
OCTOBER 2009 VOLUME 24 NUMBER 4 ITPDE5 (ISSN 0885-8977)

POWER INSTRUMENTATION AND MEASUREMENT
Study on an Audible Noise Reduction Measure for the Filter Capacitors in the HVDC Converter Station Based on the

MPP Absorber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. Peng, J. Shengchang, C. Tao, L. Yanming, L. Xiaolin, and L. Yan 1756
Design of a Modular UPQC Configuration Integrating a Components Economical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J. A. Muñoz, J. A. Espinoza, L. A. Moran, and C. A. Baier 1763
An Evaluation of Alternative Techniques for Monitoring Insulator Pollution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J. M. B. Bezerra, A. M. N. Lima, G. S. Deep, and E. G. Costa 1773
Online Tracking of Power System Impedance Parameters and Field Experiences . . . . . . . . . . . . . . . . S. A. Arefifar and W. Xu 1781
A PLL-Based Multirate Structure for Time-Varying Power Systems Harmonic/Interharmonic Estimation . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . J. R. de Carvalho, C. A. Duque, M. V. Ribeiro, A. S. Cerqueira, T. L. Baldwin, and P. F. Ribeiro 1789
Modeling Security of Power Communication Systems Using Defense Graphs and Influence Diagrams . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T. Sommestad, M. Ekstedt, and L. Nordström 1801
A Study on the Site Vibration for the Breakage Analysis of Glass Insulators on the High-Speed Railway . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Y. S. Kim, K. M. Shong, and Y. J. Jeon 1809
Modeling of FACTS Devices Based on SPWM VSCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J. Segundo-Ramírez and A. Medina 1815
POWER SYSTEM RELAYING
Studies on the Unusual Maloperation of Transformer Differential Protection During the Nonlinear Load Switch-In . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . H. Weng and X. Lin 1824
Adaptive Current Differential Protection Schemes for Transmission-Line Protection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S. Dambhare, S. A. Soman, and M. C. Chandorkar 1832
Phasor Estimation in the Presence of DC Offset and CT Saturation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S. R. Nam, J. Y. Park, S. H. Kang, and M. Kezunovic 1842
A Fault Location Algorithm Based on Circuit Analysis for Untransposed Parallel Transmission Lines . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S.-H. Kang, Y.-J. Ahn, Y.-C. Kang, and S.-R. Nam 1850
Considering Different Network Topologies in Optimal Overcurrent Relay Coordination Using a Hybrid GA .. . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A. S. Noghabi, J. Sadeh, and H. R. Mashhadi 1857

(Contents Continued on Page 1753)

Authorized licensed use limited to: Leonid Grcev. Downloaded on December 5, 2009 at 08:21 from IEEE Xplore.  Restrictions apply. 



IEEE POWER & ENERGY SOCIETY
The IEEE Power & Energy Society is an organization of IEEE members whose principal interest is in the advancement of the science and practice of electric power generation, transmis-
sion, distribution, and utilization. All members of the IEEE are eligible for membership in the Society and will receive this TRANSACTIONS upon payment of the annual Society membership
fee ($35.00) plus an annual subscription fee (print: $40.00; electronic: $25.00; print and electronic: $45.00). For information about joining, contact the IEEE using the information below.
Member copies of Transactions/Journals are for personal use only.

PES PUBLICATIONS BOARD
MOHAMMAD SHAHIDEHPOUR, Chair

Illinois Inst. of Technol.
WANDA K. REDER, S&C Electric Co.
ALAN C. ROTZ, PPL Electric Utilities

PATRICK P. RYAN, IEEE Power & Energy Society
NOEL N. SCHULZ, Mississippi State Univ.
RICK TAYLOR, TRC, Inc.

IEEE TRANSACTIONS ON POWER DELIVERY EDITOR-IN-CHIEF
REZA IRAVANI

The Univ. of Toronto, iravani@ecf.utoronto.ca

POWER ENGINEERING LETTERS EDITOR-IN-CHIEF
JAMES D. MCCALLEY

Iowa State Univ., jdm@iastate.edu

EDITORS

REJEAN ARSENEAU, Natl. Res. Council of Canada
KENNETH E. BOW, The Dow Chemical Co.
JOHN C. CROUSE, General Electric Co.
ALEX DIXON, Alex Dixon, Inc.
Johan Driesen, K. U. LEUVEN

THOMAS E. GREBE, Electrotek Concepts, Inc.
Brian Johnson, Univ. of Idaho
GEZA JOOS, McGill Univ.
ALBERT J. F. KERI, American Electric Power

JOHN LEACH, Consultant
DENNIS W. LENK, The Ohio Brass Co.
ZUYI LI, Illinois Inst. of Technol.
JOHN MCDANIEL, National Grid
SAKIS MELIOPOULOS, Georgia Inst. of Technol.
BILL MONCRIEF, Hood-Patterson & Dewar Engineers
JEFFREY H. NELSON, Tennessee Valley Authority
JOHN NEWBURY, The Open Univ.
TAKU NODA, CRIEPI

