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Abstract—The influence of the frequency- and current-dependent
response of tower grounding systems on evaluating the backflashover
performance of a typical 150 kV overhead transmission line is
investigated in this study. This is achieved by adopting different tower
grounding system modeling approaches in ATP-EMTP simulations:
1) a simple resistor (constant resistance value), 2) the frequency-
dependent (FD) grounding system response with constant electrical
properties of soil, 3) the FD response with FD soil properties, and
4) a soil ionization model. FD responses for concentrated and
extended tower grounding systems are obtained via a hybrid
method based on electromagnetic field analysis and circuit theory.
Backflashover rate, BFR, is estimated by obtaining the minimum
backflashover current of the line through ATP-EMTP simulations.
Different first return-stroke currents of negative downward
lightning flashes are employed in simulations, namely CIGRE WG
33.01 waveforms considering the statistical distributions of their
parameters, recorded waveforms, and approximations of the
latter with the CIGRE waveform. The impact of the lightning peak
current distribution on BFR results is assessed. The evaluated
backflashover performance is affected considerably by the FD
tower grounding system response for extended systems, whereas
by soil ionization for concentrated systems; for the latter, FD effects
influence BFR mainly for low soil resistivity values.

Index Terms—Backflashover, EMTP, fast-front transients,
grounding, hybrid method, insulation coordination, lightning,
overhead transmission lines

I. INTRODUCTION
HE evaluation of lightning overvoltages stressing the
insulation of power systems is important for insulation
coordination and surge protection studies. It requires the
accurate prediction of the response of grounding systems during
the flow of lightning currents to the ground. This response is
frequency- and current-dependent, as it is dominated by the
frequency dependence of the behavior of ground electrodes and
soil electrical properties, as well as by soil ionization. The latter
phenomenon refers to electrical discharges developing in areas
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of high electric field strength in the ground, leading to a
reduction of the impulse ground impedance. Several factors
affect these phenomena, including soil properties, geometry and
dimensions of the ground electrodes, as well as lightning current
waveform, amplitude, and polarity.

Generally, grounding system modeling for fast-front transient
studies is a formidable task. This is due to the complexity of the
related phenomena, the varying conditions and non-uniformity
of soil (as a complex multiphase particulate material) together
with grounding system geometry and dimensions effects. Hence,
investigations related to grounding system impulse behavior
and modeling still attract considerable interest [1]-[16]. Despite
recent advances, existing modeling approaches may predict
notably different grounding system responses introducing
uncertainty in simulation results associated with lightning
transient studies. This also applies for the evaluation of the
backflashover performance of overhead transmission lines
(OHTLs). In this case, the modeling approach adopted for the
grounding systems of transmission towers is crucial, as the
predicted grounding system response determines the computed
overvoltages across OHTLs insulation due to direct lightning
strikes to towers and overhead ground wires (OHGWs). Hence,
it affects the computation of the minimum (critical) lightning
current causing backflashover, lgg, and thus, of the backflashover
rate, BFR. Considering the above, there could be uncertainty in
Isr and BFR estimates due to tower grounding system modeling.

This study investigates the influence of frequency- and
current-dependent effects, which dominate the lightning
transient response of grounding systems, on the evaluation of
the backflashover performance of a typical 150 kV double-
circuit OHTL. This is achieved by adopting different tower
grounding system modeling approaches in ATP-EMTP
simulations [17], [18], which are performed for the estimation of
Isr; the latter is then used for computing BFR. The concentrated
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and extended grounding systems constructed in practice for the
150 kV towers are considered. Frequency-dependent (FD)
grounding system responses are obtained via a hybrid method [19]
based on electromagnetic field analysis and circuit theory, using
both constant and FD soil electrical properties while taking the
low-frequency (LF) soil resistivity, pir, as an influencing
parameter. The obtained responses are introduced in ATP-
EMTP simulations with the aid of vector fitting [20]-[22]. A
soil ionization model is also applied in ATP-EMTP simulations.
A preliminary investigation has been conducted in [1].

