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Abstract: Earthing and protective devices such as line surge arrestors (LSAs) play an important role
in areas with high lightning occurrence for overhead HVAC lines’ performance. A lightning stroke of
high magnitude can lead to back flash-overs, and the resultant power surge on the phase conductor
can cause instigate the line breaker operating to extinguish the power surge. This operation of the
protective devices leads to consumer interruptions on the network, a loss of production, and negatively
affects the economy. Studies have shown that reducing an earthing system’s values, which itself is
costly, may not be sufficient to prevent back flashover and the associated customer production cost
loss. A code was developed to determine the possibility of back flashover and the cost of various
earthing schemes utilizing the MATLAB software analysis tool. This paper determines the possibility
of a back flashover for various combinations of lightning strokes and earthing profiles. Tower
Footing Resistances as low as 9.8 () can cause back flashover, provided the lightning stroke exceeds
12 kA. Furthermore, the paper presents and discusses an innovative hybrid power line protection
scheme, which estimates and considers the high cost associated with establishing an earthing system;
it examines the impracticality of re-engineering an earthing scheme for implementation and results
obtained by the inclusion of lightning surge arrester’s (LSA). The cost-saving resulting from dips is
also established over 25 years for an 88 kV line, and the breakeven point is established. The results
showed that the best scenario would be to reduce the tower footing resistance to 29.1 () and install
11 LSA per phase.

Keywords: breakeven costs; back flashover; dips; earthing profiles; tower footing resistance; lightning
surge arrester

1. Introduction

Shielded overhead steel lattice towers are used throughout South Africa to carry 88 kV and 132 kV
power line networks. Generally, these power lines transverse high lightning corridors and are exposed
to high lighting current magnitudes when the lightning strike occurs to or near the line. Lighting
flashovers typically cause distribution line (88 kV and 132 kV) outages. Lightning flashovers are
caused by three mechanisms: earth-wire shielding failure, back-flashovers, and induced over-voltages.
Figure 1 shows an overvoltage waveform from lightning impulses, which are unipolar in nature.
The average lightning impulse voltage includes a fast-rising front time reaching a peak, Um then
by a decaying tail,, front time fis extrapolated from the 10% and 90% levels, whereas the decaying
time of the tail ¢, is computed as half the of the peak voltage as shown in Figure 1 [1]. Lightning

Energies 2020, 13, 6519; doi:10.3390/en13246519 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-2336-4136
http://www.mdpi.com/1996-1073/13/24/6519?type=check_update&version=1
http://dx.doi.org/10.3390/en13246519
http://www.mdpi.com/journal/energies

Energies 2020, 13, 6519 20f17

tends to terminate on the earth-wire and/or tower of HVAC overhead lines. Factors such as the
conductor/tower/soil impedance and magnitude of the strike play a critical role in determining the
possibility of a flashover across the insulator. Studies have shown that reducing an earthing system’s
values, which itself is costly, may not be sufficient to prevent back flashover and the associated customer
production cost loss [2]. This is actually a short circuit created by a high current. The current splits
and propagates along the line until extinguished by the line’s impedance or the line breaker operates.
The current movement tends to compromise and reduce the lifespan of associated equipment like
breakers and transformers and negatively impacts network performance. Should breakers operate,
the resultant short duration outage and/or dips would negatively impact customers. Those customers
with delicate appliances like electric motors, thereby coming to a standstill, stopping production and
causing financial loss.
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Figure 1. Lightning impulse voltage waveform generated on the tower/line by lightning strike [1].

Studies have shown that reducing an earthing system’s values, which itself is costly, may not be
sufficient to prevent back flashover and the associated customer production cost loss. A case study
conducted by Khuluse [3] considered outlines and compares streamers’ behavior and surge arrestors
on a 22 kV overhead line, especially after the fault. The results show that the lightning streamers clips
the surge voltages more efficiently than surge arrestors. However, much more practical work, such as
determining optimal sizing of streamers, has to be done on this comparison.

