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Letters

Ground Transient Resistance of Underground Cables

Rodolfo Araneo and Salvatore Celozzi

Abstract—During transients involving multiconductor lines, the
importance of the ground finite conductivity is well known and
various techniques and expressions have been presented in litera-
ture for the inclusion of its contribution into the per unit length
parameters. The direct time domain approach based on the intro-
duction of the transient parameters and on the numerical solution
of the telegrapher’s equations demonstrated to be accurate and
efficient for the analysis of typical transients. In this letter, the
expressions for the ground transient resistance for underground
cables, based on the closed-form inverse Laplace transform of the
classical Pollaczek expressions (valid for the low-frequency-range),
are presented and discussed.

Index Terms—Pollaczeck integral, time-domain methods, tran-
sient resistance, underground cables.

1. INTRODUCTION

inclusion of losses into a direct time domain (TD) formu-
lation of telegrapher’s equations demonstrated to be versatile
and accurate for the transient analysis of transmission lines
(TL) in various configurations. Without entering into the well-
established issue concerning the validity of the TL approxima-
tion, in the following the telegrapher’s equations are considered
to be valid.

A number of extensions have been proposed, either concern-
ing the expressions of the transient resistances and the numerical
solution of the TD-TL equations [2]-[9], but always with refer-
ence to overhead lines.

S INCE its introduction, the method proposed in [1] for the

II. DISCUSSION ON THE DIFFERENT EXPRESSIONS FOR THE
TRANSIENT RESISTANCE

For the underground cables buried in a homogeneous soil
and shown in Fig. 1, the self and mutual ground impedance
can be computed, in the low-frequency range, according to the
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Fig. 1. Geometrical configuration of an underground multiconductor TL.

Pollaczek’s [10], [11] expressions as
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where j = /—1, w is the radian frequency, K () is the modi-
fied Bessel function of the second kind and order 0, and

Hij = hi+ h; (2a)
diy = \/a? + (hi — hy)* (2b)
Dy = xi + (h; + hj)g (2¢)

and a; is the radius of the ith conductor (cable), 11, = o and
o4 are, respectively, the ground magnetic permeability and con-
ductivity, v, = \/jwpy0, is the propagation constant where a
low-frequency approximation has been introduced. It should
be observed that a general expression for the resistance of
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underground cables can be derived by (1b) with the assump-
tion x;; = a; in the case of the self-resistance. Hence, only this
expression will be considered in the following without loss of
generality. The last term of (1b) is the so-called Pollaczek’s

integral Ji;
7. = JWHo /00 ﬂ
1] —
2 0 A4+ m

whose numerical integration is difficult because of the highly
oscillating behavior. An accurate approximation in the high
frequency range was proposed by Sunde [12] who did not
neglect the displacement currents in the propagation constant
Ygex = \/Jwhiy (04 + jwe, ). More complex ground impedance
expressions were derived independently by Wait [13], Bridges
[14], and Chen [15] based on a rigorous electromagnetic ap-
proach where the propagation wavenumbers of the modes sup-
ported by the buried cable are computed by solving a nonlinear
frequency-dependent eigenvalue problem. Holding the TL ap-
proximation, it has been showed [16] that the Wait’s ground
impedance is equivalent to the Sunde’s expression. Anyway,
some comments about the suitability of the Sunde’s model
in a TL approach were raised in [17]: it has been observed
that in the high-frequency region, especially for higher earth
resistivities, the Sunde’s model yields to propagation values
higher than those of the propagation constant of the earth, a
result that is not in full agreement with the TL approximation
where only the fundamental quasi-TEM mode is assumed to
propagate.