SATISH RANADE, New Mexico State Univ.
DAN SABIN, EPRI Solutions
Murari Saha, ABB Substation Automation
TARLOCHAN S. SIDHU, Univ. of Western Ontario
VIJAY K. SOOD, Univ. of Ontario Inst. of Technol.
RAJESWARI SUNDARARAJAN, Arizona State Univ. East
JOHN G. WOOD, Pacific Gas and Electric Co.
WILSUN XU, Univ. of Alberta
AMIR YAZDANI, Univ. of Western Ontario

PES EXECUTIVE COMMITTEE
WANDA K. REDER, President

ALAN C. ROTZ, President-Elect
CHERYL A. WARREN, Secretary
NOEL N. SCHULZ, Treasurer
JOHN D. MCDONALD, Director, Division VII
JOHN D. MCDONALD, Immediate Past President

MELIHA SELAK, Vice President, Chapters
PRABHA S. KUNDUR, Vice President, Education
JOHN PASERBA, Vice President, Meetings
EDINA BAJREKTAREVIC, Vice President, Membership

and Image

SAIFUR RAHMAN, Vice President, New Initiatives/Outreach
MOHAMMAD SHAHIDEHPOUR, Vice President, Publications
RICK TAYLOR, Vice President, Technical Activities
PATRICK P. RYAN, Executive Director
ENRIQUE TEJERA, Director-Elect, Division VII

PES EXECUTIVE OFFICE
PATRICK P. RYAN, Executive Director
SUSAN SACKS, Senior Manager
MARIA PROETTO, Senior Administrator
LYNDA M. BERNSTEIN, PES/IAS Administrator
CHERYL KOSTER, Coordinator Society Publications
SHANON NASON, Administrative Assistant
RANDI E. SCHOLNICK, Volunteer Resources Coordinator

445 Hoes Lane
P.O. Box 1331
Piscataway, NJ 08855-1331 USA
e-mail: pes@ieee.org
fax: +1 732 562 3881
vox: +1 732 562 3883
WWW: http://www.ieee.org/pes

IEEE Officers
JOHN R. VIG, President
PEDRO A. RAY, President-Elect
BARRY L. SHOOP, Secretary
PETER W. STAECKER, Treasurer
LEWIS M. TERMAN, Past President
TEOFILO RAMOS, Vice President, Educational Activities

JON G. ROKNE, Vice President, Publication Services and Products
JOSEPH V. LILLIE, Vice President, Membership and Geographic Activities
W. CHARLTON (CHUCK) ADAMS, President, IEEE Standards Association
HAROLD L. FLESCHER, Vice President, Technical Activities
GORDON W. DAY, President, IEEE-USA

JOHN D. MCDONALD, Director, Division VII—Energy and Power Engineering

IEEE Executive Staff
BETSY DAVIS, SPHR, Human Resources
ANTHONY DURNIAK, Publications Activities
JUDITH GORMAN, Standards Activities
CECELIA JANKOWSKI, Member and Geographic Activities
DOUGLAS GORHAM, Educational Activities

MATTHEW LOEB, Corporate Strategy & Communications
RICHARD D. SCHWARTZ, Business Administration
CHRIS BRANTLEY, IEEE-USA
MARY WARD-CALLAN, Technical Activities

IEEE Periodicals
Transactions/Journals Department
Staff Director: FRAN ZAPPULLA

Editorial Director: DAWN MELLEY

Production Director: PETER M. TUOHY

Managing Editor: MARTIN J. MORAHAN Associate Editor: PETER STAVENICK

IEEE TRANSACTIONS ON POWER DELIVERY (ISSN 0885-8977) is published quarterly by The Institute of Electrical and Electronics Engineers, Inc. Responsibility for the contents rests
upon the authors and not upon the IEEE, the Society, or its members. IEEE Corporate Office: 3 Park Avenue, 17th Floor, New York, NY 10016-5997. IEEE Operations Center: 445
Hoes Lane, Piscataway, NJ 08854-4141. NJ Telephone: +1 732 981 0060. Price/Publication Information: Individual copies: IEEE Members $20.00 (first copy only), nonmembers
$190.00 per copy. (Note: Postage and handling charge not included.) Member and nonmember subscription prices available upon request. Available in microfiche and microfilm. Copy-
right and Reprint Permissions: Abstracting is permitted with credit to the source. Libraries are permitted to photocopy for private use of patrons, provided the per-copy fee indicated
in the code at the bottom of the first page is paid through the Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA 01923. For all other copying, reprint, or republication
permission, write to: Copyrights and Permissions Department, IEEE Publications Administration, 445 Hoes Lane, Piscataway, NJ 08854-4141. Copyright © 2009 by The Institute of
Electrical and Electronics Engineers, Inc. All rights reserved. Periodicals Postage Paid at New York, NY and at additional mailing offices. Postmaster: Send address changes to IEEE
TRANSACTIONS ON POWER DELIVERY, IEEE, 445 Hoes Lane, Piscataway, NJ 08854-4141. GST Registration No. 125634188. CPC Sales Agreement #40013087. Return undeliverable
Canada addresses to: Pitney Bowes IMEX, P.O. Box 4332, Stanton Rd., Toronto, ON M5W 3J4, Canada. Printed in USA.