Research undertaken by Southey [4] compared the Wenner method to that of a “general method”
The “general method” shows that the soil resistivity measurements need not be made with equally
spaced electrodes. However, the potential electrodes can be located at arbitrary positions along a
straight line joining the current electrodes. This research shows that the “general method” can improve
deeper soil layer resistivity’s estimation and earthing values. These aspects can improve the accuracy
of the variables such as tower top voltages, and hence the back flash overvalues. The rainfall frequency
dictates earthing variations due to the wetness and dryness of the soil. The study undertaken by
Selim [5] discusses and displays results conducted within a laboratory environment to maintain the
earthing resistance system within its standard/accepted value according to the international safety
code. This research needs to be enhanced practically and can play a valuable role in creating and
maintaining a uniform earthing profile of the network throughout the year, which is critical for the
work in this paper.

Practically measurements of the nonlinear electrode are shown in the research undertaken by
Ramos-Leafios [6]. This method challenges the trusted electrode arrangement, which is in a linear
formation. Results showed that due to electrodes placing in a confined area that have been combined
with different measurement methodologies in a single traverse and acquiring more measurement
points than for a single environment, the nonlinear process benefits from fewer tasks, and the calculated
values of both methods are small. The research work published by Nzimande [7] indicated that
customer surveys have recently been the most effective technique to evaluate the costs of voltage
dips to the customer. The tracking of dip-related plant downtime and dips costs is an essential
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tool in quantifying voltage dips” impact on the customer. Dip costs were obtained from the paper
plant customer. The customer records estimated costs associated with each dip event. These dip
costs are critical and used in this paper to determine the breakeven point between capital invested
and cost-saving.

For transmission systems, the current practice is to possess resistance for tower footing less a
limit. On an 88 kV system, the tower footing resistance should ideally be less than 30 (). This allows a
large percentage of the lightning surges to be dissipated through the earthing systems. The “Fault
Analysis and Lightning Location System’ FALLS software and database in reference [8] allow the
measurement of the lightning stroke’s size and location to be calculated in greater detail the strokes
from lightning. Preliminary analysis shows that the current line design can withstand only a portion
of the strokes. This leads to the poor performance of the line under lightning conditions. Previously
the actual magnitude of the lightning strokes was not known. Thus, further reducing the tower footing
resistance (TFR) to values below 30 Q) up to 20 () results in the line withstanding a more significant
portion of the strokes. Published results by [2] showed that even reducing the TFR to under 5 ohms,
the line would still be unable to withstand lightning strokes more than 25 kA. Devices that mitigate
lightning, such as line surge arrestors (LSAs), can be placed in existing transmission systems to improve
system performance. The LSA reduces/or eliminates the high magnitude power surge arising from
back flashovers. This may help prevent the network breaker from operating and improving the security
of supply and power quality.

2. Methodology

Figure 2 describes the process followed to determine the type of hybrid system and the breakeven
cost. This process can be followed to determine the cost to achieve earthing profiles of various values,
the cost-saving resulting from dip prevention, the power surge magnitude on the conductor in the
phase, and the number of surge arresters needed for draining the power surge into the ground.
The breakeven cost is also determined.

Tower footing Cost of the
resistance -

Calculation of
earthing values

Variation of Cost saving arcs
different TER vs (dips) over 25
installation cost year

earthing systems
(TFR), 25 years

Cost of

pr qtectlon Break even cost
devices cost

Tower top
Voltage,
Number of LSA

Break even costs,
hybrid systems

Figure 2. Process diagram to determine breakeven cost w.r.t earthing enhancement, the needed number
of surge arresters, and cost-saving in preventing interruptions in power.

Genetic models are created utilizing MATLAB programming, which is used to evaluate different
“blocks” outputs. Some of the key models are discussed in more detail in the following sections.

2.1. Calculation of the Earthing Values

The sub-routines, which are created in MATLAB show the variables, such as soil resistivity as the
inputs to the program and the outputs been the earthing values. The sub-routine re-iterates until the
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earthing value is less than the input value. Thereafter the method that provides the lowest earthing
value is identified and that value is used further in the program. This process is shown in Figure 3.

Input- Number

of rods

_ If earthing value >
1. Horizontal input value the
Conductirs lenght of

If earthing <
input, display,

Input - Calculation
Soil of earthing

Resistivity values method and

value.

