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Comparison of Striking Distance Formulae
and Their Effect on Lightning Shielding Analysis

:
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Abstract - This paper compares the performance of lightning shielding analysis methods using the seven striking
distance formulae in substation. For comparison, we evaluate the number of expected strikes and exposed area using
WinIGS Software. Seven striking distance formulae are compared using the electrogeometric model analysis and the
rolling sphere method. Based on the electrogeometric model analysis, the risk of shielding failure in either the whole
substation or parts of it is determined. According to the simulation results, one can justify whether the substation
satisfies the criterion of shielding design. In particular, according to the rolling sphere method, the exposed areas in
substation determine the location of the additional shielding poles or shield wires. Therefore, the installation of the
additional shielding poles and shield wires in substation was accepted by shield design at the phase conductors exposed

in the larger area.
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1. Introduction

Electric power installations are subject to lightning,
lightning overvoltages, and the associated risk of damage
or disruption. A lightning strike to electric power
installations is a crucial problem for electric power
transmission [1], [2]. The efficiency and performance of
lightning shielding systems, which consist primarily of
shielding masts and overhead earthwires, against direct
strikes is of primary importance in the design of
lightning protection of critical structures. Most of the
existing lightning shielding theories are based on an
(EGM) [3], [4]. The EGM
estimates the point at which lightning current terminates

electrogeometric  model

based on striking distance. The striking distance is
defined as the length of the final leg of the stroke
current which establishes contact with a ground object.
The striking distance is of the form [3]

S=Ax*Ib 1

where A and b are constants that depend on the
object; I is the stroke current. Several researchers,
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notably Wagner et al,[5]-[7], Young et al,l8],
Armstrong and Whitehead[3], Brown and Whitehead[4],
Lovel9], and MousallO] -[12], have contributed to
the EGM of the last step or striking distance of
the lightning flash.
they have also provided different values of A and

According to the estimate,
bl4],[9],[13] - [16]. Consequently there are seven striking
distance formulae internationally. The model names of the
seven striking distance formulae are Brown and
Whitehead, IEEE, Erikson, Darveniza, Love, Suzki.et al,
and Rizk. Generally, the IEEE standard is used. However,
there are no any cases that compare the striking
distances formulae using programs or simulations. This
paper compares performance of the lightning shielding
analysis methods using the seven striking distance
formulae in a real substation. For comparison, we
estimate the number of expected strikes and exposed area
using WinIGS Software [17]. The program WinIGS
performs analysis and design of a grounding system or
multiple grounding systems that are an integral part of
an electric power system. The lightning shielding analysis
methods which are used are: the EGM analysis and the
rolling sphere method(RSM). The EGM analysis compares
the total number of expected strikes at four specific
places of the substation wusing the seven striking
distances formulae. The RSM estimates the exposed area
and the exposed paths according to the setting value of
lightning current in the seven striking distance formulae.
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Fig. 1 3-D model of a substation.

Visualization techniques based on animated 3-D graphics
are used to demonstrate the results. Therefore, based on
the simulations, we consider the result, and estimate the
improvement.

2. Description of simulation system

Shielding of direct lightning strikes is an important
aspect of power system safety analysis. Theories of
lightning behavior and striking distance formulae and
their effect on lightning shielding analysis are
investigated as are the effects of lightning and the role of
specific grounding system designs. The analytical method
used in this investigation is based on a 3-D
implementation of the EGM of the lightning strike and
together with  the

structures that need to be protected. Also, several

shielding system configuration
different design methods for the shielding of direct
lightning strikes are used worldwide; the RSM is one of
the most widely used methods and is suggested by IEEE
Std 998-1996[18]. A well known analysis technique used
for lightning shielding design is the EGM and its various
recent improvements. This model is based on the
relationship of the lightning striking distance to the crest
value of the lightning current waveform and the height of
the structures. This relationship has been derived from
empirical data by various researchers. Table 1 lists
several of these results expressed in analytical form for
the simulations[1], [19].
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Table 1 Striking distance formulae.