Even though there are relevant studies in the literature [23]-[26]
investigating the influence of tower grounding system modeling
on assessing overvoltages and BFR of overhead lines, the effects
of frequency- and current-dependent response of tower grounding
systems on BFR are for the first time assessed using a BFR
estimation methodology that considers solely the rate of direct
strikes to OHTLs with currents exceeding lgg, as introduced in
[27]. This, together with a validated EMTP modeling approach
of the investigated system (Section 11), allows for evaluating
BFR inan accurate manner. In addition, different lightning peak
current distributions are used in BFR estimation; this enables
generalization of conclusions, applying to different geographical
regions worldwide. Finally, for the first time, recorded first
return-stroke current waveforms of negative downward lightning
flashes are used in simulations accounting also for frequency-
and current-dependent effects of grounding systems; in the
highly relevant investigation of [28], tower grounding systems
are represented by resistors. Hence, the impact of
approximating recorded waveforms with the waveform
proposed by CIGRE WG 33.01 [29], [30] is evaluated in this
work using more sophisticated modeling approaches.

I1. 150 KV OVERHEAD TRANSMISSION LINE CHARACTERISTICS

A typical 150 kV double-circuit OHTL and the concentrated
and extended grounding systems constructed in practice for the
transmission towers are modeled in this work. Fig. 1 presents
the data required for developing the OHTL model in ATP-
EMTP [17], [18]. Itis noted that such double-circuit OHTLs are
adopted worldwide with little differences.

Fig. 2 shows the geometry and dimensions of the grounding
systems. The commonly employed concentrated system (Fig. 2a)
comprises four ground rods (length: 2 m, diameter: 20 mm,
installation depth: 3 m). In areas of high soil resistivity, when a
power-frequency ground resistance, Rg, higher than 20 Q is
measured for the concentrated system, the extended system

Span length  Conductor Conductor ~ Conductor -
(m) type diameter (mm)  sag (m) OHGW type
ACSR : n
300 Grosbeak 25.15 6.3 Glv steel
OHGW OHGW sag  Shielding angle  Insulator BIL
diameter (mm) (m) at tower (deg) length (m) (kV)

12.60 4.1 31.6 1.80 750

Fig. 1. Typical transmission tower (not in scale) of the studied 150 kV overhead
ling; inset table: line characteristics.
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Fig. 2. (a) Concentrated and (b) extended grounding systems (not in scale)
constructed in practice for the typical 150 kV transmission tower of Fig. 1.

shown in Fig. 2b is constructed. The extended system consists of
the four rods and four counterpoise wires, i.e, horizontal ground
electrodes (length: 60 m, diameter: 10 mm, installation depth:
0.6 m). Nevertheless, the response of the concentrated system is
evaluated in this work for Rg > 20 Q as well, since installation
of counterpoise wires is often not possible due to terrain constraints.

I1l. ATP-EMTP MODELING AND SIMULATION CASES
A. General Settings

The modeling approach of [27], [28], [31], [32] was adapted
accordingly and used in this work for the 150 kV OHTL
(Section 1. A summary of the employed models and techniques
is presented in Table I. The grounding system modeling
approaches listed in Table | are described in the following
subsection; the simulation cases are detailed in Subsection I11.C.

B. Tower Grounding System Modeling

The tower grounding system modeling approaches adopted
in this study are suitable for time-domain simulations with ATP-
EMTP. These are summarized in Table I and are described in
what follows.

1) Resistor with a constant resistance value equal to the power-
frequency tower ground resistance

This is a simplified method, according to which the tower
grounding system is represented by a single resistor with a
resistance value equal to the power-frequency tower ground
resistance, Rg. The adoption of Rq in computations and simulations
has been a common approach for a long time [35] and is
frequently encountered in literature. In addition to its simplicity,
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TABLE |
ATP-EMTP MODELING; ADAPTED FROM [27], [28], [31], [32]
Line component  [Modeling description
12 JMarti models [33]:

10 spans, 2 long terminations to avoid reflections
Superbundle configuration: ABC-ABC (A: upper
conductor)

Soil resistivity, p.g: equal to the value used for tower
grounding system modeling (Table 1)

Overhead line

Lossless frequency-independent line
Surge impedance: 167 Q (conical tower [34])
Surge velocity: 85% of the speed of light [35]

Towers

Cap-and-pin
insulator string
negative flashover

CIGRE [29] leader development model
Predischarge current included in simulations [36], [37]

As from Subsection 111.B, for both concentrated and

extended grounding systems of Fig. 2:

1) simple resistor with a resistance value equal to the
power-frequency ground resistance, Ry [35] (Rq values
given in Table I1)

2) frequency-dependent (FD) response of the
grounding system; constant electrical properties of
s0il (pLr and eromm, Values given in Table 11)

3) FD response of the grounding system with FD soil
properties (Longmire and Smith model [38], poc
values listed in Table II)

Solely for the concentrated grounding system of Fig. 2a:
4) CIGRE soil ionization model [29] (R values given
in Table I1)