Digital Object Identifier 10.1109/TPWRD.2008.2011669



2186 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 24, NO. 4, OCTOBER 2009

Time- and Frequency-Dependent Lightning Surge
Characteristics of Grounding Electrodes

Leonid Grcev, Senior Member, IEEE

Abstract—Two phenomena dominantly influence the dynamic
performance of grounding electrodes during lightning discharge:
1) the time-dependent nonlinear behavior related to soil ionization
during high-current pulses and 2) the frequency-dependent elec-
tromagnetic (EM) effects related to fast rise-time current pulses.
The first phenomenon improves the grounding performance,
while the second might have the opposite effect of impairing the
grounding characteristics. It is important to simultaneously ana-
lyze these opposing effects; however, modern approaches that take
into account both phenomena are mostly based on circuit theory,
which does not allow for accurate analysis of fast rise-time pulses.
This paper proposes a procedure that combines a rigorous EM
approach based on the method of moments with an approximation
method for assessing soil ionization effects as recently recom-
mended by the CIGRE and IEEE Working Groups. Based on this
procedure, we derive a simple new formula for approximating
the surge characteristics that include time-dependent ionization
and frequency-dependent inductive effects. We verify the model
and formula by comparing our data with published experimental
results. We also describe a parametric analysis of the opposing
ionization and inductive effects.

Index Terms—Frequency response, grounding, lightning, mod-
eling, transient response.

I. INTRODUCTION

V ERTICAL and/or horizontal ground electrodes are often
used for ground connections of electrical systems. These

connections should have “sufficiently low impedance and
current-carrying capacity to prevent buildup of voltages which
may result in undue hazard to connected equipment and to
persons” [1]. Ground electrode performance under normal and
fault conditions is well understood [2]. However, the dynamic
behavior of ground electrodes might be quite different during
lightning discharge. Sensitivity analyses [3] have demonstrated
the important influence of the magnitude of the tower footing
impedance in power transmission-line lightning performance
calculations. It is worth noting that voltage buildup at the
grounding systems of transformers, poles, or lightning protec-
tive devices under the influence of a lightning return stroke is
one of the main sources of overvoltages on the medium- and
low-voltage installations [4].

Two different physical processes are considered to dominate
the dynamic behavior of grounding electrodes during lightning
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discharge [5]. First, the nonlinear effects due to soil ioniza-
tion might improve the grounding performance by lowering the
grounding impedance during high current discharge by effec-
tively enlarging the size of the electrode [6]. Second, the fre-
quency-dependent inductive effects might impair the grounding
performance by increasing the grounding impedance during fast
rise-time lightning currents [7]. In the published literature, these
phenomena have either been analyzed separately or the limita-
tions of the chosen approaches have failed to offer more detailed
insights into these mutually opposing effects.

Classical modeling approaches are based on circuit [8] or
transmission-line theory [9]. Ionization effects around con-
centrated electrodes have been analyzed separately in many
classical works (e.g., [10]–[13]). Frequency-dependent effects
have also been analyzed separately, using the circuit approach
(e.g., [14]–[16]), and the transmission-line approach (e.g.,
[17]–[19]). Combined approaches that account for both effects
have all been based either on circuit theory (e.g., [20]–[22])
or on the transmission-line approach (e.g., [23]–[25]). In
each case, grounding electrodes are represented by equivalent
resistances, inductances, and capacitances, as derived from
quasistatic analyses. The validity of these models is limited to a
certain upper frequency [26], [27], which does not allow for the
accurate analysis of fast rise-time lightning pulses with higher
frequency content than the upper limit of the model frequency.
This limitation is important since large overvoltages may be
associated with fast rise–time currents [28].

More rigorous electromagnetic (EM) models have been
introduced recently, based on the method of moments (MoM)
[29]–[31] and on the finite-difference time-domain (FDTD)
method [32]–[34]. FDTD methods are effective in transient
analyses involving nonlinear and nonhomogeneous media,
such as earth; however, since these methods require long com-
putation times and significant memory, they are appropriate
for rather small spaces [35]. MoM-based methods are effective
in modeling thin-wire structures and can be used to model
grounding effects in large telecommunication and power sys-
tems [31], [36]. They are suitable for high-frequency analysis,
which allows for the accurate evaluation of very fast rise–time
pulses, but they do not account for ionization effects.

Simple formulas that characterize the dynamic behavior of
ground electrodes in the context of lightning currents are of
great practical importance. However, simple formulas only take
into account either frequency-dependent effects [37], [38], or
nonlinear soil ionization effects [39].

This paper proposes a simple procedure to combine the rig-
orous MoM EM modeling approach [30], [31], with an approxi-
mate soil ionization effects formula as recommended by CIGRE

0885-8977/$26.00 © 2009 IEEE
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[40] and IEEE Working Groups [41]. The motivation to use the
MoM approach is that it produces the most accurate modeling
of high-frequency phenomena in response to fast rise-time light-
ning current pulses. The recommended approximate soil ioniza-
tion formula is derived from a significant base of experimental
data, and is therefore a possible addition to the MoM approach.
Use scenarios for the EM model and the recommended formula
are further discussed in Section IV.

