. Incorrect isolation of faulty equipment leads to line outages. The network
performance was strongly related to the pole-mounted installation performance. During the
investigation, it was also found that some of the surge arresters were not serviceable (GLD operate)
due to the long periods between line inspection [5].
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It was also found that the surge arrester placement was not always adequate (surge arresters too far
from the transformer) and differs from transformer to transformer. Most transformers did not have
any lightning protection on the secondary side (400 V) and it was possible that the transformer can
be damaged from the secondary side. According to Yokoyama [149] on average 28% of the outages

were due to transformer failures.

10.3 Alternatives to minimize MV pole-mounted transformer failures.

The network performance was greatly influenced by equipment failures on the pole-mounted
installations. Part of the aim of the research was to minimize the surge amplitude and surge energy to
reduce pole-mounted equipment failures. However, the line BIL did not influence the LGV when
lightning terminates directly to a pole-mounted installation. Nearly all direct lightning strikes to the
pole-mounted installations caused equipment failure. In most cases, the fuses failed and in several
cases, the surge arresters failed. Failed surge arresters that were not replaced in time, led to

transformer failures.

Combi-Units [172] [173] [174] and Lightning Proof Fuses [175] were alternatives to protect pole-
mounted installations against lightning damage. The Lightning Proof Fuse (shown in Figure 10.5)
was designed in such a way that lightning current flows around the fuse element. The fuse element
can now be graded with the power frequency protection without the necessity to take lightning surges
into account. The Combi Unit (combination of a fuse and surge arrester as shown in Figure 10.8) was
designed to ensure that a pole-mounted transformer as well as the fuse, will still be protected against

lightning even after the surge arrester had failed.

10.3.1 Lightning Proof Fuse (LPF)

A spark gap was introduced in parallel with an MV drop-out expulsion fuse which is in series with
an inductor. The inductor had a low impedance at 50 Hz and a high impedance at lightning frequencies
(causing the spark gap to spark over and hence causing the surge current to bypass the fuse). During
50 Hz operation, the inductor dissipated 500 mW at 5 A. Figure 10.5 and Figure 10.6 show a
schematic and a photograph of the LPF respectively.
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Surge
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Figure 10.5 The Lightning Proof Fuse layout.

All current impulse tests on the LPF were performed at NETFA using 8/20 ps current impulses. The

8/20 us current impulse test was done to determine the breakdown currents of the 3 A and 5 A fuses.

The 3 A fuse lasted for 5 tests in succession (without operating during the last test) with current
varying from 20 kA to 70 kA.

The advantages of the Lightning Proof Fuse were:

No nuisance fuse operation.
No permanent line faults due to incorrect fuse operation.

Reduction in Call Centre, Work Management Centre, Network Management Centre and Field

Services workload peaks.
Reductions on overtime since 42% of the incidents were after hours.
Large reduction in vehicle mileage and safety risks.

Improvement in customer satisfaction and relations with the utility.
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= Fewer circuit breaker operations and thus less frequent circuit breaker maintenance.

= Improvement of the network performance due to correct protection operation.

The disadvantages of the LPF are:

e It did not protect the pole-mounted transformer against lightning.

e Whenever the fuse operated for a 50 Hz fault at the transformer, a flashover would occur
across the spark gap while the fuse was falling open. The arc would be cleared by the upstream
circuit breaker. The circuit breaker would auto reclose in about 3 s and the faulty transformer
would have been isolated from the network.

e The LPF was more costly than a standard fuse.

e The LPF could not be used as a line fuse (coil heats up for load current greater than 15 A).

¢ If one phase operates, the customer is left with an unbalanced supply

SURGE ARRESTER

Figure 10.6 The Lightning Proof Fuse. The power frequency current flows through the inductor
(0.15V drop at 5 A) while the lightning current flashes across the spark gap and flows around the

fuse.
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Eight hundred LPFs were installed at points where numerous fuse failures were experienced due to
lightning. No lightning-related fuse failures were recorded after the installation of the LPFs. Up to
date three LPFs failed - one due to birds causing a short circuit, one was incorrectly installed and
operated due to a line fault and the last one was that the transformer was equipped with arcing horns

instead of surge arresters and the fuse failed due to the flashover of the arcing horns.