Simulation cases: Subsection I11.C

Tower grounding
systems

Power-frequency |Cosine function
voltage |12 phase angle values (0°-330°)

Current source in parallel to a lightning channel
equivalent impedance of 400 Q [32] (Norton equivalent)

CIGRE [29], [30] and recorded [39], [40] lightning
current waveforms for the simulation cases in Table 111

Recorded waveforms:
— digitization time interval: variable. It reproduces
main features of the waveforms
— linear interpolation
— implemented via MODELS language [41], [42]
using an external pointlist function
Lightning strikes the tower located in the middle of the
line section (symmetrical line model)

Negative lightning
return-stroke

Time step and total

simulation time 1 ns and 30-50 ps, respectively

A short discussion on the validity of the adopted ATP-EMTP modeling approach
for the computation of lightning overvoltages and critical flashover currents
of overhead lines has been made in Appendix B of [28]. This approach has
been validated successfully against the field measurements of lightning
overvoltages arising at a 275 kV OHTL reported in [43].

this is because Ry is commonly measured for most OHTLs. It
also yields conservative lightning overvoltages and critical
backflashover currents for concentrated grounding systems.
This is also the case for extended systems when their length is
shorter than the effective, that is, their impulse ground impedance
is lower than Ry, as discussed in more detail in Subsection 11.C
of [27]. The use of Ry is further investigated in this work.

2) Frequency-dependent behavior of tower grounding systems

The FD response of the concentrated and extended tower
grounding systems of Fig. 2 is obtained by a numerical code [19]
implementing the hybrid method [44], which is based on
electromagnetic field analysis and circuit theory. Both constant
and FD electrical properties of soil were employed, the latter

via the Longmire and Smith [38] FD soil model. For computing
the frequency spectra of the complex ground impedance, that is,
the output of the hybrid method code, the ground electrodes are
represented by thin, electrically short branches, interconnected
by nodes. Standard nodal analysis is applied to solve the
problem. Actually, a matrix of nodal admittances is constructed
and its elements are determined by solving the associated
electromagnetic problem, which requires the computation of
the Green functions for the scalar electric potential and dyadic
magnetic potential in layered lossy media. The frequency
dependence of soil electrical properties is easily accounted for;
soil resistivity, p(f), and relative permittivity, &.(f), as predicted
by the FD soil model, are used as inputs for the hybrid method
to obtain the response of the grounding system at each frequency,
f. The harmonic ground impedance, Zy(f), is defined as:

Zq(f) = V(H)/1(F) )
where V(f) is the voltage at the nodes of the grounding system
where the lightning current is expected to be injected (these
nodes are assigned the same voltage value), and I(f) is the total
current flowing to these nodes. The results of the hybrid method
code have been validated beforehand in [1] against literature
data for horizontal and vertical ground electrodes.

The computed FD responses are introduced in ATP-EMTP
with the aid of vector fitting [20]-[22]. A Netlist file (equivalent
lumped circuit) is produced for each response and a user-specified
object is employed in ATPDraw [45] for each tower to import
the Netlist file with an $INCLUDE statement. Before backflashover
simulations, the frequency scan option of ATP-EMTP is utilized
to verify the correspondence of the FD response of the Netlist
file with the original response obtained via the hybrid method code.

It is noted that a code has also been developed in MODELS
language [41], [42] for importing an FD response approximated
by a rational function in the polynomial form. This alternative
method yields equivalent results with the Netlist file and user-
specified object approach; however, it requires a considerably
longer simulation time as it is based on a circuit-type component
(Thévenin type-94). Hence, the Netlist file and user-specified
object approach was used in this work.

3) CIGRE soil ionization model [29]

As summarized in [46], [47], a large humber of soil ionization
models has been proposed for concentrated grounding systems.
These predict the instantaneous impulse ground impedance,
R(I), which is lower than Ry due to the occurrence of electrical
discharges in the ground. The most popular soil ionization
model, introduced by CIGRE WG 33.01 [29], is adopted in this
paper for the concentrated tower grounding system of Fig. 2a.

R(1)=R, /I 17T, @

In (2), R(I) and Ry are in Q, I (kA) is the instantaneous current
flowing to the ground, lg (kA) is calculated by (3) and it is
defined as the critical current that is necessary to yield an R(l)
value considerably lower than Ry.