We derive a new simple formula for lightning surge character-
istics that takes the nonlinear and frequency-dependent effects
in the context of practical applications into account. This for-
mula appears to be more versatile than other previously derived
formulas. We compare the proposed procedure and the formula
with a number of published experimental results [12], [13], [20],
[42], [43], and we conclude that fairly good agreement exists.

This paper also presents a parametric analysis to further our
understanding of grounding electrode behavior in the context of
lightning currents. The complex interrelation of four parame-
ters, namely, electrode length, soil ionization, current pulse front
time, and intensity, is then analyzed to reveal the mutual impor-
tance of the possibly opposing soil ionization and frequency-de-
pendent effects. To improve the accuracy of our fast rise-time
pulse analyses, this study uses realistic lightning current pulse
waveforms, which reproduce the observed concave rising be-
havior of typical recorded lightning current pulses. For sim-
plicity, this paper is limited to the case of a single vertical or
horizontal grounding electrode.

II. SURGE CHARACTERISTICS

The quantities used to characterize the dynamic behavior of
the grounding electrode during lightning current pulses are de-
fined elsewhere [24], [38]. For clarity, they are briefly summa-
rized here.

We consider the current pulse that is injected into the
grounding electrodes and the resulting electric potential at the
injection point in relation to the remote ground . is often
referred to as the transient ground potential rise. The impulse
impedance is defined as

(1)

where and are the peak values of and , respec-
tively. To compare the grounding performance under surge con-
ditions with the performance at a power frequency, is related
to the power frequency grounding resistance through the di-
mensionless impulse coefficient

(2)

Values of larger than one indicate impaired surge perfor-
mance compared to the low-frequency grounding performance,
while values of equal to or less than one indicate equivalent
or superior surge performance, respectively.

For longer grounding electrodes, might become larger than
—that is, might become larger than one. Consequently, the

surge effective length is defined as the maximal grounding
electrode length for which is equal to one [38].

The transient grounding impedance

(3)

exhibits rapid variations during the initial surge period, after
which it converges to the stationary condition characterized by
a nearly constant that can be approximated by the low-fre-
quency grounding resistance [25]. This is used to distinguish
two periods of the transient response: 1) the initial surge or fast
transient period and 2) the consequent stationary or slow tran-
sient period.

III. APPROXIMATE PROCEDURE FOR SIMULTANEOUS

FREQUENCY AND TIME ANALYSIS

In this section, we propose an approximate procedure that
accounts for the frequency-dependent EM and time-dependent
nonlinear soil ionization effects. To evaluate the surge character-
istics (1)–(3), it is necessary to determine for a given .
The proposed procedure computes in two steps
Step 1) The linear is computed by taking into account

only the frequency-dependent EM effects and ig-
noring the soil ionization effects.

Step 2) The soil ionization effects are taken into account as a
function of the actual values of in evaluating the
total , including both frequency-dependent and
nonlinear effects, over low- and high-current ranges.

Since the system is linear in the first step, a frequency-do-
main MoM EM approach [30], [31] is used to compute .
This approach is based on an exact EM-field solution of an elec-
tric dipole in a conducting half space [44]. The EM model has
been studied by many researchers during the last 20 years [26],
[29], [30], and has been extensively verified by comparison with
published experimental results (e.g., [31]). Its main advantage
is its ability to accurately model EM interactions; however, its
use is complex and requires dedicated computer software [45].
The motivation to use this approach here is based on a conclu-
sion from a recent comparison with circuit and transmission-line
models in [27] that even for the simplest vertical grounding elec-
trode, the circuit and transmission-line models tend to overesti-
mate the high-frequency inductive effects. A similar conclusion
for more complex grounding arrangements was also demon-
strated in [46]. However, the EM model does not take the soil
ionization effects into account.

Bellaschi et al. [10] have determined the nonlinear relation-
ship between the injected current and the grounding resistance
of grounding electrodes and proposed that it may be linked to
soil ionization at high currents. They concluded that soil ion-
ization effectively increases the dimensions of the electrode,
thus decreasing the grounding resistance. Based on the work
of Korsuntcev [47] and Weck [48], the following formula for
a nonlinear resistance as a function of the injected cur-
rent (in kikoamperes) was proposed and recommended by
CIGRE [40], by an IEEE Working Group [41] and in an EPRI
document [54]

(4)
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where is the earth resistivity in ohms-meters, is the critical
electric field intensity in kilovolts per meter, 300 kV/m
[40], and represents the low-frequency low-current grounding
resistance in ohms (1).

However, (4) disregards several important aspects of the phe-
nomena, such as hysteresis [12] and surface sparking [49]. The
rationale for neglecting these effects is that the more involved
models, such as [12] and [49], require additional parameters of
the soil that can be obtained in the laboratory, but are usually
unmeasurable in practical scenarios. Furthermore, the neglect
of surface sparking might be considered conservative, since this
phenomenon would only improve the grounding performance
[49]. An additional limitation of (4) is that the upper limit of the
electrode length extends to about 30 m [41].

