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ABSTRACT Several approaches to calculate the ground-return impedance and admittance matrices are
proposed in the literature. Carson’s approach assumes a lossy ground modeled by frequency-independent
conductivity where displacement currents and non-perfectly conducting ground effects are neglected.
However, Nakagawa’s approach considers both characteristics and also the frequency-dependent (FD) soil
electrical parameters that can be incorporated into his formulations. This paper investigates the influence
of Nakagawa’s approach and Carson’s approach on the transient responses using the ATP tool. First, the
performances of the Bode’s method and Vector Fitting (VF) technique for approximating the characteristic
impedance Z.(s) and propagation H (s) are also investigated for the JMarti’s line model. Then, lightning-
induced voltages (LIVs) developed for a lightning striking at the shield wire of an overhead transmission
line (OHTL) on a high-resistive FD soil are investigated. Results demonstrated a much higher accuracy using
the VF for approximating Z.(s) and H (s) than Bode’s method. Transient voltages on the OHTL calculated
with Nakagawa’s approach showed notable differences compared to those obtained with Carson’s approach.
The voltage peaks are reduced when Nakagawa’s approach is utilized, especially when transmission lines
are located on high-resistive soils.

INDEX TERMS Electromagnetic transient analysis, transmission lines, lightning-induced voltages, rational
fitting techniques, frequency-dependent soil electrical parameters.

I. INTRODUCTION

Computation of the transient responses on OHTLs depends
on the adequate models to represent these components under
disturbances in power systems [1]. In this context, the lon-
gitudinal impedance Z and transversal admittance ¥ matri-
ces must take into account the frequency dependence on
the soil electrical parameters and electric field penetration
effect in the soil, especially when involving the lightning
strikes on overhead power lines [2], [3], [4]. Besides that, the
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lightning-induced voltages (LIVs) may cause to temporary or
permanent faults leading to outages in power lines [5].
JMarti’s line model [6] is incorporated in the Electro-
magnetic Transient Programs (EMTP)-type programs, such
as ATP tool [7], the frequency-dependent (FD) characte-
ristic impedance Z. and wave propagation H matrices are
approximated by rational functions using Bode’s method.
This method uses real poles and zeros to synthesize the Z,
and H matrices which the zeros are enforced to be in left
size of the complex plane. However, another fitting tool is
the Vector Fitting (VF) technique developed by Gustavsen
and Semlyen in [8] which presents a better accuracy in
the rational approximation of the FD responses. The VF
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synthesizes a FD response into a rational function based
on its poles and residues [8]. As detailed by Baifiuelos et al.
in [9], the absolute deviation in the FD Z. and H curves
with VF technique are much lower than those computed using
the Bode’s fitting method. In the EMTP-type programs, the
ground-return impedance matrix Z is done by using Carson’s
approach [10]. In this approach, he assumes that the lossy
ground is modeled by frequency-independent conductivity
where displacement currents are neglected (the relative per-
mittivity is assumed to the same of the air) [10]. He also dis-
regarded the non-perfectly conducting ground effect which
is computed by the ground-return admittance [3], [10]. How-
ever, a more realistic approach must consider the frequency
dependence of the soil electrical parameters (resistivity and
permittivity) especially when high-resistive soils and high-
frequency content phenomena (lightning discharges) are
involved in the simulations [3]. Many authors have been
dedicating their efforts to measure the FD ground parameters
(resistivity and relative permittivity) with different method-
ologies in the last years such as [11], [12], [13], and [14].
In their works, the FD ground models consider the soil as
a dispersive medium which takes into account the several
polarization processes in the soil particles.