Ig:Eo'PLF/(Zn'Rgz) ®)

In (3), Eo (kV/m) is the critical soil ionization gradient and
pur (Qm) is the LF soil resistivity. A value of 400 kV/m is used
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1
TABLE Il
SoIL ELECTRICAL PROPERTIES AND TOWER GROUND RESISTANCES USED IN SIMULATIONS

Concentrated system (Fig. 2a); R=0.1169-p.¢ Extended system (Fig. 2b); R=0.010922-p,¢

Rq (Q) 7 10 25 50 100 150 200 7 10 25 50
proon=pir  (Qm)| 59.9 85.5 213.9 427.7 855.4 1283.1 1710.8 640.9 915.3 2288.8 4577.6
pPoc (Qm), 62.4 89.5 227.2 460.0 933.5 1416.0 1906.0 695.0 1001.0 2576.0 5284.0

ErioMHz — 239 21.9 16.9 14.4 12.9 12.0 11.3 135 12.7 10.7 9.4

in this work for Eo, as proposed by CIGRE [29]. Note that the
CIGRE soil ionization model was introduced in ATP-EMTP
simulations via the TGIR object [46]; the latter has been developed
using MODELS language of ATP-EMTP and implements several
soil ionization models for concentrated grounding systems.

C. Simulation Cases

Table Il presents the selected values of the soil electrical
properties (LF soil resistivity, pLr, DC soil resistivity, ppc, and
real relative permittivity at 10 MHz, &riomnz) together with the
associated power-frequency ground resistance, Rq. The following
input parameters are required for each modeling approach:

1) Ry for the resistor modeling approach.

2) pie and eromn; for the FD response with constant soil

properties.

3) poc for the FD response with FD soil properties. The
variation of soil resistivity, p(f), and relative permittivity,
er(f), with frequency, f, is predicted by the Longmire and
Smith FD soil model [38] considering the relative electrical
permittivity at infinite frequency (& = 5 [38]) and ppc;
the latter is selected to obtain the pioon; vValues of Table Il
when using the Longmire and Smith model at f = 100 Hz.

4) Ry and pr for the CIGRE soil ionization model.

It is noted that initially the Ry values were selected; afterwards
the corresponding pcr, poc, and eriomn; vValues were determined
(pLr via the hybrid method code and poc, eromr; by using the
Longmire and Smith model).

Table 111 details the first return-stroke current waveforms of
negative downward lightning flashes employed in simulations.
These comprise two recorded waveforms (W2 and W3 in Fig. 3
with characteristics listed in Table 1V; waveform naming in
accordance with [28]) differing in waveshape parameters, the
corresponding CIGRE waveform approximations (Fig. 3), as well
as CIGRE waveforms considering the statistical distributions of
waveform parameters. More specifically, three cases are
employed in simulations (Table 111): the median values,

TABLE Il

FIRST RETURN-STROKE CURRENT WAVEFORMS OF NEGATIVE DOWNWARD
LIGHTNING FLASHES; ADAPTED FROM [28]

Case Waveform Parameters Information
W2 [39], W3 [40] | Recorded Fig. 3
W2, W3 N .
L CIGRE  Approximation of the recorded waveforms (Fig. 3)
approximation

Best-case . -

scenario (tasos%, Smosw thosw)  Highest critical current
Worst-case o

scenario CIGRE  (tds095% Smsv thse) Lowest critical current

Median (t s 1 50%) Commonly used in lightning
parameters 430,50%: 9m 0% °h,50% performance studies

taso: front time, Sp,: maximum steepness, and ti: time to half value (definitions according

“““““ === (1) Recorded
— (2) CIGRE approximation
— - (3) Best-case scenario

»»»»»»» (4) Worst-case scenario —_

) L

o o

" L
v/‘

.-

o

— - (5) Median parameters

Current, i(f) (kA)
g
=

A
=)
L

0 10 20 30 40 50

-~ -==- (1) Recorded

) —— (2) CIGRE approximation
— - (3) Best-case scenario
- (4) Worst-case scenario

)
N — - (5) Median parameters
N PR

5 20 25 30 35 40
Time, t (us)
Fig. 3. Waveforms of negative first return-stroke currents employed in simulations.
TABLE IV
WAVEFORM PARAMETERS OF THE RECORDED FIRST RETURN-STROKE
CURRENTS OF NEGATIVE DOWNWARD LIGHTNING FLASHES SHOWN IN FIG. 3

Iy le tio  Sm th
Waveform (kA) (KA) (us) (KA/us) (us)
W2 Berger nO. | 398 489 55 255 139.4

Fig. 15 of [39] 6236
W3 Narita et al. Fig. 5of [40] |128.2 134.2 53 55.0 52.5

Definitions of waveform parameters according to CIGRE [29], [30].
I initial (first) lightning current peak, Ir: final (second) lightning current peak
(usually I¢ > 1), taso: front time, Sm: maximum steepness, and tn: time to half value.

commonly used in lightning performance studies for estimating
the lightning performance of OHTLs, and the best- and worst-
case scenarios for the critical backflashover current. The best-case
(worst-case) scenario corresponds to the highest (lowest) lgr
value, long (short) wavefront, low (high) steepness, and short
(long) wavetail.