10.3.2 The Combi Unit

In the standard configuration, the MV fuses were exposed to lightning as they are installed on the line
side of the surge arrester. Therefore, an alternative configuration was proposed where the surge
arrester was connected in parallel with the fuse and transformer to provide lightning protection to

both, as can be seen in Figure 10.7.

Alternative Concept
Only 50 Hz current flows through fuse;

Standard installation
Both lightning and 50 Hz current flow through

fuse. surge arrester protects fuse against lightning.
Line \ Line \ A
50 Hz "
v
T
Bushings P
Bushings §
N

&3

Lightning Lightning

Surge Arrester Surge Arrester

Transformer
Transformer

No “alarm™ when surge
== arrester become faulty

Figure 10.7 The standard pole-mounted transformer configuration on the left and the proposed

configuration on the right.

The Combi Unit consisted of a post insulator in the middle with a drop-out type surge arrester on the
one side and a drop-out expulsion fuse on the other side (see Figure 10.8). The Combi Unit was

primarily developed to minimize the MV drop-out expulsion fuse and MV pole-mounted transformer

failures during lightning activity.
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If the fuse blew, only the fuse would fall open while the surge arrester remained connected. In the
case where the surge arrester GLD operated, both the fuse holder (fuse element still healthy) and the
surge arrester fell open. Figure 10.8 The Combi Unit. Should the fuse fail due to overcurrent, only
the fuse will fall open. If the surge arrester fails due to excessive lightning current, the surge arrester

as well as the fuse will fall open. shows a photograph of the Combi Unit.

Operating on the Combi Unit could be done safely. The only challenge was the weight of the surge
arrester when it had to be picked up from ground level with a fully extended link stick. However,
should the operator use the correct method (use the telescopic function of the link stick) the
installation of the drop-out surge arrester should not be more challenging than the installation of an

MYV drop-out expulsion fuse.

The Combi Unit had the following advantages:
e Replacing drop-out fuses and surge arresters from ground level.
o No slip and fall from a step ladder
o No risk of electric contact
e Both the transformer and fuses were protected against lightning.
e No nuisance fuse operations due to lightning.
e A maximum size of 15 A fuses was used in the Combi Units to ensure correct protection
grading.
e The transformer and fuse were always protected against lightning.
e A faulty fuse or surge arrester fell open and was easily noticeable.
e The Combi Unit could be used as an isolation point.
e Standard utility fuses and fuse holders were used.
e No outage booking was necessary for the replacement of a fuse or surge arrester.
e The replacement time of a Combi Unit surge arrester was much faster than replacing a surge

arrester in the standard installation.

The disadvantages of the Combi Unit were:
e Cost of installation: it costs more to install a Combi Unit than a normal fuse and surge arrester
arrangement.
e Should the surge arrester fail, the customer was without supply. A new surge arrester was

therefore installed as soon as possible. However, a surge large enough to damage a surge
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arrester would have blown the fuse in the standard configuration and there would have been
an outage anyway.

e In the Combi Unit, the surge arrester is further away from the transformer, resulting in a
137 kV surge amplitude instead of a 122 kV surge amplitude across the transformer. However,
the transformer was specified to have a BIL of 150 kV.

A total of 1064 pole-mounted installations were fitted with Combi Units over the 6 years. At all these
installations at least one transformer failure had occurred bi-annually. After the installation of Combi
Units, only 6 transformers were recorded to have failed within the 6 years, as compared to the
predicted 3000 transformer failures in 6 years. Four transformers failed due to an incorrect earthing
configuration. One transformer failed due to a lightning flash which consisted of 18 strokes,
terminating on the pole-mounted installation. The last transformer failed under normal operating
conditions. Based on the six-year transformer failure trends it could be assumed that if the Combi
Units were not installed on these 1064 transformer points, these transformers would have continued
to fail at least every second year.

From phase conductor

arrester
fail

To Transformer

Figure 10.8 The Combi Unit. Should the fuse fail due to overcurrent, only the fuse will fall open. If
the surge arrester fails due to excessive lightning current, the surge arrester as well as the fuse will
fall open.
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10.4 The earth configuration at the pole-mounted installation.