Based on the Wise’s work, Nakagawa in [4] provided
a more realistic approach for the ground-return impedance
and admittance, since the soil resistivity p; and relative
permittivity ey, were included in his formulations. Further-
more, Nakagawa’s approach allows that the FD soil electrical
parameters be included in his expressions. Concerning the
FD ground-return impedance and admittance, Nakagawa’s
approach takes into account more realistic soil modeling and
accurate OHTL representation in comparison with the formu-
las proposed by Carson. Many authors have considered the
influence of the FD soil resistivity and relative permittivity on
the transient responses such as [15], [16], and [17]. In these
works, different approaches to compute the ground-return
impedance are employed, however, no implementation in
ATP program is carried out in details. In [15], [17], and [3],
the authors carried out the transient analysis in time domain
using Numerical Inverse Laplace Transform (NILT). On the
other hand, non-linear components such as surge arresters and
loads cannot be inserted in the OHTL using this approach.
Besides that, a high number of frequency samples is required
to obtain a good accuracy in the responses using the NILT
which may demand high computational cost for the com-
putation. In [18], an OHTL model was utilized to study
the influence of the frequency effect on the soil parameters.
In this work, only one- and two-phase distribution lines on
high-resistive grounds were investigated where the FD soil
parameters have a significant influence on the transient volt-
ages generated by a lightning strike.

This paper investigates the influence of the Nakagawa’s
approach in the JMarti’s line model to study the transient
responses in power system. Furthermore, this work provides
an updated tool to implement Nakagawa’s approach com-
bined with the VF technique incorporated directly in the ATP
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tool for transient analysis. Transient responses are computed
for a OHTL subjected to lightning striking at the shield wire
where the Carson’s approach and Nakagawa’s approach are
used to compute the impedance and admittance matrices. The
functions Z.(s) and H (s) are calculated for a frequency range
of 0.01 Hz up to 2 MHz. The OHTL is located on three
different grounds whose low-frequency resistivities (pg) of
1000, 3000 and 10,000 ©2.m are used assuming that the soil
is modeled by its frequency-dependent electrical parameters.
It is shown that VF method presents a much higher accuracy
when used to fit the Z.(s) and H(s). Results demonstrated
that a significant difference with Nakagawa’s approach on
the LIVs is obtained in comparison with those computed by
Carson’s approach. Results indicated that FD soil electrical
parameters must be considered for a precise transient analysis
on OHTL generated for lightning strikes. As a contribution,
this work provides an easy-to-implement model that can
be integrated in any ATP tool that implements Nakagawa’s
approach for the ground-return impedance and admittance
to compute the transients directly in the time domain. This
model does not employ any conversion tools from the fre-
quency to time domain, such as NILT to assess the transient
responses.

As advantages, this transmission line model can incorpo-
rate any ground-return approach such as Petterson, Noda,
Nakagawa [19] combining with different type of electrical
components (string of insulators, Line surge arresters and
loads) to transient analysis. In this circuit representation,
transient responses can be assessed for any disturbance (faults
and lightning strikes). Besides that, many approaches for the
soil models for frequency-dependent electrical parameters
(resistivity and permittivity) can be considered for adequate
transient analysis in power systems.

Il. PHASE-DOMAIN TRANSMISSION LINE MODELING

An OHTL of n conductors of length ¢ [km] can be generically
represented as depicted in Fig. 1. The voltage V and current I
are ruled by the Telegrapher’s equations relating the sending
(k) and receiving (m) ends, in the frequency domain, as fol-
lows [6]

dvVv
dff") = —Z(w) I(), 1)
AD) _ _yiw)y Viw), 2)
dx

where x [km] is the horizontal distance from the sending end,
w [rad/s] is the angular frequency, Z(w) [Q2/km] is longitu-
dinal impedance matrix and Y (w) [S/km] is the transversal
admittance matrix, in per-unit-length, given by

Z(w) = Zi(w) + Ze(w) + Zg(w), (3)
Y(@) =Y. (@) + Y (@] )
where Zi(w), Z¢(w) and Zy(w) are the internal, the external
and the ground-return impedance matrices, respectively and

Y.(w) and Y y(w) are the external and ground-return admit-
tance matrices, respectively. Both Z(w) and Y(w) are n x n
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FIGURE 1. Generic multiphase OHTL of length ¢.

matrices whereas V(w) and I (w) are vectors of length n x 1.
In order to find an analytical solution for V(w) and I(w), (1)
and (2) are differentiated with respect to x and with some
substitutions to eliminate one variable [20], it yields

d*V(w)
e Z(w)Y (v) V(w), ©)
X
d*1
: (2“) ) _ Y()Zw) (). (6)
X

The solutions for the currents and voltages related to the
sending end k and receiving m end are given by [20]