Model name Striking distance formula

Darveniza S = 2Is + 30(1-¢ %)
Love S = 101s"%
Whitehead S = 941s™"
IEEE(1985) S = 815"
Suzuki S = 331"
Eriksson S = 06701
Rizk S = 15705177

S Striking distance in meters

Is  First return stroke current in KA

The lightning shielding analysis is demonstrated on the
grounding system of a substation modeled based on the
real substation in Coolidge, state of Vermont. The 3-D
model of the substation is illustrated in Fig. 1. The
substation is a 115 KV/12 KV distribution substation with
one 115 KV incoming line and one 12 KV outgoing line.
It consists of substation (or any electrical installation) ;
circuits connected to it (transmission or distribution lines)
and possibly lightning protection masts. This substation
has been equipped with four shielding poles without shield
wire. Specifically, the substation for the simulation
includes transformers, switchgear, bus-work, and a control
building. Lightning shielding analysis requires accurate
3-D geometric data of electrical equipment and civil
structures [8]. The EGM analysis compares the total
number of expected strikes at four specific places of the
substation using the seven striking distances formulae.
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Fig. 2 Graphical illustration of lightning strike by EGM analysis.

The range of lightning current is from 2 to 200KA in
EGM simulation. These four places are the fence, the
control building, the phase conductors, and the equipment.
The total number of expected strikes means the expected
number of lightning failure per year. The RSM estimates
the exposed area and the exposed paths according to the
setting value of lightning current in the seven striking
distance formulae. The exposed area and the exposed
paths of four places are compared, for lightning current
equal to 10KA.

3. Results

The results of the simulations for seven striking
distance formulae are presented below. First the results
of the EGM analysis of the substation are displayed in a
3-D perspective view. Next, the results of the EGM
analysis of the four places at substation are presented in
a tabular report. Finally, the results of the exposed areas
and exposed paths of the lightning shielding analysis
using the RSM are presented.

3.1 Electro-geometric model analysis

EGM analysis used the IEEE formula at seven striking
distance formulae. While EGM analysis is in progress, the
lightning strikes considered in the analysis are displayed
2. The Fig.
3-D perspective view of the substation as graphical

graphically as illustrated in Fig. 2 are a
illustration at the origination and termination of lightning
strikes(partial). Once the computations of EGM analysis
are completed, a number of statistical reports can be
generated. Fig. 3 illustrate the statistical summary of the
expected exposed areas and the probability of a direct
strike to the fence, control building, phase conductors, and
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equipment for various values of the lightning crest. The
total number of expected strikes is 0.00674 per year.

Fences, Control Building, Phase Conductors, Equipment
Isokeraunic Level: 100.00

Close

Curent (k4) Exposed Area (m2) Expected Number of Stikes
200 71434 0000401
580 47174 0001641
1081 23783 0002875
16.83 8320 0001422
272 2000 0000377
3139 160 0.000027
2079 00 0.000000
4886 00 0.000000
58.56 00 0.000000
68.86 00 0.000000
7974 00 0.000000
9115 00 0000000

103.10 00 0.000000
11555 00 0.000000
12848 00 0.000000
14189 00 0.000000
15576 00 0000000
170,08 00 0.000000
18483 00 0.000000
20000 00 0000000

Total Number of Expected Strikes : 0.00674

Fig. 38 Computed exposed area and probability of direct
lightning strikes.

The total number of the expected strikes of the seven
striking distance formulae is illustrated in Table 2. The
minimum value of overall risk of shielding failure is
0.0002 as estimated by the Erikson and the Rizk method.
The maximum value of overall risk of shielding failure is
0.02185 as Suzkiet al method.
Internationally, there are no standards that dictate the

estimated by the

number of lightning outage per year in substations,

transmission lines, and electric power installations.

However, the number of lightning outage is suggested to
be below 0.01 per 100 years as a desirable value. The
result of EGM from a formula suggested by IEEE



presents that the fault will occur one time during about
148years. Therefore, the substation was well shielded.
The simulations results of the six formulae except for the
Suzki formula present that the shield design of the
substation was satisfying based on the desirable value
suggested above.

Table 2 the total number of expected strikes by EGM

analysis.
Overall
Risk of Control Phase Equip
Method Shielding | Building | Conductors ment
Failure
Brown
and 0.00451 0.00078 0.00231 0.00001
Whitehead
IEEE 0.00674 0.00117 0.00345 0.00001
Erikson 0.00020 0.00003 0.00017 0.00000
Darveniza 0.00403 0.00066 0.00205 0.00002
Love 0.00319 0.00054 0.00161 0.00000
Suzki.et al 0.02185 0.00386 0.01109 0.00005
Rizk 0.00020 0.00004 0.00016 0.00000

3.2 Rolling Sphere method analysis

This section illustrates the results of the RSM analysis
using seven striking distance formulae. The exposed
areas of the four places (fence, control building, phase
conductors, and equipment) are displayed in meters in the
control parameters dialog. Table 3 illustrates the results

Shield wire

A
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Table 3 the exposed areas by the RSM analysis. [m?]