In the past, several closed-form approximations and an-
alytical/numerical schemes have been proposed to compute
the frequency-dependent ground impedance, from which the
transient ground resistance can be derived by performing the
inverse Fourier transform (IFT) numerically. A review of the lit-
erature reveals a large number of closed form approximations,
namely, in the best knowledge of the authors, Vance [18], Sem-
lyen [19], Saad [20], Wedepohl and Wilcox [21], Bridges [14],
Wait [13], Alvarado [22], Petrache [23], and Theethayi [16].
Furthermore, several numerical approaches have been proposed
to efficiently compute the Pollaczek’s intregral by Uribe [24],
[25] and Legrand [26]. It should be noted that the inclusion of the
ground contribution in the cable model [27], [28] may yield to
discontinuities in the p.u.l. impedances frequency trends [29],
[30]. Furthermore, the presence of a multilayer soil has been
considered in [31].

From (1b), the transient ground resistance (, ;j(¢) can be
derived as the IFT of z;;(w)/jw. Two approximations have been
proposed in literature for the transient ground resistance  ;;(¢)
directly in the TD, for a single-conductor configuration in a
homogeneous soil.

The first approximation can be carried out neglecting -, in the
exponential factor at the numerator of the Pollaczek’s integral
in (3) so that the integral becomes similar to the Carson integral
for the ground resistance of an overhead line.

Following the analytical steps reported in [9] for an over-
head line, an approximated transient ground resistance may be

cos(aijA) dA 3)

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY

derived as
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where Erfc(x) is the complementary error function, and
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The second approximation was proposed by Petrache et al.
[23] and it is based on the analogy with overhead lines. Re-
placing the height & of the overhead conductor with the radius
a; of the underground cable, the transient ground resistance of

the overhead line under low-frequency approximation can be
adapted to the case of a single underground cable as

o 1 T, 1 < ) ( ) 1
. () = = 4 - Erf ——1|(6
G (1) = [%f + D rfc 1|®
where 7, = pigoza?. The accuracy of the proposed approxima-

tion was investigated comparing its predictions with the IFT of
the frequency domain data obtained by means of the logarithmic
approximation proposed by Petrache et al. in [23] considering
one set of ground and cable parameters.

III. EXACT SOLUTION AND NUMERICAL RESULTS

Recently, Theodoulidis [32] proposed three different exact
solutions of the Pollaczek’s integral (3) in the form of converg-
ing series: The first two are given in terms of Bessel functions
of half and odd integer order while the third one is given in
terms of confluent hypergeometric functions. The third solu-
tion shows a better converging behavior for all the parameter
values than the first two that exhibit fast convergence only for
certain parameter ranges. After some algebraic manipulations,
Theodoulidis showed that his third solution is based on an ex-
pression equivalent to the expression previously proposed by
Wedepohl and Wilcox [21] which is here selected to provide the
most convenient form to compute the Pollaczek’s integral.

Using transformation of variables and Cauchy’s theorem, the
ground impedance of the underground cable can be rewritten
according to [21] in the frequency domain as
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distance between conductors (h1 = hy = 1 m, a1 = a2 = 1.5 cm, g, = 10). The inset of figure (b) shows the trend of the transient ground resistance (12 versus

time ¢ for the three ground conductivities in the case of 12 = 1 m.

where xg = H;j/D;j; and K, () is the modified Bessel function
of the second kind and order 1. Starting from this expression,
we apply the Laplace transform to pass from the frequency
domain to the TD. After some algebraic manipulations, the final
exact expression of the transient ground resistance under a low-
frequency approximation reads
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It should be observed that the imaginary error function
Erfci(z), despite its name, is a real function when the argument
is real. Expression (8) can be recast in a form more suitable for
numerical computation, as
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where D () is the Dawson’s function, implemented in the most
popular mathematical packages and available in the IMSL Nu-
merical Libraries for C or Fortran programming. In addition, it
is convenient—from a numerical point of view—to compute the
exponentially scaled complementary error function 5 Erfe(x).

Figs. 2 and 3 show the percentage relative error of the Carson-
like approximation (4) and Petrache et al. approximation (6)
with respect to the exact expression (10). It should be noted
that the curves of the errors of the two approximate expressions
considered in literature exhibit worse results in the early time and
completely miss the value ¢(0) that, however, is very important
when a recursive convolution algorithm is implemented. Thus,
the availability of the analytical expressions results in a dramatic
improvement of the overall accuracy on the transient waveforms.