Ik_Ych =-H [Im+Ych], (7)
Iy —Y Vi —H [Ix + Y V], (8)

where Vi and Iy are the voltage and current vectors at the
sending end k, V, and I',, are the voltage and current vectors
at the receiving end of the line m. The Y and H are the cha-
racteristic admittance matrix function and wave propagation
function, respectively, expressed by [20]

Ye=2.'=2"'VZV: H ="V ©)

where Z [€2] is the characteristic impedance matrix function.
These equations establish the relation between the voltages
and currents at both ends of a certain OHTL. For a n-phase
OHTL, a modal decomposition can be applied as described
in [21]. In the traditional JMarti’s line model [6], a real trans-
formation matrix is used to decompose the n-phase OHTL
into n independent lines, so-called propagation modes. Then,
in each propagation mode, the modal functions Z.(s) and
H (s) can be approximated by rational function as expressed
in (10) and (11) using the following fitting method
N

C
Ze(s) ~ Y —— +d, (10)
S TPk
M C
He) ~ Y —— ™, (11)
k=1" " Pk

where N and M are the fitting order number, cy is the residue,
d is the constant term, py is the pole, t is the traveling time
and s = jow [rad/s] is the complex angular frequency. This fit-
ting procedure is the Bode’s method, so-called the asymptotic
approximation method, which consists of a numerical imple-
mentation of the graph technique using Bode’s diagram [22].
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The traditional JMarti’s line model using Bode’s method is
incorporated in the ATP tool using real poles to fit Z.(s) and
H(s) with the Bode’s method [7], [9], [23], [24]. Another
rational approximation tool is the Vector Fitting (VF) which
has is very popular method due to its precision [8]. The
VF method fits either measured or calculated FD responses
into a rational function based on the pole-residue form using
the using the least square approach. Then, a synthesized
equivalent circuit is obtained [8], [25]. VF method utilizes
real and/or complex conjugate poles to fit the FD responses.
For this implementation in the ATP tool, the complex poles
are replaced by real poles based on the non-predominance of
complex poles for smooth functions and the fitting procedure
must respect the conditions established in [8] and [24]. The
performances of the Bode’s and VF’s methods were com-
pared in [1] and [24], where lower deviations in the Z(s)
and H (s) are obtained using the VF.

Ill. GROUND-RETURN IMPEDANCE AND ADMITTANCE

The ground-return effect on the longitudinal impedance Z(w)
and transversal admittance Y (w) of a certain OHTL can be
calculated by several approaches proposed in the literature
as [4], [10], [15], [26], [27], and [28]. In this work, Carson’s
approach and Nakagawa’s approach are described as follows.

A. CARSON’s APPROACH

Carson was the first to investigate the ground-return
impedance where he considered that infinite-length phase
conductors are above ground modeled by frequency-
independent conductivity o, and neglected the displacement
currents in this medium [3], [10]. The self and mutual
ground-return impedance elements are given by

e—2hil

D) o0
TJ0 a4 /22 + jwpooy,

RO e
Zgij (@)= /
TJ0 a4 A2+ jwpoo,

where @ = 2nf [rad/s] is the angular frequency, f [Hz]
is the frequency, o is the vacuum magnetic permeabil-
ity o = 4w x 10~7 H/m, h; and h;j [m] are the conductor’s
height above the soil, oy [S/m] is the soil conductivity, rj; [m]
is the distance between the conductors. Due to the presence
of the improper integrals, (12) and (13) can be expanded in
terms of infinite series [10] which are implemented into most
of the EMTP-like simulators.

12)

cos(rijA)da, (13)

B. NAKAGAWAS’s APPROACH

Nakagawa proposed other equations to calculate ground-
return impedance in 1981 [4]. It is assumed an infinite-length
phase conductors running on lossy ground, however, an cor-
rection factor given by jweg, (g = &rg&0) must be inserted
in the complex function of the self and mutual ground-return
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impedance formulas, as follows [4]

—2hiA
wpo [ e
Zy.(0) =i . w —i—)»d)t’ (14)
00 ,—(hi+hj)r
Zo () = j2H0 [ € cos(ridr,  (15)

with the term o1 and the propagation constants of the soil y,
and air y, are given by

ar = A2+ y2—v2 (16)

Ve = jopo(ioegeo + o) vi = —w’pogo,  (17)

where g¢ is the vaccum permittivity g = 8.85 x 10~ 12 [F/m].
Assuming that the ground is not a perfect conductive medium,
the potential at the surface of the ground is not expected to
be equal to zero [4]. Due to the electric field penetrating in
the ground, there should be corrections on shunt admittances,
even though these factors might be small [3], [4], [26].