IV. FREQUENCY-DEPENDENT RESPONSES OF THE
CONCENTRATED AND EXTENDED GROUNDING SYSTEMS

Simulations of the tower grounding systems of Fig. 2 have been
conducted using the hybrid method to obtain their FD responses
with both constant and FD soil electrical properties (Subsection
I11.B.2). The Ry cases of Table Il have been investigated by
using the corresponding values of p.r and ppc (Table 1) in
simulations, obtaining thus an LF ground impedance Zg r~Rg.

Figs. 4 and 5 depict typical results of the hybrid method for the
concentrated (Fig. 2a) and extended (Fig. 2b) tower grounding
systems, respectively. These refer to the magnitude and argument
of Zgy for the cases of Rg=7 Q and 25 Q. It is noted that the

to CIGRE [29], [30]). Percentages in subscripts denote cases exceeding this parameter
value as given in Table IV of [28] where the statistical distributions proposed by

CIGRE [29] have been adopted. tu and Sm values depend on the lightning peak current.

magnitude of Zy has been normalized with its value at 100 Hz,
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Fig. 4. FD responses of the concentrated grounding system (Fig. 2a) with
constant and FD soil properties corresponding to R;=7 Q and 25 Q (Table II).
35

Extended

Ground impedance, |Z;| /1Z; raon:l (P.u.)
@

Extended

Phase angle, 2Z, (deg)

—— Constant properties - 7 0
--=-FD properties - 7 0

~— Constant properties - 25 0
----FD properties - 25 Q

10° 10 10° 10° 10° 10
Frequency, f (Hz)

Fig. 5. FD responses of the extended grounding system (Fig. 2b) with constant
and FD soil properties corresponding to R;=7 Q and 25 Q (Table II).

|Zg,10012]- From Figs. 4 and 5, it is evident that for relatively low
frequencies Zy=Ry and the grounding system behavior is resistive
(£Z4~0°). However, for higher frequencies, the reactive component
of Z4 is significant.

The frequency responses of the concentrated and extended
grounding systems in Figs. 4 and 5 differ for the same Ry value
due to their characteristic dimension. The length of each rod
(2 m) is shorter or of the same order of magnitude of the minimum
wavelength Amin in the frequency range of interest for the
simulated soil properties. Thus, the propagation along the vertical
rods is not important. On the other hand, propagation along the
counterpoise wires is relevant due to their long length (60 m).

When constant soil electrical properties are employed in
simulations, the concentrated grounding system exhibits a capacitive
behavior above a frequency value, that is, |Z4(f)| < Ry (Fig. 4),
whereas the behavior of the extended system becomes inductive
(Fig. 5). This means that the performance of the extended
system deteriorates as the frequency increases (|Z4(f)| > Rg).

When the frequency dependence of the electrical properties
of soil is taken into account, a capacitive behavior is observed

above a relatively low frequency limit for both concentrated and
extended configurations (Figs. 4 and 5). This is due to the high
permittivity values predicted by Longmire and Smith soil model
[38]. The latter also predicts a considerable reduction of the
resistivity of soil with increasing frequency, leading to a
reduction of the ground impedance magnitude.

V. ATP-EMTP SIMULATION RESULTS AND DISCUSSION
A. Lightning Overvoltages

1) Concentrated grounding system

Fig. 6 shows the lightning overvoltages stressing the insulators
of the 150 kV OHTL (Fig. 1) computed with ATP-EMTP for
the investigated modeling approaches (Subsection 111.B) of the
concentrated tower grounding system (Fig. 2a); each subfigure
corresponds to an Ry value (Table 11). The presented overvoltages
refer to the insulator stressed the most (at the positive peak of
the phase conductor AC voltage when lightning strikes). They
were obtained for lightning peak currents slightly lower than the
lowest backflashover current of each case. Note that
overvoltages are normalized against the Basic Insulation Level,
BIL, of the line (750 kV).