In the first step of the proposed procedure, the transient po-
tential is computed by the EM MoM model for a lightning
current pulse , disregarding any soil ionization effects. We
examine two terms of

(5)

where is the power frequency grounding resistance. The first
term on the right side of (5) approximates the linear resistive
voltage drop in the ground, while the second term is re-
lated to frequency-dependent phenomena and is mostly an ap-
proximation of the combination of the inductive and capacitive
voltage drops. is defined here as a reactive component of
the voltage drop.

The second step of the proposed procedure is to determine
the total high-current transient potential that accounts for
the soil ionization

(6)

where is computed from (4), and is computed from
(5). Since (4) is limited to electrodes with lengths of up to about
30 m, this is also a limitation associated with (6). Equation (6)
approximates the soil ionization effect only in the context of the
resistive part of the ground voltage drop, while its effect on the
reactive voltage drop is entirely ignored. Neglecting soil
ionization effects in exerts the most pronounced influence
on the capacitive voltage drop, which results in a limitation of
the use of (6). Consequently, (6) cannot be used when both ca-
pacitive and soil ionization effects are large, such as in the case
of small electrodes in very resistive soil. This limitation is fur-
ther discussed in Section V. The rationale for this omission is
that soil ionization exerts a smaller effect on the inductive part
of the soil voltage drop, which is of primary interest since the in-
ductive effects might impair grounding performance, while the
omission of the capacitive effects that improve the performance
suggests a conservative approximation.

IV. COMPUTATION TEST CASES

In the following sections, we analyze the influence of the
dominant parameters on the dynamic behavior of grounding
electrodes, simultaneously taking into account time- and fre-
quency-dependent behavior.

The following cases are considered in our analysis, based on
permutations of the following parameter values:

Fig. 1. First and subsequent return stroke currents.

• electrode length: 3 m for the case denoted “short electrode”
in Figs. 2–7, and 30 m for a “long electrode;”

• resistivity of the earth: 30 m for the case denoted “very
conductive,” 300 m for “resistive,” and 3000 m for
“very resistive;”

• lightning current waveforms: typical for the “first” and
“subsequent” stroke (given later in this section).

The electrodes are horizontal copper conductors, with a di-
ameter of 1.4 cm, and buried at a depth of 0.8 m in homoge-
neous earth. The earth has a relative permittivity of ten and a
permeability equivalent to that of air. In all cases, the ionization
critical electric-field intensity is 300 kV/m [41].

Two lightning current waveforms corresponding to the typ-
ical first and subsequent return strokes, based on the observa-
tions of Berger et al. [50], are illustrated in Fig. 1. The current
waveforms were selected by Rachidi et al. [51] to fit typical ex-
perimental data and are reproduced by means of a sum of Hei-
dler’s functions [52]. The reader is referred to [4], [38], or [41]
for further detail on the functions used in our analysis.

The current pulses have the following characteristics:
• the first return stroke current pulse has a peak value of 30

kA, and a zero-to-peak time of about 8 s, whereas
• the subsequent return stroke current has a peak value of 12

kA, and a zero-to-peak time of about 0.8 s (Fig. 1).
Therefore, the first stroke is a rather slow rise-time, high in-

tensity pulse, and the subsequent one is a fast rise-time, low in-
tensity pulse. These waveforms appropriately reproduce the ob-
served concave rising portion of the typical recorded lightning
current pulses. We consider this approach preferable to other
often-used waveforms that involve cosine or exponential func-
tions and that are characterized by unrealistic convex wavefronts
with a maximum current derivative at 0.

The lightning current pulses in all cases are injected at one
end of the grounding electrode. Computations in the next sec-
tion are for a horizontal electrode, but according to [38], the
same general conclusions also apply for the case of two- or
four-arm horizontal electrode arrangements, and to single ver-
tical and multiple rod arrangements.

V. INFLUENCE OF PARAMETERS ON DYNAMIC PERFORMANCE

Figs. 2–7 show the dependence of the total potential rela-
tive to distant ground at the injection point and its resistive and
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Fig. 2. Very conductive soil and short electrode.

reactive components as a response to the typical injected first
and subsequent return stroke current pulses. Figs. 2 and 3 are
examples of very conductive soil with a resistivity of 30 m.
Fig. 2 is for a short electrode with length 3 m; and Fig. 3
is for a longer electrode with length 30 m. Figs. 2(a) and
3(a) show responses of the typical first return stroke. Figs. 2(b)
and 3(b) show responses of the typical subsequent return stroke.
Figs. 4–7 are organized in a similar way, but Figs. 4 and 5 refer
to more resistive soil with a resistivity of 300 m, and Figs. 6
and 7 refer to very resistive soil with a resistivity of 3000 m.

We examine two values for the potentials:
1) : when the ionization effects are ignored (5);
2) : when the ionization effects are taken into account

(6) in the context of their resistive or and
reactive components.
The difference between these potentials and is
related to their resistive components. The first value fea-
tures a linear resistive component but ionization
is ignored, while the second features a nonlinear ion-
ization-relevant resistive component . The dif-
ference between these components represents soil ion-
ization effects. Frequency-dependent effects are repre-
sented by the reactive component .