Then, the self and mutual ground-return admittance ele-
ments are given by

1 00 e*2hi)~
Po@ = — [ ——an, (18)
e Jo (hpgivi+a)
1 o0 e*(hHrhj))»
Py, (@) = — cos(ri)dA,  (19)

w0 o (v van)
where Yy(0) = jo Pyt ().

C. METHODOLOGY TO FIT THE FUNCTIONS Z. AND H
The steps to carry out the frequency and time-domain simula-
tions using Bode’s and Vector Fitting’s methods are described
in Fig. 2-(a) and Fig. 2-(b), respectively.

. Line Data
Line Data Calculation of line parameters
(Carson’s approach and Nakagawa’ approach)
ATPDraw
LCE Calculate poles and
> module residues of Z.aprox and
= H,,, using VF method
=]
5 g &*Apch
s [€%2 c | & ATPDraw
S |g = <
[a) E L% * * =
S w
&2
v = v v © &
Calculation of oy =
line parameters v v
(Carson’ approach
ATP-EMTP ’ ATP-EMTP ‘
Transmission line modelling Transmission line modelling
* JMarti-ATP * JMarti-extended-ATP
(@) (W)

FIGURE 2. Flow-cart to the: (a) classical JMarti-ATP and (b) extended
JMarti.

As shown in Fig. 2-(a), the pre-processor is employed to
generate the files to enter the ATP tool. Using the module
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LCC, the parameters of the line and of the soil are cho-
sen. Then, the routine LINE CONSTANTS computes the
line parameters where the Carson’s approach is employed
to compute the ground-return impedance. This routine also
compute automatically the rational functions Z.(s) and H (s)
employing the Bode’s method with the JMarti’s line model.
Once all these elements are computed and a test case is
compiled, two types of files are generated (*.lib and *.atp)
which are included in the ATP tool and the voltages and
currents can be calculated in time domain.

As shown in Fig. 2-(b), the transient responses are com-
puted using the JMarti’s line model employing the Vector
Fitting’s method. In this case, the OHTL is inserted and its
line parameters are computed using with an external code
and the ground-return impedance can be calculated using the
either Carson’s or Nakagawa’s models. Then, the rational
functions Z.(s) and H (s) are fitted by the VF method where
the poles and residues of this procedure are included in
ATPdraw using a *.pch file. This extended JMarti model is
directly implemented in the ATP tool which is a updated tool
for this program.

Shield wire
30 m
(27 m)
Phase A
2532 m
(20.72 m)
Phase B
23.46 m
(19.86 m) Parameter Value
Phase C Outer radius ~ 1.60 cm
Phases
21.6m DC resistance 0.063 Q/km
(16.0 m) Shield Outer radius ~ 0.79 cm

wire DC resistance 0.500 Q/km

Soil Pg, Exg

(@)

K1 Shield wire 2},’1
kz..é ‘Phasc A >'-".2
ks’é i’hase B >;:3
k4.t >Phase: C )'-:4

Soil Pg, €rg

@ i
)

FIGURE 3. Multiphase OHTL for the simulations: (a) Line configuration
and (b) Line subjected to the lightning strike at the shield wire with
open-circuit receiving end.

IV. NUMERICAL RESULTS

A. PERFORMANCE OF THE RATIONAL FITTING METHODS
To investigate the performance of the Bode and VF methods
for fitting the Z.(s) and H(s), in each propagation mode,
an OHTL with length ¢ of 100-km depicted in Fig. 3-(a)
is employed for the simulations. The conductor heights and
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FIGURE 4. Characteristic impedance Z (left-hand side column) and wave propagation function H (right-hand side column) for the OHTL from Fig. 3-(a)

on a soil of pg = 3 k@.m.

mid-span values, shown in parentheses, are indicated. For
these simulations, the OHTL on a soil with the low-frequency
resistivity (oo = o Y of 3 kQ.m for frequency range of
0.01 Hz to 2 MHz is considered.