From Fig. 6, it can be observed that the highest overvoltages
are obtained using the Ry approach. These are reduced when
considering the FD responses. A small reduction is obtained for
the case of constant electrical properties of soil. The corresponding
reduction for the FD soil properties is larger and is enhanced for
higher Ry values. This is in line with the FD responses of Fig. 4.
It is important that the overvoltage waveforms for these three
cases converge at the wavetail, however, within the flashover
times. When considering soil ionization in simulations, a
significant reduction of the lightning overvoltages is observed
irrespectively of the Ry value. The convergence of the overvoltage
waveforms associated with soil ionization with those of
previous cases occurs much later and beyond probable flashover
times for relatively low Ry.

The results of Fig. 6, as well as those for the extended tower
grounding system presented in Fig. 7, indicate that the modeling
approach for the grounding system affects lge. This will be
discussed in Subsection V.B. From Fig. 6 for the concentrated
grounding system, it can be deduced that a higher Igr is
expected for the cases of the FD responses and soil ionization.

2) Extended grounding system

Similarly to Fig. 6, the lightning overvoltages for the
extended tower grounding system are depicted in Fig. 7. For
relatively low Ry values, it can be seen that, the instantaneous
overvoltages may be higher when considering the FD responses
in simulations due to the inductive behavior of the grounding
system (Fig. 5). Hence, a lower Igr and a higher BFR may be
obtained. For high Ry values, the FD responses yield lower
overvoltages than the use of Ry in simulations, as capacitive
effects dominate. These observations depend also on the
adopted soil modeling approach (constant or FD) due to the
considerable reduction of soil resistivity with increasing
frequency for FD soil properties; this is very important for high
pLr values. In addition, by comparing Figs. 6 and 7, it can be
observed that the FD effects on the computed overvoltages are
more pronounced for the extended grounding system; this is
also the case for the minimum backflashover current dealt with
in the next subsection.
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B. Critical Backflashover Current

1) Concentrated grounding system

Fig. 8 shows the variation of lgr with Ry for the concentrated
grounding system of Fig. 2a and the investigated modeling
approaches of Subsection I11.B for the 150 kV OHTL. The
threshold (lowest) lgenr is depicted in Fig. 8. This is typically
linked to backflashover at the lower phase insulator for AC
voltage phase angle of 240° (positive AC peak of the lower phase)
except for the cases with Ry < 10 Q for which the critical phase
angle could be 120° and the middle insulator may flashover
instead. It was found that this depends on the lightning current
waveform, the grounding system, and its modeling approach.
The lIgr values of Fig. 8 were obtained for the CIGRE waveform
with median parameters, as these are commonly used for the
evaluation of the backflashover performance of OHTLSs.

From Fig. 8, it can be observed that the differences in lgrtr
are minor when using in simulations Ry and the FD response
with constant soil properties for the concentrated grounding
system. The FD case yields 1.5% to 3% higher lgrr, increasing
with decreasing Ry. Greater differences are obtained with FD
soil properties (8% to 16% higher Igrmr Values, augmenting with
increasing Ry), in line with the overvoltage results of Fig. 6. From
Fig. 8 it is also evident that the effects of soil ionization on lggir
are remarkable (from 75% up to >100% higher lgrwnr Values with
respect to those computed with a constant Rg). This is due to the
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sizable reduction of the instantaneous impulse ground impedance
predicted by this model.

2) Extended grounding system

Fig. 9 depicts the Iggnr results for the extended grounding
system of Fig. 2b. Conservative lgrnr Values are obtained for the
FD response with constant soil properties. For Rq > 25 Q, the
representation of the grounding system with Ry yields
practically the same lgrnr Values. When considering the FD soil
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properties, lgenr is generally higher for the investigated cases,
due to lower instantaneous overvoltage values (Fig. 7).

The variation of Igr with Rg was found to be comparable with
that of Figs. 8 and 9 for all 12 investigated AC operating voltage
phase angle values (Table I). The obtained Igr results for these
12 angles are used for the computation of BFR in Section VI.