2. Radial conductor is
Conductors increased, until <
input value.

Figure 3. Process to calculate the earth values.
2.2. Calculation of the Cost of Dips

Figure 4 shows the process used to calculate the cost related to dips over 25 years. Dips arise
when line breakers arcs. This can occur due to lightning strokes. The resultant consumer outage is
associated with a cost. Depending on the number of lightning strokes and dips, an annual cost loss
(or saving if dip can be prevented) can be calculated over 25 years.

e e Cost of dips related to the
Input: Cost of single stimating ot ightning lightning interrutipns. per year.
dip related interruptions per

High and Low cost saving
year

sceanrio. - 25 years.

Figure 4. Process to determine the cost of dip saving.
2.3. Cost of Earthing Systems

The earthing values required would dictate the amount of conductor required, which in turn,
determines the earthing cost of the system. This process is shown in Figure 5. The MATLAB subroutine
created is based on the following process.

Cost of earthing system
based on amount of
conductor required .

Input: Cost of material

and labour per meter Cost of earthing system over 25 year

Figure 5. Process to determine the earthing system cost over 25 years.
2.4. Calculation of the Tower Top Voltage

Figure 6 show the process that would be followed to determine the tower top voltage.

Inputs

Lightning stroke Ic - current through Process
tower. SRt

Developement of sub

Tower Top
Voltage

Earthing Values. routine to calculation
Tower/Line surge impedance. Tower top voltage

Line Surge impedance

Figure 6. Process to determine the Tower Top Voltage.
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Ic is a function of the wave travel time within the tower. The MATLAB subroutine calculates the
tower top voltage for various lightning strokes. The subroutines contain a small database that contains
the magnitude of the lightning that could be chosen. The tower top voltage, if it exceeds the insulator
flash overvoltage would result in the back flashover and give rise to the phase voltage.

2.5. Calculation of the Number of Surge Arrestors

The over-voltage surge caused by the lightning stroke may result in a back flashover. Figure 7
illustrates the process required to calculate the required number of surge arrestor. This is a simple
process of deduction the overvoltage on the phase conductor (remember that this splits into two) by
the V1o (discharge voltage) until the power surge is completely eliminated.

Input : back flash Surge Splits into 2 (Phase Surge Arrestor discharge
over/phase Volltage Voltage / 2) voltage

Cost of surge arrestors Number of Line Surge Deduction of V10 voltage
Arrestors Required from Phase Voltage

Figure 7. The process used to calculate the required number of surge arrestors.
2.6. Break even Cost—Hybrid System

The process in Figure 8 involves a trade-off between the combined cost of the various earthing
system and LSA vs. the cost-saving scenarios. This would be done over a 25 year period.

Earthing cost variance Cost of required surge Total Cost of hybrid
over 25 years arrestor added to the

g ; system
earthing cost variance y

Breakeven cost year
from data /Graphs

Cost saving sceaniors

Figure 8. The process used to calculate the break-even cost of the hybrid system.

3. Simulation and Results

3.1. Tower Footing Resistance—Earthing Methods and Configuration

There are different techniques of earthing and design available for improving tower footing
resistance. There are different types of earth electrodes [9,10]. These are:

(i.) Vertical electrode (Driven rod)
(ii.) Horizontal electrode
(iii.) Earthing grid
(iv) Ring electrode
Using MATLAB software, genetic frameworks to measure tower resistance were developed

in accordance with the below equations. The programming was developed using the following
formula [11,12].
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Driven Rod:
. [In((L) + ((r-1)D))| )
-P 2rLp M
Horizontal Electrode (crow’s foot):
AL )
) 2
8 L ( )

Radial Conductors:

. p(ln(%z;; + N(n)) o

As such, the number of earthing rods used is denoted by r, the number of radials is denoted
by n, and the resistance of the tower footing is given as R. The length and radius in meters for the
conductor are given as L and «, respectively. L and & in meters are the buried length and depth of the
electrode, respectively. The distance between rods is given as D, and the electrode’s diameter is given
by d. The resistivity of the soil is demoted by p measured in (3-m.

For MATLAB, the parameters are the software inputs, and the obtained tower footing measured
resistance values are the output. Soil resistivity is presumed to have been consistent [4] and to differ in
both wet (200 (-m) and dry (~1800 Q)-m) circumstances [13]. Table 1 indicates the findings collected
from four studies.

Table 1. Resistance to Tower Footing of various soil conditions.