The functions in (9) are computed with ATP tool and
labeled here as Data (black line). They are assumed as the
reference functions where the errors with the fitting methods
are calculated. The fitted Z.(s) for each phase (A, B and C)
computed for Carson’s approach and using Bode and VF
methods for different values of poles () and its respective
error is plotted in Fig. 4 (on the left-hand side column).
It can be seen that the Z.(s) has presented good agreement
for the VF method for all frequency range, as the errors
are much lower, especially from 0.01 Hz to 500 Hz, when
compared with those provided by Bode’s method (blue lines).
Furthermore, the VF method with N = 20 poles has presented
the lowest error in this frequency range.

The function H(s) fitted for both methods is plotted in
Fig. 4 (on the right-hand side). It is seen that VF method
using M poles has provided the lowest error in comparison
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with those calculated using the Bode’s method in practically
all frequency range (red and green lines). As general observa-
tion, the VF method has improved considerably the approxi-
mation of the Z.(s) and H (s) in relation to the Bode’s method
which may lead to significant deviation (errors) during the
approximation procedure and inaccuracies in the time domain
responses. Using the optimization algorithms, the numbers
of poles in each frequency function (N and M) can be deter-
mined in order to have the lowest error in the Vector Fitting
method.

B. FITTING THE OHTL PARAMETERS

The OHTL is located on a FD ground where the soil conduc-
tivity og(f) and relative permittivity &, (f') were computed by
the Alipio and Visacro’s [11], given by

og(f) = 00 + 00 x h(op) (f /IMHz)* , (20)
tan(r&/2) x 1073

dreo(IMHZ)E 0~ hoo)f <, 1)

8rg(f) = &ro +
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where oy is the low-frequency conductivity in [mS/m], & is
the relative permittivity in [F/m], e, is the relative permittiv-
ity at higher frequencies. In these simulations, the values of:
& =0.54, er0o = 12 and h(op) = 1.26)((70_0'73 are adopted.
The matrices Z and Y can be expressed as follows

Z(0) = Zi(w) + Ze() + Zg(w) = [Rjj + joLij.]
Y(@) =Y. (@) + Y (@] =jo[Cy.]

(22)
(23)

nxn

nxn

where Rjj, Lij and Cj; are the equivalent p.u.l resistance,
inductance and capacitance, respectively. The indexes i and
Jj varies from 1 to n (n = 4 in this work). The procedure to
compute the matrices Z and Y are described in [17]. These
equivalent series parameters (Rjj and Ljj) are calculated using
the approaches proposed by:

o Carson (CA) with no displacement currents [10];

o Nakagawa (NA) with pg(f) and &5 (f) [4].

The equivalent shunt Cj; computed by Carson (CA) uses
only the term Y. in (24) employing frequency-constant soil
resistivity pg. On the other hand, the shunt Cj; calculated
with Nakagawa (NA) includes the ground-return admittance
Y ; assuming frequency-dependent soil parameters pg(f) and
erg(f) in (23). The conductance is neglected in this analy-
sis. To compute these line parameters, three different soils
with low-frequency resistivities (pg) of 1000, 3000 and
10,000 ©2.m for a frequency range of 0.01 Hz and 2 MHz.
Furthermore, the percentage deviation 6(%) is given by

CA NA
Pij — Djj
SRLCc(f) = —x—
ij

x 100%, (24)

where pj; can be the resistance (R), inductance (L) or capac-
itance (C). The elements (Ri, R23, R4q) and (Li{, Loz,
Lya) for the p.u.l. resistances and inductances are shown in
Figs. 5 and 6, respectively. For a frequency range of 0.01 Hz
to few hundreds of Hz, the resistance and inductance elements
computed by both approaches present a good agreement,
as confirmed by deviation curves plotted in Fig. 5-(d) and
Fig. 6-(d). However, above a certain frequency, the FD og4(f)
and &,(f) assume notable values which result in signifi-
cant resistance R and inductance L computed with Naka-
gawa (NA) compared to those calculated with Carson (CA),
resulting in a pronounced deviation as depicted in Fig. 5-(d)
and Fig. 6-(d) at the high frequencies (around 50% and 30%,
respectively for the soil of 10 k2m). This occurs due to the
fact that in the Carson’s approach, the displacement currents
are neglected and in the Nakagawa’approach these currents
are included as seen in the (16) and (17). Then, at high fre-
quencies, the soil is into a transition region between conduc-
tor and insulator medium which the effect of the displacement
currents is significant. The capacitance Ci1, C23 and Cyy
are plotted considering the ground-return admittance with
Nakagawa (NA) are shown in Fig. 7. As seen, the capacitance
with both approaches has presented the lowest deviation,
especially at the high frequencies, showing that the FD pq(f)
and &(f) have a small influence on this line parameter.
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C. TIME-DOMAIN RESPONSES

