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Abstract

Underground cable electrical parameters ZY as well as their modal propagation 
characteristics are highly frequency dependent which in certain cases turns its 
̶-̶œ½±ı±やŁıUª³œ²╆や5©や¬Ø°Œ©°ßやØœØª²°©ß̶º-Ø²ıªや²°̶-±ıØ-²や±²³ŁıØ±や©Œやª̶ÆœØ±や²æØやª̶œ-
culation of electrical parameters is essential to obtain the waves propagation so-
œ³²ı©-や ²æ°©³ºæや ²æØやß³œ²ıª©-Ł³ª²©°や ±½±²Øß╆や"²や ²æØや ±̶ßØや ²ıßØや ²æı±や °Ø®³ı°Ø±や ²©や
±©œµØや²æØやı-µØ°±Øや-̶¬œ̶ªØや²°̶-±Œ©°ßや©-や̶や-³ßØ°ıª̶œやŒ©°ß╆や"œ²æ©³ºæや²æØや̶-̶œ½²ıªや
Laplace transform has an indisputable accuracy, the application of its numerical 
µØ°±ı©-や³¬ま²©まŁ̶²Øやæ̶±や-©²やÆØØ-やª©ß¬œØ²Øœ½や̶ªªØ¬²ØŁ╆や"やª©ß¬œØ²ØやßØ²æ©Ł©œ©º½や
is developed in this work to guide analyst engineers or graduate students in the 
ª̶œª³œ̶²ı©-や©ŒやØœØª²°©ß̶º-Ø²ıªや²°̶-±ıØ-²±や©Œや³-ŁØ°º°©³-Łやª̶ÆœØや±½±²Øß±╆や'ı-̶œœ½╇や
to help the validation of the numerical inverse Laplace transform a scaled proto-
type experiment is performed in the laboratory in which a transient step-respon-
±Øや̶²や²æØや°Øß©²ØやØ-Łや©Œや̶-やØ-Ø°ºı¾ØŁやª©-Ł³ª²©°やı±やßØ̶±³°ØŁ╆

Resumen 

Los parámetros eléctricos ZY de cables subterráneos y sus características de propagación 
ß©Ł̶œや±©-や̶œ²̶ßØ-²ØやŁØ¬Ø-ŁıØ-²Ø±やŁØや œ̶や Œ°Øª³Ø-ªı̶や œ©や®³ØやØ-やªıØ°²©±やª̶±©±やŁıRª³œ²̶や±³や
análisis. Al realizar estudios de transitorios electromagnéticos en cables el cálculo de 
parámetros es primordial para obtener la solución de la propagación de ondas a través del 
sistema multiconductor. Esto a su vez requiere resolver la transformada inversa de La-
place en forma numérica. Aunque la transformada analítica de Laplace tiene una indis-
cutible precisión, la aplicación de su versión numérica no ha sido, hasta la fecha, 
totalmente aceptada. En este trabajo se desarrolla un metodología completa para guiar al 
ingeniero analista o estudiantes de posgrado al cálculo de transitorios electromagnéticos 
en sistemas de cables subterráneos. Finalmente, para ayudar a validar la transformada 
numérica inversa de Laplace se desarrolla en el laboratorio un experimento escalado pro-
totipo, en el cual se mide la respuesta transitoria a un escalón de voltaje en el extremo 
receptor de un cable energizado.
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Introduction

"-や̶ªª³°̶²Øやª̶œª³œ̶²ı©-や©ŒやØœØª²°©ß̶º-Ø²ıªや 〉&.《や ²°̶--
sients on buried cable systems may take into account 
²æØや 4øı-や &TØª²や ı-や ²æØや º°©³-Łや ̶-Łや ª̶ÆœØや ª©-Ł³ª²©°±╇や
¹æıœØや °Øœ̶¼̶²ı©-や ØTØª²±や ©-や ª̶ÆœØや ı-±³œ̶²ı©-や œ̶½Ø°±や
〉8ØŁØ¬©æœや ̶-Łや 8ıœª©¼╇や ｱｹｷｳ╉や %©ßßØœ╇や ｱｹｸｶ╉や .̶°²ı╇や
ｱｹｸｲ╉や.̶°²ı╇やｱｹｸｸ╉や6°ıÆØやet al╆╇やｲｰｰｲ╉や4ªæØœœø³-©T╇やｱｹｳｴ╉や
1©œœ̶ª¾Øø╇やｱｹｲｶ╉や6°ıÆØやet al╆╇やｲｰｰｴ╉や4Øßœ½Ø-╇やｱｹｸｵ╉や4̶̶Łや
et al╆╇やｱｹｹｶ╉や8ØŁØ¬©æœ╇やｱｹｸｳ《╆や$©-±Ø®³Ø-²œ½╇や²æØやß©Ł̶œや
propagation functions of the cable system are highly 
ı-S³Ø-ªØŁやÆ½や²æØやı-Ł³ª²ıµØやœ©©¬±やŒ©°ßØŁやÆØ²¹ØØ-や²æØや
¬©¹Ø°やª̶ÆœØ±や²æ°©³ºæや²æØやº°©³-Łや〉8ØŁØ¬©æœや̶-Łや8ıœ-
ª©¼╇や ｱｹｷｳ《╆や 5æ³±╇や Ł³Øや ²©や ØœØª²°©ß̶º-Ø²ıªや ı-Ł³ª²ı©-±や
phenomenon, the ground model is evaluated in this pa-
per by means of two approaches for a qualitative com-
parison: the numerical solution of the exact Pollaczek’s 
integral and using the classical approximate formulas 
¬°Øµı©³±œ½やı±±³ØŁやÆ½や8ØŁØ¬©æœ╇や"ßØ²̶-ıや̶-Łや4Øßœ½Ø-や
〉8ØŁØ¬©æœや̶-Łや8ıœª©¼╇やｱｹｷｳ╉や%©ßßØœ╇やｱｹｸｶ╉や4Øßœ½Ø-╇や
ｱｹｸｵ╉や4̶̶Łやet al╆╇やｱｹｹｶ《╆