Casel Case 2 Case 3 Case 4
Upper Level ((2-m) 1862 1000 600 200
Lower Level ((3-m) 500 500 200 50
Depth of upper level (m) 7 7 7 7
Overall Soil Resistivity (2-m) 1025 763 375 105
Tower footing resistance (Q2) 143 107 525 14.7

Different requirements specify that the total resistors to the tower footing are less than 30 () for
HVAC lines. Studies of cases 1, 2, and 3 indicate values above 30 () per case. Either the number of rods
or the conductor length can vary in order to reduce the values below 30 ).

Two of the earthing configurations were modeled. These are the horizontal electrode and radial
conductors. It was assumed at homogenous soil conditions to exist, and the following soil parameters
were used. Resistivity for the upper level is 1000 {)/m, and for the bottom layer, 500 (}/m, i.e., case study
2 was simulated. Tables 2 and 3 indicate the calculation.

Table 2. Horizontal electrode.

Horizontal Electrodes
Earthing value (Q2) 49 9.8 18.7 29.1 34
Length of Earth Strap (m) 450 210 100 60 50

Table 3. Radial conductor.

Radial Conductors
Earthing value (€2) 49 9.8 18.7 29.1 34
Length of Earth Strap (m) 450 210 100 60 50
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Both earthing methods required the same amount of conductor to be utilized but in
different configurations.

3.2. Cost of Earthing System

Copper clad flat bar earth straps can be used as the earth straps. These strap costs depend on the
quality required and the number of towers that require these straps. Various studies are undertaken
for a horizontal earthing system. This was modeled on an 88 kV HVAC line, line length of 49 km,
and has 166 towers. Figure 9 illustrates the cost comparison to obtain different earthing profiles.
The normalized cost estimates per meter that were used:

(a) Material cost is $11.30 per meter (including associated hardware).
(b) Labor cost is $10.10 per meter.

<10° Earthing reduction costvs number of towers

4.90hms

9.8ohms

18.7ohms

2%hms
34ohms

CostinUSD
)

0 20 40 60 80 100 120 140 160 180
No of Towers

Figure 9. Cost of earthing reduction for 166 towers.

MATLAB simulation was undertaken, whereby the length of the earthing strap was increased to
obtain lower tower footing resistance. This is undertaken for the horizontal electrode method. It must
be noted that a large number of conductors may have to be laid. This may not be practically possible
due to the span lengths and terrain. The study assumes that the terrain is fairly uniformed in terms of
soil conditions, i.e., the upper level has been 1000 (2-m, and the lower level has been 500 ()-m.

The cost that would be incurred to obtain an earthing profile of 4.9 () is substantial. This cost,
approximately $1.6 million, is almost eight times that required for an 18.7 () uniform earthing value.
It must be noted that this is for 166 towers. Published research [2] shows that uniform earthing values
of 4.6 () may withstand a 12.5 kA stroke. For higher lightning stroke magnitude, there will be a back
flashover. Figure 10 shows the cost associated with installing an earthing system to obtain an earthing
profile for different values over 26 years. An escalation rate of 10% per annum was used.

As expected, the cost estimate to obtaining a lower earthing value increases substantially as
compared with that of obtaining a 29 () and 34 () system.
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Horizontal Conductors: Cost of installing earthing

<10°% over 26 year period
18 T
Earthing Cost 4 .8ohms
16 F Earthing Cost 9.8ohms A
Earthing Cost 18.7ohms /
14 b Earthing Cost 23ohms /
Earthing Cost4 34ohms /
/
12| /
o /
B 10t
= /
= P
s 2f
o ///
6 -
>
,-'/
4 e
2 i —
e
o 5 10 15 20 25
No of Year

Figure 10. Cost of installing an earthing system.
3.3. Cost Associated with Dips

(a) Estimate the cost of voltage drops and temporary outages.

A study of Nzimande [7] found that lightning-related flashing causes losses of $5357 to $3485 an
annum for ten plunges and an average of $535.70 to $3571 a year, respectively. These are 2003 dollars.
In 2018 these figures would be $1143—low cost-saving scenario and $7425—high-cost saving scenario.

(b) Annual expected voltage drops and temporary lightning outages.