The influence of the rational approaches using the Bode and
VF methods incorporated into JMarti’s line model, for the
transient voltages developed on the 100-km OHTL for a
lightning strike is investigated. For this, an OHTL located on
a FD lossy ground with low-frequency resistivities of 1000,
3000 and 10,000 2.m were considered. The ground-return
impedance is calculated with the approaches of Carson (CA)
and Nakagawa (NA). The lightning strikes at the shield wire
as depicted in Fig. 3-(b). The injected current is 45-kA
lightning first return stroke (see Fig. 2-(a) and Table 1 in
paper [29]). The transient responses are calculated by three
different scenarios (S), as follows:

e S1: JMarti’s model with the Carson’s approach and
fitted with Bode’s method-labeled as ‘““‘JMarti-Carson
(Bode)™.

o S2: JMarti’s model with with the Carson’s approach
and fitted with Vector Fitting’s method-labeled as
“JMarti-Carson (VF)”

e S3: JMarti’s model with the Nakagawa’s approach
and fitted with Vector Fitting’s method-labeled as
“JMarti-Nakagawa (VF)”

The developed voltages on the shielding wire and the
LIVs generated on the phases A, B and C at the receiving
ends (m, my, m3 and my) are plotted in Figs. 8, 9 and 10,
respectively. The percentage deviation 6(¢) for the simula-
tions are calculated by

V()Bode — V(I)CANA
V(t)Bode

8(t) = x 100%, (25)

where Vv(f)gode 1S the voltage with Bode’s method and
v(t)caNa is the voltage using the VF method with Car-
son (CA) or Nakagawa (NA). The percentage deviation is
added to scenario as depicted in Figs. 8, 9 and 10.

The generated voltages on the shield wire have pre-
sented similar results for the three different approaches,
where the peak value is around 18.4 MV, as seen in
Figs. 8-(a), 9-(a) and 10-(a). The percentage deviation in
these cases are lower than 2% showing that the generated
voltages at the shield wires are not significantly affected
by the FD pg(f) and &4(f) parameters. However, the LIVs
are dependent on the approach and on the ground electrical
parameters pq(f) and &g (f). The LIVs in phase A is higher
due to the shorter distance to the shield wires and higher
coupling between the phase A and the shield wire. On the
other hand, LIVs at the phase C are the lowest due to the
highest distance from the shield wire. Furthermore, the high-
est percentage deviation §(¢) (black line) is seen for the soil of
10 k€2.m reaching around 10% considering the Nakagawa’s
approach with the VF method (see Fig. 10-(b) and 10-(d)).
To analyze the difference between these two Carson (CA) and
Nakagawa (NA) approaches, the voltage peaks are organized
in Table 1, which the relative variation AV (%) is calculated
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for each soil. The AV (%) is computed as follows

Vgl B ng S3
AV (%) = | L5283\ 100%, (26)
S1

86210

where Vg is the voltage peak for the computed at the
scenario S1 and Vsp g3 is the voltage peak for scenarios
S2 or S3. It can be noted from this table that the AV(%)
increases as the soil resistivity increases. The highest AV(%)
is obtained for the soil resistivity of 10 k€2.m which results in
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a relative variation of 9.917% at the phase A. This notable
variation is due to pronounced influence of the frequency
on the soil electrical parameters especially at high-resistive
grounds [30]. Carson’s approach has been used to assess
ground-return impedance in the transmission line models
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available in most of the EMTP-like simulators. Based on
the simulations of this paper, Carson’s approach may lead
to inaccuracies in the transient responses, especially when
lightning strikes are involved in the simulations. These dif-
ferences may either overestimate the insulation design of the
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FIGURE 10. Transient voltage Vi (t) generated by the lightning strike for a soil of 10 k.m: (a) shield wire (b) phase A (c) phase B and (d) phase C.