Method Fence Bct?lrllgr(l)lg COEEESSOI‘S ];:r?;rﬁ)
%;%X:h:ﬁ 455 366 1020 0
IEEE 634 503 1396 0
Erikson - - - -
Darveniza 343 281 739 0
Love 313 247 658 0
Suzki.et al 1925 983 2763 2
Rizk - - - -

of the exposed areas using the RSM analysis. Fig. 4
illustrate the result (990m*of phase conductors of the
RSM using the Suzki formula. The blue dots on the
substation indicate the strike originating locations, while
the red dots indicate the strike terminating points for the
selected objects(i.e. the phase conductors). The number of
expected strikes can be calculated using the exposed
areas of the RSM, ground flash density (GFD), and
iso—keraunic level(IKL, T)[18]. The number of expected
strikes to the substation area, Ns is computed as:

N.= GFD* A/(1000)> @)

Where

GFD is the ground flash density in strokes per square
kilometer per year. A is the substation area in square
meters. GFD 1is defined as the average number of

Rolling Sphere Method

Standard Suzuki, et &l / Historical [EPRI Red Book)
£ ]

v

Exp. Area[m2)

Lightning Current | 1000 k& ’——
590

Sphere Radius | 19.9  meters
¥ Animal
Max Sky Step W meters Il
SkyStep [ 10 meters 1™ Tranzpar

Auta Sean Stop E\ealTlaces‘ Close I

Red dots
(Phase conductors)

Shielding
Polex3

Fig. 4 Rolling sphere analysis results of phase conductors.
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strokes per unit area per unit time at a particular
location. The GFD is of the form

GFD=0.127] N/ Km?. Year] (3)

For example, according to Suzki formula, when the
lightning current is 10KA the expected strikes on the
exposed area, 2763 m’ are 0.03315 per year. Consequently,
according to simulation results, the exposed areas in the
substation determine the location of the additional
shielding poles or shield wires. Therefore, the installation
of the additional shielding poles or shield wires in the
substation was accepted by shield design at the phase
conductors exposed in the larger areas described in Suzki’
sresult. So the total number of expected strikes
was reduced from 0.02185(in Table 2) to 0.00609
by EGM exposed area of
phase conductors was reduced from 2763m*(in
Table 3) to 990m’ by RSM analysis. But, some
striking distances depend on the structure height. This

analysis. Also the

means that as the lightning propagates downward, the
striking distance changes. The RSM does not support
height-dependent striking distance formula. The striking
distance computed by the Erikson and Rizk method is a
function of striken point height. Therefore, the RSM
analysis of the four places of the substation using the

Erikson and the Rizk formulae cannot be applied.
4. Conclusion

This paper has compared the performance of the
lightning shielding analysis methods using the seven
striking  distance formulae in a substation. For
comparison, we evaluated the number of expected strikes
and exposed area using WinIGS Software. The procedure
is based on the EGM for the shielding analysis of 3-D
models. Seven striking distance formulae are compared
using the EGM analysis and the RSM. Based on the
electrogeometric model analysis, the risk of shielding
failure in either the whole substation or parts of it is
determined. According to the simulation results, one can
justify whether the substation satisfies the criterion of
shielding design. The six formulae except for the Suzki
formula in this simulation substation present that the
shield design of the substation was satisfying based on
the desirable value suggested. In particular according to
the RSM analysis, the exposed areas in substation
determine the location of the additional shielding poles or
shield wires. Therefore, the installation of the additional
shielding poles and shield wires in substation was
accepted by shield design at the phase conductors
exposed in the larger area as described in Suzki
formula. However, since the RSM does not support
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height-dependent striking distance formulae, the exposed
areas of the four places of the substation cannot be
evaluated using the Erikson and the Rizk formulae when
the RSM is used. The simulation results were based on a
real substation. In next studies, real models of
transmission and distribution lines will be tested and

compared by lightning shielding analysis methods.
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