A. Duration of the Surge and Stationary Period

While soil ionization effects may last throughout the pulse
duration, the frequency-dependent reactive effects last no more
than several tens of microseconds during the initial surge. The

Fig. 3. Very conductive soil and long electrode.

Fig. 4. Resistive soil and short electrode.
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Fig. 5. Resistive soil and long electrode.

Fig. 6. Very resistive soil and short electrode.

Fig. 7. Very resistive soil and long electrode.

Fig. 8. Transient impedance ���� and power frequency resistance � for the
30-m-long electrode in Figs. 3, 5, and 7 (ionization is ignored).

limit between the surge and the stationary period can be approx-
imated in Figs. 2–7 as the time when the reactive component

reaches zero.
This is also evident in Fig. 8 as the time when the transient

grounding impedance reaches the value of the power fre-
quency resistivity .

B. Influence of the Electrode Length

The dynamic behavior of short electrodes (3 m) is illustrated
in Figs. 2, 4, and 6. We conclude that such electrodes, for all
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illustrated cases, can be adequately approximated by nonlinear
resistance , such as (4). In very conductive soil, with a resis-
tivity of about 30 m, only the linear resistivity can be used.
The reactive component is dominantly capacitive, and since it
is small, it can be disregarded, except in very resistive soil and
for fast rise-time pulses [Fig. 6(b)], for which rapid potential
variations are filtered out during the rising portion of the pulse.
However, the case in Fig. 6(b) illustrates the limits of the ap-
proximation when the soil ionization and capacitive effects are
both large. The approximation ignores soil ionization effects in
the context of the reduced capacitive voltage drop in the earth.
This, in turn, leads to errors in the total voltage drop during the
first few seconds of the pulse.

The behavior of longer electrodes (30 m in Figs. 3, 5, and
7) is more complex. The reactive behavior increases with fast
rise-time pulses. It is dominantly inductive in very conductive
soil and becomes dominantly capacitive in very resistive soil.
The inductive voltage drop is much higher than the resistive
one in very conductive soil during the surge period (Fig. 3).
For more resistive soil and slower rise-time pulses [Fig. 5(a)],
soil ionization effects nullify the inductive effects and improve
grounding performance. In very resistive soil (Fig. 7), the soil
ionization effects tend to dominate. In the case of fast rise-time
pulses, the reflections of the voltage pulse from the other end
of the grounding electrode during the rising portion of the pulse
are shown [Fig. 7(b)]. This can be used to check the accuracy
of the computations. In this case, the speed of wave propagation
along the electrode is not affected by the soil resistivity and
may be determined by

(7)

where is the speed of light. The arrival of the reflected wave
from the other end of the electrode to the feed point can be
computed from s, which is in agreement
with the results in Fig. 7(b).

C. Influence of Soil Resistivity

The resistive behavior is dominant throughout the pulse in
very conductive soil and for small electrodes (Fig. 2), while
inductive behavior becomes dominant during the surge period
for longer electrodes, especially in the case of fast rise-time
pulses (Fig. 3). For example, in Fig. 3(b), the peak values of
the inductive voltage drop are four times larger than the resis-
tive one. In more resistive soil for long electrodes, especially
for slower rise-time pulses and larger currents, the opposite ef-
fects of soil ionization overcome the inductive effects, for ex-
ample, in Fig. 5(a). In very resistive soil, ionization effects re-
main dominant. In this case, the capacitive behavior filters out
fast variations of during the rising portion of the pulse
(Figs. 6 and 7).

D. Influence of the Current Pulse Front

Fast rise-time pulses largely emphasize reactive effects
during the surge period, especially in the case of long elec-
trodes [Figs. 3(b), 5(b), and 7(b)].

E. Influence of the Current Pulse Intensity

High intensity currents cause ionization when the electric
field at the electrode surfaces exceeds . This effect is visible
in all analyzed cases except for very conductive soil. This effect
improves the grounding performance throughout the duration of
the pulses and is more pronounced in more resistive soil.

VI. SIMPLE FORMULA FOR THE IMPULSE COEFFICIENT

New formulas for the lightning surge characteristics of
grounding electrodes have recently been proposed [38]. These
formulas are applicable for a conservative analysis, that is,
when the influence of the ionization and capacitive behavior is
ignored. In these cases, the impulse coefficient (2) may be
either equal to one, due to resistive behavior, or larger than one
due to inductive behavior.

In this paper, we extend the formula for the impulse coeffi-
cient to account for ionization effects, based on the method in-
troduced in Section III. Following the approximate procedure
in Section III, the impulse coefficient is first determined by
ignoring ionization, and then the effects of ionization are sepa-
rately taken into account.

The first step is to compute the coefficients and [38]:

(8a)

(8b)

Here, the soil resistivity is in ohm-meters, and current pulse
zero-to-peak time is in microseconds. Coefficients and
do not have any physical meaning; they are deduced from com-
puter simulations by using the EM model [38].