"や ÆØ-ªæß̶°øや ß©ŁØœや Œ©°や ª̶œª³œ̶²ı-ºや ²æØや µ©œ²̶ºØや
transient step-responses at the remote-end of a buried 
ª̶ÆœØや±½±²Øßやı±や¬°©¬©±ØŁやı-や²æı±や¬̶¬Ø°や〉8ØŁØ¬©æœや̶-Łや
8ıœª©¼╇や ｱｹｷｳ╉や %©ßßØœ╇や ｱｹｸｶ《╆や 5æØや ²°̶-±ıØ-²や ±²Ø¬ま°Ø±-
ponse is synthesized in this paper through the Numeri-
ª̶œや -̶¬œ̶ªØや 5°̶-±Œ©°ßや 〉/-5《や 〉6°ıÆØや et al╆╇や ｲｰｰｲ╉や
8ØŁØ¬©æœ╇やｱｹｸｳ《╆

'ı-̶œœ½╇や²æØやª̶œª³œ̶²ØŁや°Ø±¬©-±Ø±や̶°Øや®³̶œı²̶²ıµØ╇やµ̶-
lidated here through a laboratory mesurement perfor-
ßØŁや©-や̶や±ª̶œØŁや¬°©²©²½¬ØやØ¼¬Ø°ıßØ-²╆

A Benchmark case for the Electromagnetic  
Transient Analysis of Underground Cables

5æØや µ©œ²̶ºØや ̶-Łや ª³°°Ø-²や¹̶µØや ¬°©¬̶º̶²ı©-や ı-や ³-ŁØ°-
ground cable transmission systems is described by 
〉8ØŁØ¬©æœや ̶-Łや 8ıœª©¼╇や ｱｹｷｳ╉や %©ßßØœ╇や ｱｹｸｶ╉や .̶°²ı╇や
ｱｹｸｲ╉や.̶°²ı╇やｱｹｸｸ╉や6°ıÆØやet al╆╇やｲｰｰｲ《╈

や や 〉ｱ̶《

や や や 〉ｱÆ《

where Z and Y are the series-impedance and the shunt-
̶Łßım̶-ªØやß̶²°ıªØ±やÆ©²æや ı-や¬Ø°や³-ı²や œØ-º²æ╇や °Ø±¬Øª²ı-
µØœ½╆や 5æØや ±©œ³²ı©-や ©Œや 〉ｱ̶《 and 〉ｱÆ《や ı±や 〉8ØŁØ¬©æœや ̶-Łや
8ıœª©¼╇やｱｹｷｳ╉や%©ßßØœ╇やｱｹｸｶ╉や.̶°²ı╇やｱｹｸｲ╉や.̶°²ı╇やｱｹｸｸ╉や
Uribe et al╆╇やｲｰｰｲ╉や4ªæØœœø³-©T╇やｱｹｳｴ《╈

や や 〉ｲ̶《

や や や 〉ｲÆ《

where

や や 〉ｲª《

や や や 〉ｲŁ《

や や 〉ｲØ《

C1 and C2 are the integration constant vectors determi-
ned by the boundary conditions, H± is the transmission 
system propagation function, YC and ZC are the charac-
²Ø°ı±²ıªや ̶Łßım̶-ªØや ̶-Łや ıß¬ØŁ̶-ªØやß̶²°ıªØ±╇や °Ø±¬Øª²ı-
µØœ½や〉6°ıÆØやet al╆╇やｲｰｰｲ《╆

"-や³-ŁØ°º°©³-Łやª̶ÆœØや²°̶-±ßı±±ı©-や±½±²Øßや©ŒやœØ-º-
th, l, ̶±や²æØや©-Øや±æ©¹-やı-や'ıº³°Øやｱ╇やª̶-やÆØや°Ø¬°Ø±Ø-²ØŁや
Æ½や̶や²¹©や¬©°²や-Ø²¹©°ø╆や"や-©Ł̶œや̶Łßım̶-ªØや°Ø¬°Ø±Ø-²̶-
tion, relates the voltage and current responses from the 
sending end at z └やｰや²©や²æØや°Øß©²ØやØ-Łや̶²やz = lや〉8ØŁØ¬©-
æœや̶-Łや8ıœª©¼╇やｱｹｷｳ╉や%©ßßØœ╇やｱｹｸｶ╉や.̶°²ı╇やｱｹｸｲ╉や.̶°²ı╇や
ｱｹｸｸ╉や6°ıÆØやet al╆╇やｲｰｰｲ╉や4ªæØœœø³-©T╇やｱｹｳｴ《╈
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や や 〉ｳ̶《

and

* +l©©? YZcoth  Y  A C
や や 〉ｳÆ《

* +l©©? YZcsch  Y-  B C
や や 〉ｳª《

where V
0
(s) and I

0
(s) are the voltage and current vectors 

at the sending-end of the line zや└やｰ╆やVl(s) and Il(s) are 
vectors of voltages and currents at remote-end of the 
transmission line or, in this case, cable system z = l╆

Ceewtcvg"ecnewncvkqp"qh"¥[

5æØやS̶²やÆ³°ıØŁやª̶ÆœØや±½±²Øßや±æ©¹-やı-や'ıº³°Øやｱ̶やŒ©°ßØŁや
three coupled loops between cables through the 
º°©³-Ł╆や*-や̶ŁŁı²ı©-╇やØ̶ªæやª̶ÆœØや〉̶±や±æ©¹-やı-や'ıº³°ØやｱÆ《や
formed internal and external loops between the nucleus 
̶-Łや²æØや±æØ̶²æ╇や°Ø±¬Øª²ıµØœ½╆や5æØやı-²Ø°-̶œやœ©©¬やı±やŁ³Øや²©や
the impedances of the nucleus, EP insulation and the 
internal sheath, while the external loop if due to the im-
pedances of the external sheath, the PVC jacket and the 
º°©³-Łや〉8ØŁØ¬©æœや̶-Łや8ıœª©¼╇やｱｹｷｳ《╆