electrical equipment or component, such as the string of insu-
lators, pre-insertion resistors and surge arresters in the power
system [31]. Including the real characteristics of soil (fre-
quency effect on the soil electrical parameters-resistivity and
permittivity) has demonstrated that significant differences

are obtained when ground-return impedance is calculated
with Nakagawa’s approach using FD soil electrical param-
eters. Several approaches to include the soil effect in the
ground-return parameters (impedance and admittance) such
as those presented by Sunde, Pettersson, Tesche, Dubanton
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TABLE 1. Voltage peaks and AV(%) obtained in the simulations.

Vpeak (MV) AV(%)
pog (£2.m) Pog (£2.m)
Approach 1000 3000 10,000 1000 3000 10,000

S1 (Phase A) 4276  4.259 4.232 - - -
S1 (Phase B) 4.046 4.119 4.169 - - -
S1 (Phase C) 3.205 3.270 3.340 - - -
S2 (Phase A)  4.288  4.266 4.245 1.398  1.455 1.368
S2 (Phase B)  4.055 4.122 4.180 1.258 1.283 1.259
S2 (Phase C) 3.225 3.284 3.351 2.650 2.729 2411
S3 (Phase A) 4.332  4.351 4.382 3.493  6.159 9.917
S3 (Phase B)  3.999  4.029 4.069 1.809  3.193 5.624
S3 (Phase C)  3.200  3.256 3.313 3.596  5.999 9.907

and others in the literature as detailed in [19] can be included
using the proposed method in this work. Furthermore, the VF
method has presented a better approximation for Z.(s) and
H(s) functions for all frequency range.

V. CONCLUSION

This paper has presented a comparison between the Vec-
tor Fitting method and Bode’s method to synthesize the
frequency-dependent functions Z.(s) and H(s) for a 100-km
overhead transmission line located on a ground modeled by
its frequency-dependent electrical parameters.

The Vector Fitting method has fitted the characteristic
impedance matrix function Z.(s) and propagation function
H (s) with a lower number of poles and with a lower deviation
in comparison with those fittings using the Bode’s method.
Then, the poles and residues from the Vector Fitting method
are incorporated into ATP tool to compute with more pre-
cision the transient responses generated by lightning strike
using the JMarti’s line model.

The p.u.l. resistance and inductance of the studied trans-
mission line have presented high deviations when Naka-
gawa’s approach is employed due to predominance of the
displacement currents at higher frequencies in comparison
with those calculated using Carson’s approach. It is worth
mentioning that Carson’s approach neglects the displace-
ment currents in his formulations, generating these high
differences. On the other hand, the p.u.l. capacitance has
presented a small impact with the Nakagawa’s approach.
In relation to lightning-induced voltages, results demon-
strated that the responses developed on the shield wire
by a lightning direct strike are not significantly affected
by the frequency-dependent soil model or even the fitting
methods used for the functions Z.(s) and H(s). However,
the lightning-induced voltage waveforms have presented a
pronounced variation, especially when the Carson’s approach
combined with the Bode’s method is employed to compute
the transient responses. Carson’s approach has presented the
highest voltage peaks which can lead to overestimation in
the insulation design of the electrical components (string
of insulators, pre-insertion resistors and surge arresters) in
power systems.

The Nakagawa’s approach used to assess the ground-return
parameters (impedance and admittance) in the JMarti’s line
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model, combined with the Vector Fitting method, has demon-
strated to be an interesting tool to calculate lightning-induced
voltages on OHTLs located on frequency-dependent soil
models. As an advantage, the ground-return admittance of
the OHTL and the frequency-dependent soil electrical param-
eters (resistivity and permittivity) are taken into account
in these calculations. The transient responses are computed
directly in the time domain without employing any con-
version tools from the frequency to time domain such as
Numerical Inverse Laplace Transform and a more realistic
soil is used to assess the ground-return parameters.
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