Next, the effective length (in meters) is determined by

(9)

When the length of the grounding electrode (in meters) is
less than or equal to , the impulse coefficient is equal to one

(10)

For the electrode length , the dependence of the im-
pulse coefficient on is nearly linear and may be approxi-
mated by

(11)

To take into account the effects of ionization, we apply (4). The
modified impulse coefficient that takes into account the fre-
quency-dependent inductive and time-dependent nonlinear be-
havior is determined by

(12)

where is the current pulse peak value (in kiloamperes), is
computed by (4), and is computed by using (10) or (11).
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TABLE I
INPUT PARAMETERS OF THE PROPOSED FORMULA (12)

Next, the impulse impedance in ohms and the peak value
of the transient ground potential rise in kilovolts may be
determined, respectively, from

(13)

(14)

The list of input parameters and their validity ranges for the
proposed formula (12) is given in Table I.

One interpretation of the values of (12) is:

grounding performance is improved
due to ionization (dominant nonlinear
resistive behavior);

grounding performance is identical to
power frequency performance (linear
resistive behavior);

grounding performance is impaired
due to inductive effects (dominant
inductive behavior).

These formulas disregard capacitive effects; however, this
may be considered a safe and conservative approach since ca-
pacitive behavior improves grounding performance by reducing

[25].
Simple formulas in this section are applicable in case of ver-

tical and horizontal electrodes. They also can be used for two-
and four-arm horizontal arrangements and for single-, two-, and
four-driven rod arrangements by using reduction factors given
in [38, Table III].

VII. OTHER FORMULAS FOR THE IMPULSE COEFFICIENT

One previously developed formula for the impulse coefficient
is [37]

(15)

Another formula for the impulse coefficient of a linear hori-
zontal conductor is developed in [39]

(16)

Formula (15) takes into account only the frequency-depen-
dent inductive effects and ignores soil ionization. Formula (16)
ignores , which is crucial for the frequency-dependent ef-
fects and it therefore also ignores frequency-dependent induc-
tive effects.

TABLE II
EXPERIMENTAL ELECTRODE AND SOIL PARAMETERS

Here: � is the length, � is the radius, and � is the depth of burial.

Fig. 9. Comparison with measured transient potentials of a vertical electrode.

VIII. COMPARISON WITH EXPERIMENTAL DATA

To determine the accuracy and applicability of our proposed
method, in this section, we compare the simulation results with
published experimental data as a reference. The values of the
basic parameters of the experimental cases are given in Table II
and comparisons between the simulation and experimental re-
sults are given in Figs. 9–13.

In Figs. 9 and 10, we compare the results of the proposed
approximation described in Section III. The reference case is
from Geri [20, Figs. 12 and 14]. For a given electrode current
pulse , the potential at the injection point is computed when
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Fig. 10. Comparison with measured transient potentials of a horizontal elec-
trode.

Fig. 11. Comparison with measured impulse impedance.

ionization is ignored by using (5), and is calculated when the
ionization is accounted for by using (6). An acceptable level of
agreement between the simulation and experimental results is
confirmed for a vertical electrode in Fig. 9 and for a horizontal
electrode in Fig. 10.

In Fig. 11, we examine the proposed simple formula in the
context of the impulse impedance (13). The reference case is
from Sekioka’s et al. [42, Fig. 7(b)]. Experimental results refer
to the impulse impedance of a driven rod in soil with three dif-
ferent values of resistivity (Table II). The rise times of the in-
jected current pulses are about 2 s and the peak values reach
as high as 40 kA. Results using our simple formula are gener-
ally consistent with the experimental data, except for the low
current values in the case of “Rod G” (Fig. 11). The “Rod G”
differences might be linked to the neglected capacitive effects
in (10) and (12).

In Fig. 12, we compare the computation of the impulse coeffi-
cient (12) with measured data from Mousa [53, Fig. 7] for the
case of a single vertical electrode under high current discharge
conditions. Computations using (8)–(12) are mostly consistent
with Mousa’s results, as shown in Fig. 12.

In Fig. 13, we compare the proposed formula for (12)
with published experimental results from four different research
groups. Ryabkova and Mishkin in [13] introduced a normalizing

Fig. 12. Comparison with measured impulse coefficient.

Fig. 13. Comparison with a measured impulse coefficient from four research
groups.

ratio for the case of a single vertical electrode. They pre-
sented the variation of the impulse coefficient as a function
of the mentioned normalizing ratio based on a comprehensive
set of measurements. Fig. 13 shows their generalized curve (a
median line of scattered results). Liew and Darveniza in [12,
Fig. 13] also predicted impulse characteristics of a single rod.
For the purpose of comparison, the median values of their re-
sults have been normalized in a similar fashion to Ryabkova and
Mishkin results and also plotted in Fig. 13. Also in Fig. 13, we
plot the median line of the results by J. He et al. [39] by using
(16) for the same parameter ranges. Formula (16) is an empir-
ical regression analysis formula derived from a large set of ex-
perimental data [39]. Finally, results from Mousa [53, Fig. 7]
are also plotted in this figure. There is a general agreement in
the trends between the various experimental results; however,
the four research groups have estimated the extent of improve-
ments in grounding performance differently due to soil ioniza-
tion. One explanation of these differences might be in the use of
different methods; for example, Ryabkova and Mishkin cite re-
sults from laboratory experiments by using small-scale models.
However, it is more important to note that Fig. 13 shows that
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Fig. 14. Comparison with measurements from Electricité de France.

there is not “one referent generalized curve” that can be ex-
tracted from the published experimental results. Ionization is
an irregular nonlinear process in nonhomogeneous soil that fea-
tures electrical properties that change with weather conditions,
temperature, moisture, and so on. Typically, even the same phys-
ical grounding electrode might perform differently under dif-
ferent circumstances. In addition, it is evident from Fig. 13 that
the more recent investigations, including those of He et al. [39]
and Mousa [53], estimate greater reductions in grounding resis-
tance with high intensity currents than the earlier publications
by Ryabkova and Mishkin [13] and by Lew and Darveniza [11].