2

2

d
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dz
V ZY V
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I YZ I
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"や¹Øœœや ø-©¹-や Ø¼¬°Ø±±ı©-や Œ©°や ª̶œª³œ̶²ı-ºや ²æØや -³ªœØ³±や
ıß¬ØŁ̶-ªØや©Œや̶やª½œı-Ł°ıª̶œやª̶ÆœØやª©-Ł³ª²©°やı±や〉8ØŁØ¬©-
æœや̶-Łや8ıœª©¼╇やｱｹｷｳ《╈

や や 〉ｴ̶《

8æØ°Øや Iｰ and Iｱや ̶°Øや ²æØや ¾Ø°©や ̶-ŁやR°±²や ©°ŁØ°やß©ŁıRØŁや
Bessel functions, pやı±や²æØや±øı-まØTØª²やœ̶½Ø°や²æıªø-Ø±±や̶-Łや
²æØや©²æØ°やµ̶°ı̶ÆœØ±や̶°ØやŁØR-ØŁや̶²や²æØや-©ßØ-ªœ̶²³°Ø╆

5æØやı-±³œ̶²ı©-やıß¬ØŁ̶-ªØ±やÆØ²¹ØØ-や²¹©やª©-²ıº³©³±や
cylindrical cable conductors with radii rext and rint as 
±æ©¹-やı-や'ıº³°ØやｱÆや̶°ØやºıµØ-やÆ½や〉8ØŁØ¬©æœや̶-Łや8ıœ-
ª©¼╇やｱｹｷｳ《╈

や や 〉ｴÆ《

5æØや ı-²Ø°-̶œ╇や Ø¼²Ø°-̶œや ̶-Łやß³²³̶œや ıß¬ØŁ̶-ªØ±や ©Œや ²æØや
²³Æ³œ̶°や±æØ̶²æやª©-Ł³ª²©°や̶°ØやºıµØ-やÆ½や²æØや4ªæØœœø³-©Tや
²æØ©°½やŒ©°やª½œı-Ł°ıª̶œやŒ©°ß³œ̶Øや〉4ªæØœœø³-©T╇やｱｹｳｴ《╈

   

〉ｴª《

や や や 〉ｴŁ《

や や 〉ｴØ《

where Xint = rs-i / p, Xext = rs-e / pや ̶-Łや ²æØや8°©-±øı̶-や ı±や 
W = Kｱ〉Xint《·Iｱ〉Xext《やむやKｱ〉Xext《やIｱ〉Xint《╆

5æØやº°©³-Łや°Ø²³°-やıß¬ØŁ̶-ªØ±やZG〉y《や̶°Øやª̶œª³œ̶²ØŁや
ı-や ²æı±や ¬̶¬Ø°や ²æ°©³ºæや ²¹©や ŁıTØ°Ø-²や ̶¬¬°©̶ªæØ±や Œ©°や ̶や
®³̶œı²̶²ıµØやª©ß¬̶°ı±©-や¬³°¬©±Ø╆

5æØやR°±²や̶ ¬¬°©̶ªæやı±や©Æ²̶ı-ØŁや±©œµı-ºや²æØや1©œœ̶ª¾Øø‒±や
integral numerically and the second is obtained using 
ªœ̶±±ıª̶œや ªœ©±ØŁまŒ©°ßや ̶¬¬°©¼ıß̶²ı©-±や 〉%©ßßØœ╇や ｱｹｸｶ╉や
Uribe et al╆╇やｲｰｰｴ《╆

'ı°±²╇や²æØや1©œœ̶ª¾Øø‒±やı-²Øº°̶œやı±や±©œµØŁや¹ı²æや²æØやØU-
cient, accurate and reliable algorithmic strategy propo-
sed in Uribe et al╆や 〉ｲｰｰｴ《╆や '©°や ª©ß¬̶°ı±©-╇や ²æØや Łı°Øª²や
numerical integration is implemented here by using the 
̶Ł̶¬²ıµØや (̶³±±ま-©Æ̶m©や ®³̶Ł°̶²³°Øや °©³²ı-Ø╇や quadl, 
̶µ̶ıœ̶ÆœØやŒ°©ßや.̶²œ̶Æ¾やµｷや〉(̶-ŁØ°や̶ -Łや(̶³²±ªæı╇やｲｰｰｰ《╆

5æØ-や ²æØや ªœ©±ØŁまŒ©°ßや ±©œ³²ı©-±や ¬°Øµı©³±œ½や ı±±³ØŁや
Æ½や8ØŁØ¬©æœ╇や "ßØ²̶-ıや ̶-Łや 4Øßœ½Ø-や ̶°Øや ̶œ±©や ıß¬œØ-
mented in this paper to verify their application accura-
ª½や°̶-ºØ±や〉8ØŁØ¬©æœや̶-Łや8ıœª©¼╇やｱｹｷｳ╉や%©ßßØœ╇やｱｹｸｶ《╆

On assuming a Quasi-TEMZ propagation mode, the 
self and mutual ground-return impedance ZG〉y《や©Œや²æØや
ª̶ÆœØや±½±²Øßや̶°ØやºıµØ-やÆ½や〉8ØŁØ¬©æœや̶-Łや8ıœª©¼╇やｱｹｷｳ╉や
1©œœ̶ª¾Øø╇やｱｹｲｶ╉や6°ıÆØ╇やｲｰｰｴ《╈

0
0 0( ) [ ( / ) ( / ) ]