Monitoring the submission overhead line’s output has shown that 106 lightning interrupts
occurred between 2007 and 2011. The average interruption is 26 lightning-related per year.

The number of disturbances over four years is shown in Figure 11 [2,14]. These interruptions
were all triggered by flashing strikes within 1 km of line diameter. The corresponding strokes were
obtained from the FALLS method for the interruption period [14]. Data analysis showed 106 breaker
interruptions triggered by lightning during a four-cycle storm period. The lightning strokes were less
than 50 kA and contributed to 83 of these interruptions. This is all about 78% of breaks. That is 21 per
year on average.

Magnitude of lightning strokes that caused breaker trip 2007/11

3
o
\-_

80
lightning stroke /1
kA 60 —
40 —
" /_’_,_f—’—

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 8 91 96 101 106

Number of breaker trips

Figure 11. The incident of breaker interruptions vs. stroke magnitude.

The cost savings for both the low and high-cost saving is shown in Figure 12 and is based in USD.
An escalation rate of 10% per annum is assumed in both cases.
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«107 Cost saving resulting from dips

T T
Cost savingl
1.8 Cost savingh T

16 1

14 1

1.2 i

Costin USD

0.6 b

0.4 b

02t / - | | 4

o] 5 10 15 20 25
No of Year

Figure 12. Cost saving scenario’s resulting from dips.
3.4. Calculation of Tower Top Voltage

The high voltage in the tower results from the impedance of light, line and disturbance and the
earth’s resistance. With earthing improvement strategies such as additional motors, the tower footing
resistance decreases, but the tower top voltage also decreases. MATLAB subroutine was created and
based on the theory and example illustrated by Dekker [11]. The following parameters are used as
program inputs.

Ic—Current through the tower, which is determined by the lightning stroke.
R—Tower footing resistance

Zs—Line surge impedance.

Zt—Tower surge impedance.

These parameters are calculated as part of other subroutines and those outputs are used as input
into determining the tower top voltage [2,15]. The following tower top voltage for various lightning
strokes was obtained as shown in Figure 13.

Tower top voltage vs lightning stroke and current

18
Currentthrough tower

16 Lightning Stroke 1

14 1
>
~12r T
4
o
= 10 1
=
o b -
RS 8
—
2 61 1
=

ak .

0 . . . N R .

0 20 40 60 80 100 120 140 160 180
Current - kA

Figure 13. Top Tower voltage vs. lightning current through the tower.

The only variable that suggests a linear relationship will be the intensity of the lightning strike.
The magnitude of the tower’s top voltage corresponds to the flash current that passes through the
tower is significant. The tower and overhead conductor’s impedance would result in the lightning
current splitting [2], 15 kA of a 37.5 kA stroke would flow through the tower. This would give a peak
overvoltage of 3720 kV [2,15]. The 8/20 microsecond wave shape is centered and shown in Figure 14.
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Graph of Lightning overvoltages vs time
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Figure 14. Over-voltages triggered by a 37.5 kA lightning stroke.

Various lightning strokes and tower footing resistors produce different voltages. Some curves are
highlighted in Figure 15.

Graph of Lightning Voltages vs Tower Footing Resistance
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— 25kA
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Figure 15. Tower Top Voltage variation vs. Tower Footing Resistance.

The tower voltage will increase with an increasing tower footing resistance by a constant
lightning-stroke magnitude. For the earthing values used, no earth improvement techniques were
considered. As discussed in Section 3, utilizing earthing enhancement techniques, which reduces the
tower footing resistance value below 30 (), the graphs shown in Figure 16 are obtained.

Graph of Lighning Voltages vs Tower Footinng Resistance

s
25KkA
S000 - 37.5kA 1
SOKA

4500 | 4
-
&, 4000 [ 1
b
K]
> 3500 | 4
oo
o
2
5 3000 [ 1
2
o
Ll R

2500 | _— 1

e
2000 |- e ]
_—
4 6 8 10 12 14 16 18 20 22 24

Tower Footing Resistance

Figure 16. Enhance earthing (less than 30 ohms) vs. overvoltages.
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Figures 15 and 16 show that the tower top voltage is almost halved. This is a substantial reduction
and underlines the need for sufficient resistance to the tower foot. However, as shown in Figure 9,
reducing the footing resistance to less than 10 () is expensive.