To compare (12) with these published experimental results,
the computed results are also presented with a median line in
Fig. 13. The trend in the computed results from (12) is consistent
with recent investigations; with larger disparity with Mousa’s
results [53] and better agreement with He et al.’s results [39]
(Fig. 13).

We note that Fig. 13 presents median lines of five sets of
overlapping scattered results for a range of parameters given in
Table II only to suggest a general idea of the differences in the
results from different approaches.

All results in Figs. 9–13 are for rather slow rise-time current
pulses with front times that last a few microseconds and these
data consequently show mostly the effects of soil ionization.
Faster rise-time current pulses are necessary for inductive ef-
fects to occur. Some of the rare carefully performed and well-
documented experiments with fast rise-time currents were car-
ried out by Electricité de France, for example, [28] and [43]—al-
though these involve only low intensity current pulses. Fig. 14
shows these measured results for a current pulse (dotted line)
with a zero-to-peak time of about 0.2 s injected in a grounding
electrode together with the potential relative to remote ground
at the injection point (broken line) [43]. Since there are no ion-
ization effects for such low intensity currents, is computed by
(4) (solid line). The computed results are consistent with mea-
surements.

The measured voltage peak in Fig. 14 is about 720 V and the
current peak value is about 33 A. Therefore, the measured im-
pulse impedance is 22 . The large voltage peak and the fact
that the voltage pulse leads the current pulse indicate inductive
behavior. The power frequency grounding resistance is about

Fig. 15. Impulse coefficient� for current pulses with front times� � ����s
and � � � �s in case of a single rod (12 m long, 16-mm diameter, � � 300
kV/m).

and, consequently, the measured 2.2. Equation
(12) leads to 2.4, while (15) leads to 2.6.

Unfortunately, published experimental results that simultane-
ously demonstrate opposing soil ionization and inductive effects
could not be found. Therefore, the approximate procedure in-
volving (6) and (12) could be verified only for cases when either
soil ionization or inductive effects are dominant.

IX. SIMULTANEOUS ANALYSIS OF SOIL IONIZATION

AND INDUCTIVE EFFECTS

Neither of the aforementioned impulse coefficient formulas
(15) [37] and (16) [39] are suitable for the simultaneous analysis
of the mutually opposing inductive and soil ionization effects.
Equation (15) only takes the inductive effects into account and
(16) only takes the soil ionization effects into account. However,
the new formula (12) can be used to approximate the ranges of
parameters where both opposing effects may be important.

As an example, Fig. 15 shows the impulse coefficient
computed by (12) in case of a single rod (12 m long, 16-mm
diameter) subjected to the “slow-rise time” s) and
“fast-rise time” s) current pulse in soil with dif-
ferent resistivity. It is clear that for the “slow-rise-time” current
pulses, the ionization effects are dominant in all cases. Induc-
tive effects are dominant for the “fast-rise-time” current pulses
only for relatively low resistivity soil , while for
more resistive soil m), the soil ionization and in-
ductive effects nullify each other. For highly resistive soil (
1000- and 3000- m) ionization effects are dominant even for
the “fast-rise-time” current pulses.

X. CONCLUSION

Simultaneous analysis of the ionization and inductive effects
is as follows.

1) The dynamic behavior during lightning current pulses has
distinct characteristics in the initial surge period and in the
subsequent stationary period. The duration of the surge pe-
riod lasts no longer than a few tens of microseconds, and
the stationary period continues until the end of the pulse.
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2) The grounding electrode performance may deteriorate
due to frequency-dependent inductive phenomena, but
only during the surge period. This effect is enhanced by
fast rise-time current pulses, highly conductive soil, and
electrode length.

3) The grounding electrode performance may be improved
by soil ionization phenomena during the entire transient
response. This effect occurs for current values for which
the electric field at the surface of the electrode exceeds
the critical soil value. It depends on current intensity, soil
resistivity, and the critical electric-field value.

4) In very resistive soil, the capacitive effects also improve the
grounding performance by effectively filtering out rapidly
varying voltages during the surge period.

5) Cases exist when either ionization or inductive effects are
dominant and the other effect can be neglected, but there
are also important cases when inductive and soil ioniza-
tion effects are simultaneously important. Since they nul-
lify each other, it is important to consider both in the anal-
ysis of the optimal form and dimension of grounding elec-
trode arrangements.

6) The accuracy and applicability of the proposed procedure
for simultaneous analysis of inductive and soil ionization
effects and the formula for calculating impulse coefficient
were shown to be consistent with a number of published
experimental results.
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