2
G

j
Z K d p K D p J

yoy r? / - やや 〉ｵ̶《

and

や や 〉ｵÆ《

where Jやı±や²æØや1©œœ̶ª¾Øø‒±やı-²Øº°̶œ╇やぽやı±や²æØやŁ³ßß½やµ̶-
riable and the other variables are listed in the nomen-
ªœ̶²³°Ø╆や 5æØや ª©ßÆı-̶²ı©-や ©Œや °Øº³œ̶°や ̶-Łや ı°°Øº³œ̶°や
oscillations due to the complex exponential factors in 
〉ｵÆ《や ¬°©µ©øØ±や ª©-µØ°ºØ-ªØや ¬°©ÆœØß±や ¹æØ-や ̶¬¬œ½ı-ºや
generic quadrature routines at certain physical variable 
̶¬¬œıª̶²ı©-や°̶-ºØ±や〉6°ıÆØやet al╆╇やｲｰｰｴ《╆
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0-やı-²°©Ł³ªı-ºやı-や〉ｵÆ《や²æØやµ̶°ı̶ÆœØやªæ̶-ºØやd = u/|p| 
̶-Łや ²æØや Œ©œœ©¹ı-ºや ŁØR-ØŁや ŁıßØ-±ı©-œØ±±や ¬̶°̶ßØ²Ø°±╇や
we obtain

p

h2?z  and 
h

x

2
?j や や 〉ｵª╇Ł《

and after some algebraic manipulations, we have

] _ ] _
] _ * + uuuGj

uFuGjuuFjJ

d  cos )(   exp               

...)( exp  )( )(  2
 

0 jzz
z

©©/·
©/©©-//? Ð ¢-

や や や 〉ｶ̶《

where

* + 2142 --? uuuF や や 〉ｶÆ《

and

* + 2142 --/? uuuG や や 〉ｶª《

Basically, the algorithmic strategy proposed in Uribe et 
al╆や〉ｲｰｰｴ《やı±やÆ̶±ØŁや©-や²¹©や̶ ±¬Øª²±╉や̶ や¬³°ØやŁ̶ß¬ı-ºやØ¼¬©-
nential truncation criterion and on a zero crossings 
ıŁØ-²ıRª̶²ı©-や ¬°©ªØŁ³°Øや Œ©°や æ̶°ß©-ıªや ©±ªıœœ̶²©°½や
Œ³-ª²ı©-±やı-や〉ｶ̶《╆

5©や ıß¬œØßØ-²や ²æØや Łı°Øª²や -³ßØ°ıª̶œや ı-²Øº°̶²ı©-や ©Œや
1©œœ̶ª¾Øø‒±やı-²Øº°̶œや〉ｵÆ《やß̶½やÆØや²°̶-±Œ©°ßØŁやı-²©╈

* +ｲ

ｰ ｲ ｲ

Ø¼¬ ｲ ｱ
ｲ ª©±

ｱ

ｲ
や

や

や æ ぽ の ¬
+ や ぽ ¼ やŁぽ

ぽ の ¬ ぽ

-¢ Ç ×/ © -È ÙÉ Ú? ©- -Ð " や や や 〉ｷ̶《

5æØや²°³-ª̶²ı©-やª°ı²Ø°ı©-やŒ©°や〉ｷ̶《やı±やÆ̶±ØŁや©-や²æØや¬°©¬Ø°-
²ıØ±や ©Œや ²æØや Ł̶ß¬ı-ºや Ø¼¬©-Ø-²ı̶œや Œ̶ª²©°や ı-や 〉ｶ̶《や ¹æØ-や
F〉u《や› u╆や5æ³±╇やŒ©°や²æØや±Øª©-ŁやŒ̶ª²©°やı-や〉ｶ̶《や²æØやØ-²ı°Øや
range of u can be split-up into:

* + * +
ｰ ｰ

Ø¼¬ や や Ø¼¬
ß̶¼³

°Øœや ら ³ やŁ³ や ら ³ やŁ³ g¢ / © B / © -Ð Ð " や や や や 〉ｷÆ《

where grelやı±や²æØや°Øœ̶²ıµØやØ°°©°やŁØR-ØŁやı-や²æı±や¬̶¬Ø°や̶±╈

や や や〉ｷª《

with a truncation limit

* +6

max
log u z z/? / や や 〉ｷŁ《

"Œ²Ø°や1©œœ̶ª¾Øø‒±やß̶²æØß̶²ıª̶œや±²̶²ØßØ-²やı-やｱｹｲｶ╇やØœØª-
trical engineering researchers have looked forward for 
many years of closed-form approximations to ZG〉ァ《や
〉8ØŁØ¬©æœや̶-Łや8ıœª©¼╇やｱｹｷｳ╉や1©œœ̶ª¾Øø╇やｱｹｲｶ《╆や4©ßØや©Œや

²æØやß©±²や©Œ²Ø-や³±ØŁやı-や&.51や̶¬¬œıª̶²ı©-±や̶°Øや²æØや©-Ø±や
¬°©¬©±ØŁやÆ½や8ØŁØ¬©æœ╇や"ßØ²̶-ıや̶-Łや4Øßœ½Ø-╆

8ØŁØ¬©æœや ̶-Łや8ıœª©¼や 〉ｱｹｹｳ《や ¬°Ø±Ø-²ØŁや ̶や Œ©°ß³œ̶や
for calculating the self and mutual ZG〉ァ《やµ̶œıŁやŒ©°やª̶-
bles buried at usual depths around hや┙や1m, dや┙や1m and 
|x/p|や┗やｱのｴ╈

やや 〉ｸ̶《

where iやı±や²æØや&³œØ°やª©-±²̶-²╆
"-©²æØ°やıß¬©°²̶-²や̶¬¬°©¼ıß̶²ı©-やı±や²æØや©-Øやıß¬œØ-

ßØ-²ØŁやı-や²æØやª̶ÆœØやª©-±²̶-²±や°©³²ı-Øや©Œや²æØや&.51や¬°©-
º°̶ßや〉%©ßßØœ╇やｱｹｸｶ《╆や#̶±ıª̶œœ½やæØ°Ø╇や"ßØ²̶-ıや°Ø¬œ̶ªØ±や
1©œœ̶ª¾Øøや ı-²Øº°̶œや Æ½や ²æØや ©-Øや ©Œや$̶°±©-╇や ̶±±³ßı-ºや ı-や
〉ｵÆ《や²æØやŒ©œœ©¹ı-ºやª©-±ıŁØ°̶²ı©-や〉%©ßßØœ╇やｱｹｸｶ《╈