C. Investigation on Recorded Lightning Current Waveforms
and their CIGRE Approximations

Simulations have also been conducted for the recorded and
CIGRE lightning current waveforms of Table Il and Fig. 3.
This is an extension of the investigation presented recently in
[28] where tower grounding systems were represented by resistors
with resistance equal to Rq. Fig. 10 shows computed overvoltages
at the lower insulator of the 150 kv OHTL for the grounding
systems of Fig. 2 and the investigated modeling approaches
(Subsection 111.B). The overvoltages of Fig. 10 correspond to
the W2 and W3 recorded waveforms and the best- and worst-
case scenarios for Ige (Subsection I11.C). The overvoltages for the
CIGRE approximation of the recorded waveforms have been
omitted since their form is comparable to that of Figs. 6 and 7,
which correspond to CIGRE waveforms with median parameter
values. From Fig. 10, it is evident that the peak and the
waveshape of the overvoltages vary remarkably among the
investigated lightning current waveforms. The instantaneous
values of the overvoltages obtained for the recorded lightning
currents exhibit larger variations with time. Regarding the effects
of the grounding system modeling, the observations made on
the overvoltages for the concentrated (Fig. 6) and extended (Fig.
7) grounding systems in Subsection V.A still hold in general. It
is important that the largest (smallest) differences among models
are found for the worst-case (best-case) scenario lightning current.
This is because the latter exhibits a short wavefront with high
steepness, that is, a high frequency content resulting in more
pronounced effects associated with the FD behavior of the grounding
system; the opposite applies for the best-case scenario current.

Fig. 11 shows the lgrnr values of the 150 kV OHTL for the
evaluated lightning current waveforms (Table I, Fig. 3),
grounding systems (Fig. 2), and their modeling approaches
(Subsection 111.B). The Igemr Values for the CIGRE approximation
are lower (3% to 21%) than those for the recorded waveforms.
This effect, being more marked for the W2 waveform, is due to
higher overvoltages for the CIGRE approximations, as their
singlg peak corresponds to the first (lower) peak of the recorded

waveforms (Fig. 3). Hence, when scaled up to the same maximum
value (single peak for the CIGRE approximations and second
peak for the recorded waveforms) the steepness of the CIGRE
approximation waveforms is higher due to the shorter time to
peak; this has been further discussed in [28]. The worst-case
scenario yields indeed the most conservative lggnr, While, for
W3 (Rg=10 Q), the most optimistic values of Izrnr are found for
the best-case scenario. However, for W2, the recorded waveform
results in the highest Igrr. Finally, when the median parameters
are used in simulations, the computed lgryr is in the range defined
by the values associated with the worst- and best-case scenarios,
closer to the lower limit (worst-case).

From Fig. 11, it can be deduced that for the concentrated
system the FD behavior of the grounding system generally does
not influence the above discussion. On the contrary, current-
dependent effects (soil ionization) enhance considerably the
differences on lgrnr among waveforms. For the extended system,
the FD effects lessen or enhance differences to a certain extent
depending on the FD response of the grounding system.
Differences decrease (increase) when a capacitive (inductive)
behavior prevails. This can be attributed to the counterpoise
wires being long enough to make propagation effects relevant.
It is also noted that the same Ry corresponds to higher soil
resistivity for the extended (than the concentrated) system (Table I1),
increasing the significance of using FD soil electrical properties. In
light of the above, the results and conclusions of [28] on the
effects of recorded lightning current waveforms and their
CIGRE approximations on computed backflashover overvoltages
and critical currents also apply for more sophisticated modeling
of the tower grounding system than the simple use of Ry.

V1. EFFECTS ON BACKFLASHOVER RATE

The backflashover rate, BFR, of the 150 kV OHTL of Fig. 1
has been computed by employing lightning incidence computations,
considering solely the rate of direct strikes to the line with currents
exceeding Igr according to [27]. The variation of the AC voltage
has been considered, the ground flash density, Ng, was taken 1
flash/km?/yr, and the lightning attachment model of IEEE Std
1243 [48] was used. Three probability density functions of the
lightning crest current distribution were applied [49]-[51], as
they affect BFR more than the attachment models [52].

Fig. 12 shows the BFR as a function of Ry for the grounding
systems of Fig. 2, the models of Subsection I11.B, and the
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Fig. 2. Lightning currents: recorded waveforms (W2, W3) and CIGRE waveforms for the best- and worst-case scenarios (Table 111, Fig. 3).
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lightning current distributions of its inset table. When considering
the “global” lightning current distribution [49] for the concentrated
system (Fig. 2b), the BFR estimates obtained for soil ionization
are lower from 30% up to >80%. When Rg>10 Q, the BFR
accounting for the FD response with constant soil properties is
almost equal (up to 1% lower) to the BFR obtained with the
constant resistance; for Rg<10 Q differences are up to 10%.
These are higher, from 7% to 23%, when FD soil properties are
considered. Generally, the effect of grounding system modeling
on BFR becomes higher for decreasing Ry due to the associated
higher lgr. In fact, the lower probability of relatively high lightning
currents enhances smaller differences in computed lgr values.
As seen from Fig. 12, the FD response is more relevant for
the extended grounding system (Fig. 2b). When constant soil
properties are considered, the FD response leads to conservative
BFR values for Rg<25 Q (up to 40% higher BFR than that of the
Ry approach). For Rg>25 Q, conservative results are obtained
for the Ry representation, although differences are minor. FD

soil properties yield generally lower BFR (up to 33%).