The excess voltages generated by lightning strikes of various dimensions are shown in Table 4,
for a homogenous soil, but for different tower footing, which is obtaining by varying the conductor
length. The soil resistivity values used are 1000 2-m and 500 ()-m for the upper and lower soil layer.
Should the insulator voltage be exceeded, a back flashover can be expected. The value of the insulator
voltage is determined by the length of the 88 kV insulator.

Table 4. (a): Resistance at the tower footing (earthing profile) of 4.98 () and various strokes of
lightning. (b): Resistance at the tower footing (earthing profile) of 9.8 () and various strokes of
lightning. (c): Resistance at the tower footing (earthing profile) of 18.7 () and various strokes of
lightning. (d): Resistance at the tower footing (earthing profile) of 29.1 () and various strokes of
lightning. (e): Resistance at the tower footing (earthing profile) of 34 () and various strokes of lightning.
LC-Lightning current; IV-Insulating Voltage; TFR-Tower footing resistance; TTV-Tower top voltage;
BFO-Back flash over.

LC (kA) IV (kV) TFR (Q)) TTV (kV) BFO
(a)

12 878 498 828 No
25 878 498 1657 yes
37.5 878 498 2486 yes
50 878 498 3315 yes
(b)

12 878 9.8 968 yes
25 878 9.8 1937 yes
37.5 878 9.8 2905 yes
50 878 9.8 3853 yes
()

12 878 19.0 1208 yes
25 878 19.0 2414 yes
37.5 878 19.0 3622 yes
50 878 19.0 4829 yes
(d)

12 878 29.1 1459 yes
25 878 29.1 2918 yes
37.5 878 29.1 4378 yes
50 878 29.1 5836 yes
(e)

12 878 33 1547 yes
25 878 33 3094 yes
37.5 878 33 4641 yes
50 878 33 6189 yes

In Table 4a—e, the Lightning Current is signified by LC in kA, Insulating Voltage is signified
by IV in kV, Tower Footing Resistance signified by TFR, Tower Top Voltage signified by TTV in kV,
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Black Flash Over is signified by BFO, phase voltage is signified by PV and the required time for South
Africa to respond to the power outage is signified by RSAPO.

There is the only instance when a back flashover will not occur with a uniform and low earthing
profile. This is when the earthing profile is 4.9 (), and the lightning stroke is 12.5 kA. All other scenarios
will result in a back flashover. The cost involved in obtaining an earthing system that varies between
4.9 () and 34 Q) is substantial, as illustrated in Figure 9. Furthermore, it is almost impractical to install a
vast amount of conductors to achieve low earthing values.

3.5. High and Low Dip Cost-Saving Scenario

Figure 17 shows the cost profile between the different earthing systems coupled and high and low
dip cost-saving profiles.

Horizontal Conductors: Cost of installing earthing

. vs cost saving
1.8} Cost SavingL
Cost Savingh
16 | Earthing Cost 4.8ohms
— Earthing Cost 9.80hms
14} Earthing Cost 18.7ohms
Earthing Cost -
% 12F Earthing Cost4 34ohns
2
£ 1
2
SRR Fack -
32 -‘----’__ ‘V;——-——‘""/p;;-;
—_—
| _ N
0 5 10 15 - ]
No of Year

Figure 17. Earthing cost vs. cost saving.

For the higher dip cost-saving scenario, the breakeven point would be year 14 for the 4.9 () and
year 5 for the 10 Q). The low-cost saving scenarios show that we would not recover any money to
obtain a TFR below 18.7 (). The money would be recovered for 20 (2 and above. However, in both
scenarios, the earthing profiles would not give us complete protection against over-voltages as we
would still have back flashovers and ultimately consumer production losses. It is also impractical to
install a vast amount of conductors in the ground per tower. Hence it is advisable to use LSA to drain
the power surge to earth, in conjunction with lowering the TFR to a suitable value

3.6. Number of Surge Arresters Needed to Dissipate the Lightning Surge on Phase Conductor

Figures 18 and 19 illustrate the lightning stroke pattern in terms of value and magnitude for an 88
kV, 49 km overhead transmission line [14].