2 21h p hd d© - B © や や や 〉ｸÆ《

"°©³-Łやｱｹｸｲ╇や8ØŁØ¬©æœやª©-łØª²³°ØŁや̶やŒ©°ß³œ̶やŒ©°やª̶œ-
culating the self ZGや©Œや̶やÆ³°ıØŁやª©-Ł³ª²©°╆や5æØやŒ©°ß³œ̶や
is based on the complex depth penetration of the elec-
²°©ß̶º-Ø²ıªやRØœŁ±やı-や²æØやº°©³-Ł╆や4³Æ±Ø®³Ø-²œ½╇やı-やｱｹｸｵや
4Øßœ½Ø-や °Ø¬©°²ØŁや ²æØや Œ©œœ©¹ı-ºや Œ©°ß³œ̶や 〉4Øßœ½Ø-╇や
ｱｹｸｵ《╈

や 〉ｸª《

where r17$やı±や²æØやØ¼²Ø°-̶œやª̶ÆœØや°̶Łı³±や〉'ıº³°ØやｱÆ《╇や©µØ°や
²æØや©³²Ø°やı-±³œ̶²ı©-や17$や〉1©œ½µı-½œやªæœ©°ıŁØ《やł̶ªøØ²╆

*-や ̶ŁŁı²ı©-╇や 4̶̶Ł╇や (̶Æ̶や ̶-Łや (ı°©³¼や ¬³Æœı±æØŁや ̶や
very interesting closed-form approximation to Pollac-
zek integral based in the complex ground return plane 
̶-Łやı-や²æØや$̶³ªæ½‒±やı-²Øº°̶œや²æØ©°Øßや±©œ³²ı©-や〉4̶̶Łやet 
al╆╇やｱｹｹｶ《╆や5æØやŁØ°ıµ̶²ı©-や¬°©ªØ±±や©Œや²æı±やŒ©°ß³œ̶やı±やµØ°½や
±ıßıœ̶°や²©や²æØやØ̶°œ½や©-ØやØß¬œ©½ØŁや²©や©Æ²̶ı-や̶や±ıß¬œıRØŁや
ß©ŁØœや©Œや²æØや$̶°±©-‒±やı-²Øº°̶œやŒ©°やª̶œª³œ̶²ı-ºやZG of ae-
°ı̶œやœı-Ø±や〉%©ßßØœ╇やｱｹｸｶ《╈

や 〉ｸŁ《

5æØや±ØœŒや̶-Łやß³²³̶œやº°©³-Łやıß¬ØŁ̶-ªØ±やZG for each of 
the current loops formed between the buried cable sys-
²Øßやı-や'ıº³°Øやｱ╇や̶°Øやª̶œª³œ̶²ØŁやı-や²æı±や¬̶¬Ø°やÆ½や±©œµı-ºや
numerical Pollaczek integral and by using the above 
ªœ©±ØŁまŒ©°ßや̶¬¬°©¼ıß̶²ı©-±╆
Kv"ecp"dg"uggp"kp"Hkiwtgu"4"cpf"5."vjcv"kp"dqvj"korgfcpeg"
ecnewncvkqpu"vjg"enqugf/hqto"crrtqzkocvkqpu"cu"ygnn"cu"vjg"fktgev"
pwogtkecn"swcftcvwtg"qh"Icwuu1Nqdcvvq"ctg"kp"iqqf"citggogpv"
ykvj"vjg"cniqtkvjoke"uqnwvkqp""
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"
Hkiwtg"40""Ugnh"¥I*y+"hqt"gcej"ecdng"kp"Hkiwtg"3c"ecnewncvgf"ykvj"
Rqnnce¦gm"*7c+"cpf"ykvj"crrtqzkocvgf"hqtowncu0"Vjg"tgncvkxg"
gttqtu"hqt"vjgug"crrtqzkocvkqpu"ctg"cnuq"ujqyp"kp"vjg"uocnn"
uswctg"qh"gcej"hkiwtg."c+"tgukuvcpegu."d+"kpfwevcpegu

 
 
developed by Uribe et al╆や 〉ｲｰｰｴ《や³±ØŁや ı-や ²æı±や¬̶¬Ø°や ²©や
establish a benchmark for calculating ZG〉y《╆

However, there are practical engineering cases 
when the distance between cables xや〉'ıº³°Øやｱ《やı±やª©-±ı-
derably long, or when the cable trench is surrounded 
Æ½や±©ıœや¹ı²æや̶やµØ°½やœ©¹や°Ø±ı±²ıµı²½や〉%©ßßØœ╇やｱｹｸｶ《╆

"¬¬Ø-Łı¼や *や ±æ©¹±や ²æØや ª̶œª³œ̶²ØŁやß³²³̶œや Ø¼²Ø°-̶œや
loop of ZG〉y《 for the buried cable transmission system 
±æ©¹-やı-や'ıº³°Øやｱ╇やÆ³²や¹ı²æや̶や±Ø¬̶°̶²ı©-やŁı±²̶-ªØやÆØ²-
ween cables of x └や ｳｰや ßや ̶-Łや ¹ı²æや ̶-や æ©ß©ºØ-Ø©³±や
ground conductivity of u └やｱや4のß╆

5æØやŁı±¬Ø°±ıµØやŁıØœØª²°ıªやØTØª²±や©ŒやØ̶ªæやª̶ÆœØやı-±³œ̶-
²ı©-やœ̶½Ø°や〉ÆØmØ°やø-©¹-や̶±や°Øœ̶¼̶²ı©-やØTØª²±《╇や̶°Øやı-²°©-
duced into the electromagnetic transient analysis by the 
±æ³-²や̶Łßım̶-ªØやß̶²°ı¼╇やÆ̶±ØŁや ı-や ²æØや Œ©œœ©¹ı-ºや °Øœ̶-
²ı©-や〉%©ßßØœ╇やｱｹｸｶ《╈

やや や 〉ｹ̶《

"

c+

d+

Hkiwtg"50""Owvwcn"¥I*y+"dgvyggp"ecdngu"ujqyp"kp"Hkiwtg"3c"
ecnewncvgf"ykvj"Rqnnce¦gm"*7c+"cpf"crrtqzkocvgf"crrtqcejgu0"
Tgncvkxg"gttqt"fgvcknu"ctg"cnuq"ujqyp"kp"vjg"wrrgt"eqtpgt"qh"gcej"
hkiwtg."c+"tgukuvcpegu."d+"kpfwevcpegu