Significant electric stresses can be reduced within the fuses and surge arresters on the pole-mounted
installation by only changing the earthing configuration. The phase conductors are normally the
highest point on the pole-mounted installation. There is therefore a high probability that lightning
will terminate to one of the phase conductors. In this case, the current surge will split into a small
portion which will travel along the line and a larger portion which will travel through the fuse and
surge arrester to earth. Should the earth conductor be extended to the highest point on the pole-
mounted installation, the probability of lightning terminating on the earth wire becomes very large.
This will result in only a small portion of the current surge passing through the surge arrester and the
fuse to the phase conductors if the earth resistance is too high. Figure 10.9 is a schematic illustration

of a pole-mounted installation with all the relevant components and shows where the lightning surge

current flows.

. . . -18 kA
Lightning terminates Lightning terminates on
on phase conductor 18kA earth down-wire
Earth wire
Lightning
| current 'y Feeder
= 3000 J 3000
| Wood pole Feeder Wood pole
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[} E .
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'}.&ﬁb E "3
=
= Surge Arrester

Transformer

2 E Surge Arrester 2.8kl
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current

Lightning
current

1 "0a L 100

Figure 10.9 A schematic illustration of lightning terminating on the phase conductor and flowing

down the earth conductor.

188



Figure 10.10 shows the ATP model that was used to calculate the energy dissipated in the surge
arrester due to a -18 kA 3/70 ps lightning strike that terminates at the pole-mounted installation.
Figure 10.11 shows that the energy dissipated in the surge arrester is 20 times less if the lightning

strike terminates on the earth conductor instead of on the phase conductor.

Lightning strike _ 18 kA 3/75 ps Lightning strike

terminating on % terminating on earth

phase conductors wire
- e W
= Pole-mount
transformer := 150 kV
’f
? BIL
LCC -i:‘l -
|_® Y r'] ol i 0 _/_;_-#‘T»n —]
e =T S
N REA
=N+
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Figure 10.10 The ATP model that was used to calculate the energy absorption in the surge arrester.
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Energy absorption in the surge arrester
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Figure 10.11 A graph showing the energy absorption in the surge arrester as 2.8 kJ and 57 kJ when

the lightning strike terminated to the earth and phase conductor respectively.

10.5 The line configuration

Several requirements had to be met with the wood-pole configuration. Firstly, the pole-top of the line
had to be bird-friendly and therefore a wood-gap had to be inserted on the earth wire along the pole
to the earth point. According to several researchers [176] [177] [178], a 27 mm gap between two rods
would result in a 30 kV BIL (and 33 kV AC insulation) that would have been sufficient for the pole
to be bird-friendly. However, a 27 mm gap did not have enough tolerance for error during construction

and a bigger wood-gap had to be investigated.

Work was done by [179] to configure a wood gap with a length of 260 mm in such a way that the
ends of the bonding wires were 200 mm away from the wood. As shown in Figure 10.12, the wood
will not be damaged as the arc will then follow the path labelled “1”. However, this configuration
will result in a BIL of 194 kV [179] between the bonding wire gaps and a total line BIL of 303 kV
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(at high altitude) was measured at the University of the Witwatersrand HV laboratory [180]. This BIL

would result in a high equipment failure rate due to direct lightning strikes to the line.

250 mm

260 mm

Figure 10.12 The bonding wire ends were bent away from the wood in such a way that the arc will

follow the number 1 route.

A further test was done at the Eskom Rotek Industries HV laboratory [181] with different wood gaps.
It was found that the BIL of the insulator was 193.5 kV and increased to 201.3 kV with a 100 mm

wood gap in series with the insulator as shown in Figure 10.13. A 100 mm wood gap in series with

an insulator resulted in a small increase in the total BIL. Figure 10.14 shows a suggested configuration

of the wood gap as well as an impulse test on the wood-gap configuration that verified that a flashover

due to lightning took place across the wood gap and not through the wood.
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Figure 10.13 The BIL of an insulator alone (left) was 193.5 kV and it increased to 201.3 kV with a

100 mm wood gap in series with the insulator.
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Figure 10.14 The suggested configuration of the wood gap (left) and a test in the HV laboratory

verifying that the flashover occurred across the wire ends and not through the wood (right).
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