The influence of the lightning peak current distribution on
BFR is considerable, as seen from Fig. 12. The distribution from
Brazil (tropical region) yields higher BFR than that from Italy
(temperate region). The “global” distribution is in between for
Ry values higher than ~25 Q. However, for Rg<25 Q (relatively
high lgF) the BFR estimated using the “global” distribution is
the highest. This can be attributed to the relatively low o1, of the
distribution from Brazil (inset table of Fig. 12). The impact of
the lightning peak current distribution on the investigation of
the effects of grounding system modeling on BFR is significant.
The distributions affect considerably BFR computed by different
grounding system models (Fig. 12). These differences are
enhanced for the distribution from Italy, as well as from Brazil.
However, for the latter distribution this is solely for high I (low
Rg); for low lg, differences in BFR become less pronounced.

The results of this study can be explained by the harmonic
impedance, Zg, and instantaneous impulse impedance of the
tower grounding system. For the concentrated system, the FD
behavior is capacitive due to its small dimensions for all Rq
values. Thus, |Zg|<Ry for constant soil properties, leading to
lower overvoltages, higher lgr, and lower BFR. This is
enhanced for FD soil properties due to the reduction of p with
increasing frequency and higher & values. Soil ionization
extends the dimensions of the grounding system by surrounding
it with conductive discharges, diminishing its impulse impedance.
The behavior of the extended grounding system depends on pyr,
thus also on Ry For low Ry values, the behavior at higher
frequencies is inductive (Fig. 5) causing higher overvoltages.
For higher p.r the behavior becomes capacitive, and effects are
similar to those of the concentrated system. This is enhanced by
FD soil properties due to the reduction of p with frequency.

VII. CONCLUSION

The influence of frequency- and current-dependent grounding
system effects on the evaluation of the backflashover performance
of a typical 150 kV double-circuit OHTL has been investigated
by adopting different tower grounding system modeling approaches
in ATP-EMTP simulations. The minimum backflashover current,
Isr, and backflashover rate, BFR, have been computed for the
actual concentrated and extended tower grounding systems of
the OHTL,; the LF soil resistivity, p.r, thus also the power-frequency
ground resistance, Ry, were taken as parameters. FD grounding
system responses have been obtained via a hybrid method code for
constant and FD soil electrical properties. A soil ionization model
has been evaluated as well. Simulations have been performed
for recorded lightning currents and their approximations via
CIGRE waveforms, considering also the statistical distributions
of their parameters.

For the concentrated grounding system, conservative BFR
values were obtained for a constant resistance equal to Rg. The
influence of the FD response is enhanced when FD soil properties
are considered and for lower p.r due to the lower probability of
relatively high lightning currents. It is important that this is
contrary to the fact that FD effects on overvoltages and Igr are
more pronounced for higher pir. The lowest BFR was obtained
for the CIGRE soil ionization model, as it predicts a remarkable
decrease of the impulse ground impedance, yielding notably
lower overvoltages and higher lgr. It can be concluded that for
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the concentrated grounding system the modeling effects on the
evaluation of the backflashover performance of the OHTL are
mainly current-dependent; FD effects are important for cases
with Rg<25 Q.

The FD response is more relevant in general when considering
the extended tower grounding system. The most conservative
modeling approach depends on p.r. The FD response should be
considered for low p.r values, as a constant resistance could
yield unrealistic results (low BFR) by neglecting any inductive
behavior. It is noted, however, that between FD soil electrical
properties and constant resistance case, conservative results
correspond to the latter.

The lightning peak current distribution affects considerably
the differences in the estimated BFR among models. These
differences are enhanced for a distribution from a temperate
region. This is also the case for a distribution from a tropical
region, however, solely for high Igr (low Rg).

The CIGRE waveforms approximating recorded lightning
currents yield conservative overvoltages and Ige for all tower
grounding system modeling approaches; higher differences
were found for the soil ionization case. Actually, Igr is up to
21% lower for the CIGRE approximation due to the higher
wavefront steepness. When considering the statistical variation
of the waveform parameters, it was found that the differences
in computed overvoltages and lge among tower grounding
system models are generally higher for waveforms with shorter
and steeper wavefronts.
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