 
 
 
 
where (〉ァ《 is the shunt conductance which represents 
the Ohmic losses and C〉ァ《や ı±や ²æØや ±æ³-²や ª̶¬̶ªı²̶-ªØや
¹æıªæや °Ø¬°Ø±Ø-²±や Łı±¬œ̶ªØßØ-²や ª³°°Ø-²や S©¹ı-ºや ÆØ²-
¹ØØ-やª©-Ł³ª²©°±や²æ°©³ºæや²æØや±¬ØªıRªやŁıØœØª²°ıª╆や"±±³-
ming a concentric cable geometry, the capacitances are 
ºıµØ-やÆ½や〉%©ßßØœ╇やｱｹｸｶ《╈

や や 〉ｹÆ《

where gr〉y《や└やgr’〉y《やむやj"©"gr´´〉y《 is the frequency depen-
ŁØ-²やª©ß¬œØ¼や¬Ø°ßımıµı²½╇や¹æıªæやæ̶±や̶やµØª²©°や°Øœ̶²ı©-や
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to the loss tangent loss factor through the electrical con-
Ł³ª²̶-ªØ±や̶±やŒ©œœ©¹±や〉%©ßßØœ╇やｱｹｸｶ《╈

G 〉y《や└やy"C 〉y《や© tan f" 〉ｹª《

where tan f ı±や²æØやı-±³œ̶²ı©-やœ©±±やŒ̶ª²©°╆や"-©²æØ°や©¬²ı©-や
²©やØµ̶œ³̶²Øや²æØやª©ß¬œØ¼や¬Ø°ßımıµı²½やı±や²©や±½-²æØ±ı¾Øやgr 
²æ°©³ºæや̶やß³œ²ıま²Ø°ßや©°ŁØ°や%ØÆ½Øや©°や$©œØま$©œØ±やß©ŁØœや
〉%©ßßØœ╇やｱｹｸｶ《╈

1

( )
1

N
i

r

i ij

gg y g y v¢ ?
F? - - ©Â やや や 〉ｹŁ《

where gƒやı±や²æØやµØ°½やæıºæやŒ°Ø®³Ø-ª½や¬Ø°ßımıµı²½やµ̶œ³Ø╇や
N is the number of relaxation terms, vi╇や³±ØŁやŒ©°や²æØやR²-
ting, Fg = gsやむ gƒ  and gsやı±や²æØや±²̶²ıªやŒ°Ø®³Ø-ª½や¬Ø°ßımı-
µı²½やµ̶œ³Ø╆

Oqfcn"rtqrcicvkqp"rtqrgtvkgu

5æØや ªæ̶°̶ª²Ø°ı±²ıª±や ©Œや¹̶µØや ̶mØ-³̶²ı©-や ̶-ŁやµØœ©ªı²ıØ±や
̶°Øや²æ³±やØ¼¬œ̶ı-ØŁやÆ½や5æØや5æØ©°½や©Œや/̶²³°̶œや.©ŁØ±や©Œや
1°©¬̶º̶²ı©-や Æ½や 8ØŁØ¬©æœや 〉8ØŁØ¬©æœや ̶-Łや 8ıœª©¼╇や
ｱｹｷｳ╉や %©ßßØœ╇や ｱｹｸｶ《╆や 5æØや µ©œ²̶ºØや ̶-Łや ª³°°Ø-²や ¹̶µØや
propagation modes of the system are characterized by 
H±〉y《や ̶-ŁやZC〉y《や ı-や Ø®³ı̶²ı©-±や 〉ｲª《や ̶-Łや 〉ｲØ《╇や °Ø±¬Øª²ı-
µØœ½╆

5æØや¬°©¬̶º̶²ı©-やß©ŁØ±や©Œや²æØやÆ³°ıØŁやª̶ÆœØや±½±²Øßや
ı-や'ıº³°Øやｱや°Ø±ØßÆœØや̶¬¬°©¼ıß̶²ı©-±や©Œや²æØや̶Ø°ı̶œやß©-
ŁØ±や ©Œや$œ̶°øØや 〉8ØŁØ¬©æœや ̶-Łや8ıœª©¼╇や ｱｹｷｳ╉や%©ßßØœ╇や
ｱｹｸｶ《╇や¹æØ°Øや²¹©や²½¬Ø±や©Œやß©ŁØ±やª̶-やÆØやıŁØ-²ıRØŁ╆や5æØや
ßØ²̶œœıªや ª©-Ł³ª²©°や 〉²¹©や ŁıTØ°Ø-²ı̶œや ß©ŁØ±《や ̶-Łや ²æØや
º°©³-Łや°Ø²³°-╆や*-や̶ŁŁı²ı©-╇や²æØや¬°Ø±Ø-ªØや©Œや²æØやª©-Ł³ª-
tor sheaths add even more combinations of these 
ß̶ı-œ½や²¹©やÆ̶±ıªや²½¬Ø±や©Œや¬°©¬̶º̶²ı©-やß©ŁØ±╆

'ıº³°Øやｴや±æ©¹±や²æØやŁØª°Ø̶±ı-ºやß©-©²©-ıªやÆØæ̶µı©°や
of |ZC|and |e±-*¥:《©l| which have been evaluated with 
²¹©やŁıTØ°Ø-²やZG〉y《やß©ŁØœ±や〉1©œœ̶ª¾Øøや̶-Łや8ØŁØ¬©æœ《╆や
5æØやß©ŁØや±¹ı²ªæı-ºやØTØª²や©-やH±〉y《やæ̶±やÆØØ-や°Øß©µØŁや
Æ½や³±ı-ºや²æØや̶œ²Ø°-̶²ØやßØ²æ©Łや¬°©¬©±ØŁやÆ½や8ØŁØ¬©æœや
ı-や〉8ØŁØ¬©æœやet al╆╇やｱｹｹｶ《やŒ©°やª̶œª³œ̶²ı-ºや²°̶-±Œ©°ß̶²ı©-や
matrices tracking the order of eigenvectors and eigen-
values with their previous one corresponding frequen-
ª½╆や5æØやZC of the system directly depends on the relation 
ÆØ²¹ØØ-やŒ°Ø®³Ø-ª½やŁı±¬Ø°±ı©-やª©-Ł³ª²©°やØTØª²±や̶-Łや©-や
²æØやı-±³œ̶²ı©-や°Øœ̶¼̶²ı©-やØTØª²±や©Œや²æØやª̶ÆœØ╆