Nearly 85% of the strokes reported are less than 25 kA, and more than 95% are less than 50 kA.
In conjunction with the case studies, reducing the tower footing resistance to 5 (2 would mean that
the line would withstand lightning strokes of less than 12.5 kA. Even this is marginal as the tower
top voltage is only marginally less than insulator voltage. This is only 30% of the strokes. However,
at the values in Table 4, there would still be back flash-overs. This implies that the use of LSA is
recommended. If the flashing voltage of the insulator is surpassed, a flashing will occur. The same
tower top voltage level will be present on the surge arrester’s live side. Lightning surges travel at the
speed of light. This waveform does not stay at the surge arrestor node for durations long enough for
the surge arrestor to dissipate the voltage to the ground. The placement of the surge arrester should be
parallel to each other and placed after the operating device, which would be used to clear the fault.
This should prevent the device from operating and any short during outages.
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Figure 18. Stroke current frequency.
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Figure 19. Accumulative stroke percentage.

The number of surge arrestors needed [16-18] is therefore a simple process by which overvoltage
can be deduced on a phase conductor by the value of Vg (remember that this divides into 2) up to
a complete removal of the surge [2,16]. The needed number of surge arresters would be indicated.
The calculation of V1 value is discussed in detail in references [2,16,19,20]. Figure 20 illustrates the
reduction of the over-voltages, which is caused by a 25 kA lightning stroke. Surge arrestors of the
same rating were used, and the tower footing resistance is 18.7 Q. Five 88 kV surge arresters linked in
parallel will have to be connected to a 25 kA lightning stroke and 18.7 () Tower Footing Resistance to
dissipate the flash. This will prevent the line breaker from working and trigger short-term outages.
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Figure 20. Lightning overvoltages vs. tower number—The influence of surge line arrestors.
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Table 5 shows the number of surge arrestors needed to drain lightning strokes of different

magnitude and soil parameters from over-voltages into the soil. The soil parameters of 1000 (2-m and

500 (3-m for the lower layer have been extracted from the analysis of cases used.

Table 5. (a): Resistance at the tower footing of 29.1 and various strokes of lightning. (b): Resistance at

the tower footing of 18.7 and various strokes of lightning. (c): Resistance at the tower footing of 9.8

and various strokes of lightning. (d): Resistance at the tower footing of 4.98 and various strokes of

lightning. (e): Resistance at the tower footing of 33 and various strokes of lightning. PV-Phase Voltage;

RSAPO-required time in South Africa to respond to the power outage.

LC (kA) IV (kV) TFR (Q2) TTV (kV) BFO PV (kV) RSAPO
@)
12 878 29.1 1459 yes 729 3
25 878 29.1 2918 yes 1459 5
37.5 878 29.1 4378 yes 2189 8
50 878 29.1 5836 yes 2919 10
(b)
12 878 19.0 1208 yes 604 3
25 878 19.0 2414 yes 1214 5
37.5 878 19.0 3622 yes 1811 7
50 878 19.0 4829 yes 2415 9
(9)
12 878 9.8 968 yes 484 2
25 878 9.8 1937 yes 968 4
37.5 878 9.8 2905 yes 1453 5
50 878 9.8 3853 yes 1937 7
(d)
12 878 4.98 828 No 0 0
25 878 4.98 1657 yes 828 3
37.5 878 4.98 2486 yes 1243 5
50 878 4.98 3315 yes 1658 6
(e)
12 878 33 1547 yes 774 3
25 878 33 3094 yes 1547 6
37.5 878 33 4641 yes 2321 8
50 878 33 6189 yes 3095 11
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Even with tower footing resistance as low as 4.9 (), strokes of lightning larger than 25 kA will
continue to cause back flash. Figures 11 and 12 illustrate the lightning stroke pattern in terms of value
and magnitude for an 88 kV, 49 km overhead transmission line. Lines that have an earthing profile of
18.9 () (Table 5b) will need seven sets of surge arrestors to prevent back flashovers. With reference
to Figures 11 and 12, this means that approximately 95% of the lightning stroke would be prevented.
Table 5e shows the prevention of this 95% back flash from lightning strokes by installing 11 sets of
surge arresters. Note that this is for an earthing profile of 33 (). Table 6 indicates the cost of building
33 surge arresters to protect breakers effectively.