IV. CONCLUSION

The ground transient resistance of underground cables has
been computed analytically by means of an inverse Laplace
transform of the Pollaczek low-frequency impedances, proper
and mutual terms. In this way, the TD-TL equations in [1] may
be considered without the various approximations proposed in
literature and, furthermore, multiconductor configurations may
be analyzed as well.

REFERENCES

[1] R. Radulet, A. Timotin, and A. Tugulea, “Introduction des parametres
transitoires dans I’ étude des circuits electrique lineaires ayant des elements
non filiformes et avec pertes suplimentaires,” Rev. Roum. Sci. Techn.-
Electrotech. et Energ., vol. 11, no. 4, pp. 565-639, 1966.

[2] C. Gary, A. Timotin, and D. Cristescu, “Prediction of surge propagation
influenced by corona and skin effect,” IEE Proc.Pt. A Phys. Sci. Meas.
Instrum. Manag. Edu. Rev., vol. 130, no. 5, pp. 264-272, Jul. 1983.

[3] S. Celozzi, “On the finite element time domain solution of the skin effect
equations in multiconductor lines,” IEEE Trans. Magn., vol. 30, no. 5,
pp. 3180-3183, Sep. 1994.

[4] D. Orzan, “Time-domain low frequency approximation for the off-
diagonal terms of the ground impedance matrix,” IEEE Trans. Electro-
magn. Compat., vol. 39, no. 1, p. 64, Feb. 1997.

[5] S.Celozzi, “Numerical aspects of inclusion of losses in MTL time domain
equations,” in Proc. IEEE Int. Symp. Electromagn. Compat., Aug. 1997,
pp- 450-455.

[6] S.L.Loyka, “On calculation of the ground transient resistance of overhead
lines,” IEEE Trans. Electromagn. Compat., vol. 41, no. 3, pp. 193-195,
Aug. 1999.

[7]1 R. Araneo and S. Celozzi, “Direct time-domain analysis of transmission
lines above a lossy ground,” IEE Proc. Sci., Meas. Technol., vol. 148,
no. 2, pp. 73-79, Mar. 2001.

[8] F. Rachidi, S. Loyka, C. Nucci, and M. Ianoz, “A new expression for the
ground transient resistance matrix elements of multiconductor overhead
transmission lines,” Elect. Power Syst. Res., vol. 65, no. 1, pp. 41-46,
2003.

[9] N. Theethayi, R. Thottappillil, Y. Liu, and R. Montano, “Important pa-

rameters that influence crosstalk in multiconductor transmission lines,”

Elect. Power Syst. Res., vol. 77, no. 8, pp. 896-909, 2007.

F. Pollaczek, “Uber die induktionswirkungen einer wechselstromeinfach-

leitung,” Elect. Nachr. Tech., vol. 4, no. 1, pp. 18-30, 1927.

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY

F. Pollaczek, “Sur le champ produit par un conducteur simple infiniment
long parcouru par un courant alternatif,” Revue Gén. de I’Electricité,
vol. 29, no. 2, pp. 851-867, 1931.

E. D. Sunde, Earth Conduction Effects in Transmission Systems. New
York, NY, USA: Dover, 1968.

J. R. Wait, “Electromagnetic wave propagation along a buried insulated
wire,” Can. J. Phys., vol. 50, no. 20, pp. 2402-2409, 1972.

G. Bridges, “Fields generated by bare and insulated cables buried in
a lossy half-space,” IEEE Trans. Geosci. Remote Sens., vol. 30, no. 1,
pp. 140-146, Jan. 1992.

K. C. Chen, “Transient response of an infinite wire in a dissipative
medium,” Interaction Notes on EMP and Related Subjects Dr. CE Baum,
Editor, IN453, 2001.