*-や'ıº³°Øやｴ̶や ²æØや ı-S³Ø-ªØや©Œや ²æØやº°©³-Łまß©ŁØ±や ı±や
noticeably greater for the metallic conductor loops ac-
cording to the high inductive ZG〉y《や̶²や²æØやœ©¹やŒ°Ø®³Ø--
ª½や°̶-ºØや̶±や±ØØ-やı-や'ıº³°Ø±やｲÆや̶-ŁやｳÆ╆や*²やª̶-やÆØや-©²ıªØŁや
Œ°©ßや'ıº³°ØやｴÆ╇や²æ̶²や²æØや¬°©¬̶º̶²ı©-やŒ³-ª²ı©-やŁØ¬Ø-Ł±や 

 
 

 
on the product of the cable parameters ZY╆や8æØ°Øや²æØや
ı-S³Ø-ªØや©Œや²æØやæıºæやı-Ł³ª²ıµØやZG〉y《 is inversely rela-
²ØŁや²©や²æØやª̶ÆœØや±½±²Øßやß©ŁØ±╆や5æı±やª̶-やÆØやª©°°©Æ©°̶²ØŁや
Œ°©ßや²æØや8ØŁØ¬©æœやß©ŁØœやŒ©°やZG〉y《や±æ©¹-やı-や'ıº³°Ø±や
ｲÆや̶-ŁやｳÆ╇やÆ©²æや̶ªª©°Łı-ºやÆØæ̶µı©°やı-や'ıº³°ØやｴÆ╆

Htgswgpe{"tgurqpug

5æØや̶ªª³°̶²Øやª̶œª³œ̶²ı©-や©ŒやZY has been performed in 
the evaluation of parameter matrices A and Bやı-や〉&®³̶-
²ı©-±や ｳ̶や ̶-Łや ｳÆ《や ¹ı²æや ²æØや 1©œœ̶ª¾Øøや ̶-Łや 8ØŁØ¬©æœや
º°©³-Łま°Ø²³°-やß©ŁØœ±╆や5æØや-©Ł̶œや°Ø¬°Ø±Ø-²̶²ı©-やı-や〉ｳ̶《や
ı±や ±æ©¹-や ı-や 'ıº³°Øや ｵや ¹æØ°Øや ²æØや ª̶ÆœØや ±½±²Øßや œØ-º²æや
lや└やｴｰやøß╆や5æØや©¬Ø-まªı°ª³ı²やµ©œ²̶ºØや̶-Łや±æ©°²まªı°ª³ı²やª³-
°°Ø-²やŒ°Ø®³Ø-ª½や°Ø±¬©-±Ø±や̶°Øや±æ©¹-やı-や'ıº³°Øやｶ╆

5æØや -Ø²¹©°øや ØœØßØ-²±や ª©--Øª²ØŁや ²©や ²æØや ²°̶-±ßı±-
sion cable system are represented by generalized ad-

c+

d+
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ßım̶-ªØ±やı-や²æØや±Ø-Łı-ºやØ-Łや¹ı²æやYs and in the remote 
end with YR╆

5æØやµ©œ²̶ºØや̶²や²æØや°Øß©²ØやØ-Ł╇ Vl, and the injected 
current at the sending end, Is, are related to the boun-
Ł̶°½やª©-Łı²ı©-±や̶ ±や±æ©¹-やı-や'ıº³°Øやｵや〉6°ıÆØやet al╆╇やｲｰｰｲ《╈

* + sl IsH?V や や や 〉ｱｰ̶《

where

11 } )()({)( // --/? R

 

S YA BYABsH や や や や や や や や や や や や 〉ｱｰÆ《

H(s)や ı±や ²æØや ²°̶-±ŒØ°や Œ³-ª²ı©-や ©Œや ²æØや -Ø²¹©°øや ±½±²Øß╆や
5æ³±╇や ²æØや©¬Ø-まªı°ª³ı²やµ©œ²̶ºØや °Ø±¬©-±Ø±や Œ©°や ²æØやª̶ÆœØや
±½±²Øßやı-や'ıº³°Øやｵや̶°Øやª̶œª³œ̶²ØŁやı-や²æØやŒ©œœ©¹ı-ºや¬̶¬Ø°や
±Øª²ı©-╆

Pwogtkecn"Ncrnceg"Kpxgtukqp

5æØやµ©œ²̶ºØや¹̶µØŒ©°ßや °Ø±¬©-±Øや ̶²や ²æØや °Øß©²Øや Ø-Łや©Œや
²æØやª̶ÆœØや±½±²Øßやı-や'ıº³°Øやｵやı±や±½-²æØ±ı¾ØŁやı-や²æı±や¬̶¬Ø°や
²æ°©³ºæや²æØやı-µØ°±Øや/-5や〉8ØŁØ¬©æœや̶-Łや8ıœª©¼╇やｱｹｷｳ╉や
8ØŁØ¬©æœ╇やｱｹｸｳ《╈

や や 〉ｱｱ̶《

5æØやŁı±ª°Ø²ı¾̶²ı©-や©Œや〉ｱｱ̶《 leads to the numerical solu-
tion of Vz(t) at z = l where T = mFt and Y = nFs as follows 
〉6°ıÆØやet al╆╇やｲｰｰｲ╉や8ØŁØ¬©æœ╇やｱｹｸｳ《╈