Table 6. Illustrates the costs to install 33 surge arrestors.

Item. Year 2018
Cost of a surge arrestor and counter $3576
Cost of 33 surge arrestor and counters $118,008
Labor and transport $31,060
Total $149,068

The cost of the additional surge arrestors is combined with the cost of achieving the earthing
profile. Figure 21 shows the total cost of the lightning protective system. This is a summation of the
earthing cost and the LSA cost to prevent 95% of the back flashovers. The cost-saving as a result of no
dips is also shown. This is the inclusion of the low-cost and high-cost saving dip scenarios.

Horizontal Conductors: Cost of installing earthing
107 and LSA vs cost saving

Earthing Cost 48ohms
Earthing Cost 9.8ohms

4
Earthing Cost 18.7ohms

16 F Earthing Cost 2Sohms 4
Earthing Cost 323ohms

Cost Savingl /
Costsavingh /

CostinUSD

No of Year

Figure 21. Break-even cost of earthing enhancement with line surge arrestors (LSAs) vs. cost saving
over a 25 year period.

Figure 21 indicates that dips and consumer production losses would be prevented for the low-cost
saving scenario, but no return of investment would be achieved. The high cost-saving scenario sees a
return of investment in the 18 years for the 4.8 () earthing profile. Expanding the high cost-saving
scenario, Figure 22 is shown for the first 10 years.

The 9.8 () protection profile sees a return of investment before the 6th year. The 18.8 () year profile
sees a return of investment after the third year. The 29 and 34 Q) profile see a return of investment by
the second year. Note the earthing cost is substantially reduced to obtaining higher earthing profiles.



Energies 2020, 13, 6519 16 of 17

Horizontal Conductors: Cost of installing earthing
<10° and LSA vs cost saving

Earthing Cost 48ohms
Earthing Cost 9.8ohms
Earthing Cost 187ohms
Earthing Cost 290hms

35T Earthing Cost 320hms 1
Cost Savingl
3r Cost savingh /"‘
Bast - 1
c /
% 2 . —
o ~ i}
15 // 1
1 g~ ] I
et — -----"-’--v_-
05— ————— :
0 R
1 2 3 - 5 6 7 8 9 10
No of Year

Figure 22. Break even cost of earthing enhancement with LSA vs. cost saving over a 10 years period.
4. Conclusions

With the aid of earthing improvement methods, the TFR resistance from various values can be
minimized and reduced. A reduction in TFR reduces the tower top voltage and would prevent the
insulator voltage been exceeded. The cost of obtaining different earthing value for a suitable HVAC
line length was estimated over 25 years. This cost varied significantly between a 4.9 () and a 34 ()
earthing profile.

By maintaining a tower footing resistance value below 30 ohms, implies that the tower top voltage
would be substantially reduced when compared with scenarios of having no earthing enhancements.
The tower top voltage, when calculated by the developed MATLAB programs showed a reduction of
almost 50%. This figure can be substantially higher should if lower tower footing resistance values are
required, but at a substantially higher cost.

The amount of earthing conductor requires per tower varied between 50 to 450 m, the lower the
required earthing profile the greater the conductor length and cost. It is difficult to install a large
amount of earthing per tower, which is required to minimize or prevent lightning-related interruptions.

By prevent back flashovers, arcs, dips, and hence customer outage are prevented. Dip studies
reflect a cost estimate between a low and high cost-saving scenario. Should a combination of any
earthing profile be applied on the line, and the high cost-saving scenario is applied, a positive return on
investment can be expected. The lower cost-saving scenario does not provide any return on investment.

Furthermore, damage to overhead line components will be minimized as the power surge will be
removed from the line. Routine maintenance of the protective device will also be minimized as the
operations will be reduced. This cost-saving is minimal and is not included in any of the scenarios.

The practicality of installing approximately 100 to 450 m of earth straps per tower needs careful
consideration. The best possible scenario would be a 29.1 Q) earthing profile coupled with 11 LSA per
phase, i.e., a hybrid system. This hybrid system will withstand lightning strokes of 50 kA and below
and would require 60 m of earthing conductor per tower, which should be achievable for the towers on
an 88 kV line. The placement of the surge arrestor should be in parallel to each other and placed after
the operating device, which would be used to clear the fault.
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