N. Theethayi, R. Thottappillil, M. Paolone, C. Nucci, and F. Rachidi, “Ex-
ternal impedance and admittance of buried horizontal wires for transient
studies using transmission line analysis,” IEEE Trans. Dielectr. Electr.
Insul., vol. 14, no. 3, pp. 751-761, Jun. 2007.

T. Papadopoulos, D. Tsiamitros, and G. Papagiannis, “Impedances and
admittances of underground cables for the homogeneous earth case,” IEEE
Trans. Power Del., vol. 25, no. 2, pp. 961-969, Apr. 2010.

E. F. Vance, Coupling to Shielded Cables. Hoboken, NJ, USA: Wiley,
1978.

A. De Lima and C. Portela, “Inclusion of frequency-dependent soil pa-
rameters in transmission-line modeling,” IEEE Trans. Power Del., vol. 22,
no. 1, pp. 492-499, Jan. 2007.

0. Saad, G. Gaba, and M. Giroux, “A closed-form approximation for
ground return impedance of underground cables,” IEEE Trans. Power
Del., vol. 11, no. 3, pp. 1536—1545, Jul. 1996.

L. Wedepohl and D. Wilcox, “Transient analysis of underground power-
transmission systems. system-model and wave-propagation characteris-
tics,” Proc. Inst. Elect. Eng., vol. 120, no. 2, pp. 253-260, Feb. 1973.

F. Alvarado and R. Betancourt, “An accurate closed-form approximation
for ground return impedance calculations,” Proc. IEEE, vol. 71, no. 2,
pp. 279-280, Feb. 1983.

E. Petrache, F. Rachidi, M. Paolone, C. Nucci, V. Rakov, and M. Uman,
“Lightning induced disturbances in buried cables-part I: Theory,” IEEE
Trans. Electromagn. Compat., vol. 47, no. 3, pp. 498-508, Aug. 2005.

F. Uribe, J. Naredo, P. Moreno, and L. Guardado, “Algorithmic evalua-
tion of underground cable earth impedances,” IEEE Trans. Power Del.,
vol. 19, no. 1, pp. 316-322, Jan. 2004.

F. Uribe, “Calculating mutual ground impedances between overhead
and buried cables,” IEEE Trans. Electromagn. Compat., vol. 50, no. 1,
pp. 198-203, Feb. 2008.

X. Legrand, A. Xemard, G. Fleury, P. Auriol, and C. Nucci, “A quasi-
Monte Carlo integration method applied to the computation of the Pol-
laczek integral,” IEEE Trans. Power Del., vol. 23, no. 3, pp. 1527-1534,
Jul. 2008.

A. Ametani, “A general formulation of impedance and admittance of
cables,” IEEE Trans. Power Appl. Syst., vol. PAS-99, no. 3, pp. 902-910,
May 1980.

H. Dommel, EMTP Theory Book. MicroTran Power System Analysis
Corporation, Vancovuer, BC, Canada, 1992.

S. Celozzi and M. Amore, “Radio-frequency analysis of carrier channels
on multiconductor distribution cable networks,” IEEE Trans. Power Del.,
vol. 6, no. 3, pp. 959-965, Jul. 1991.

R. Cortina, G. Pioltini, S. Celozzi, and M. D’ Amore, “Telecommunication
systems on power distribution networks: High frequency performances of
carrier channels,” IEEE Trans. Power Del., vol. 9, no. 2, pp. 654—-660, Apr.
1994.

D. A. Tsiamitros, G. K. Papagiannis, and P. S. Dokopoulos, “Earth return
impedances of conductor arrangements in multilayer soilspart i: Theoret-
ical model,” IEEE Trans. Power Del., vol. 23, no. 4, pp. 2392-2400, Oct.
2008.

T. Theodoulidis, “Exact solution of Pollaczek’s integral for evaluation of
earth-return impedance for underground conductors,” IEEE Trans. Elec-
tromagn. Compat., vol. 54, no. 4, pp. 806-814, Aug. 2012.