〉ｱｱÆ《

 

where N is the number of time samples and un is the 
Ł̶²̶や¹ı-Ł©¹や¹æıªæやı±や³±ØŁやŒ©°や̶mØ-³̶²ı-ºや(ıÆÆ±や¬æØ-
-©ßØ-̶やØ°°©°±や〉8ØŁØ¬©æœ╇やｱｹｸｳ《╆や5æØやŒ©œœ©¹ı-ºや7©--や
)̶--や¹ı-Ł©¹やı±や̶¬¬œıØŁや〉&®³̶²ı©-やｱｱª《╆

c+

d+

Hkiwtg"80""Htgswgpe{"tgurqpug"hqt"vjg"vyq"rqtv"pgvyqtm"
tgrtgugpvcvkqp"kp"Hkiwtg"7."c+"qrgp/ektewkv"xqnvcig"tgurqpug.""
d+"ujqtv/ektewkv"ewttgpv"tgurqpug
 

や や 〉ｱｱª《

where Yやı±や²æØやŒ°Ø®³Ø-ª½や²°³-ª̶²ØŁや°̶-ºØ╆や5æØやŒ°Ø®³Ø--
cy domain discretization of V`〉±《 provokes frequency 
œØ̶øı-ºやı-や²æØや²ıßØやŁ©ß̶ı-╆や5æØやŁ̶ß¬ı-ºや-̶¬œ̶ªØやŒ̶ª-
tor, c╇やı±や²æ³±や³±ØŁや²©や®³Ø-ªæやŒ°Ø®³Ø-ª½やœØ̶øı-ºやØ°°©°±╆や
However, since Gibbs error is not completely elimina-
²ØŁやÆ½やŁ̶²̶や¹ı-Ł©¹±╇やı²や¹©³œŁやÆØや̶ß¬œıRØŁやÆ½や²æØや³-ま
Ł̶ß¬ı-ºや Œ³-ª²ı©-╇や Ø¼¬〉cmFt《╇や ı-や 〉ｱｱÆ《╆や 5æ³±╇や ²æØや
selection of a value for cや ı±や̶や ²°̶ŁØや©T╆や5æØや Œ©œœ©¹ı-ºや
ª°ı²Ø°ı©-やæ̶±やÆØØ-や¬°©¬©±ØŁやÆ½や8ØŁØ¬©æœや〉ｱｹｸｳ《╈

や や や 〉ｱｱŁ《

where T = NFt is the observation time for the transient 
and g is the error level whose lower bound is determi-
ned by N╆や5æØやŁı±ª°Ø²ı¾̶²ı©-やŒ°Ø®³Ø-ª½や±²Ø¬やFyや̶²や〉ｱｱÆ《や
is implicitly considered as follows:

Nt ry 2?F©F や や や 〉ｱｱØ《
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where NFyのｲやı±や²æØや²°³-ª̶²ı©-やŒ°Ø®³Ø-ª½やŒ©°や²æØやŁı±ª°Ø-
te representation of V`〉s《╆や$©-±ıŁØ°や-©¹やŒ°©ßや〉ｱｱª《╈

yr F?F Nt2 や や や 〉ｱｱŒ《

5æØや œØŒ²まæ̶-Łや ±ıŁØや ©Œや 〉ｱｱŒ《や ı±や ²æØや ±̶ß¬œı-ºや Œ°Ø®³Ø-ª½や
while the right hand side is twice the truncation fre-
®³Ø-ª½╆や*-や̶ŁŁı²ı©-や〉ｱｱŒ《や̶º°ØØ±や¹ı²æや²æØや/½®³ı±²や±̶ß-
¬œı-ºやª°ı²Ø°ı©-╆

Uecngf"rtqvqv{rg"ncdqtcvqt{"ogcuwtgogpvu

"-やı-ı²ı̶œや±ª̶œØŁやØ¼¬Ø°ıßØ-²̶œや±Ø²³¬やæ̶±やÆØØ-やıß¬œØ-
mented in this paper to perform a qualitative compa-
rison between the obtained voltage measurements in 
²æØやœ̶Æ©ま°̶²©°½や̶-Łや²æØや/-5やßØ²æ©Ł©œ©º½╆や"や²æı-や¹ı°Øや
©Œや ｱ╆ｳｰｲmmｲや 〉ｱｶや "8(《や Œ©°や ｶｰｰ7や ¹ı²æや rや └や ｱ╆ｲｵmm, 
hや└やｰ╆ｱm, tCUや└やｱ╆ｷｲや̌やｱｰ

むｴやY"©"m, tgや└やｱｰｰｰY"©"m 〉ı²や ı±や
assumed that the laboratory has a solid rocky soil 
¹ı²æ©³²やß©ı±²³°Ø《╇や̶-Łや̶やª̶ÆœØや œØ-º²æや©Œや lや └やｳｵm has 
ÆØØ-や³±ØŁやŒ©°や²æØや±ª̶œØŁや²Ø±²╆

"やµ©œ²̶ºØや ±©³°ªØや©Œや5V is switched at the sending 
Ø-Łや©Œや²æØやª̶ÆœØやª©-Ł³ª²©°や̶±やı±や±æ©¹-やı-やªæ̶--Øœまｱや©Œや
²æØや ©±ªıœœ©±ª©¬Øや ©Æ²̶ı-ØŁや ı-や 'ıº³°Øや ｷ̶╆や 5æØや ²°̶-±ıØ-²や
±²Ø¬やµ©œ²̶ºØや°Ø±¬©-±Øやı±やßØ̶±³°ØŁや¹ı²æや̶や5%4ｲｰｲｴや©±ªı-
lloscope at the remote end of the cable as is shown in 
ªæ̶--Øœまｲやı-や²æØや±̶ßØやRº³°Ø╆

*-や'ıº³°ØやｷÆ╇や²æØやª©ß¬̶°ı±©-やÆØ²¹ØØ-やÆ©²æやßØ̶±³-
red voltages and the synthesized Laplace voltage res-
¬©-±Øやı±やıœœ³±²°̶²ØŁやæ̶µı-ºや̶ やº©©Łや̶ º°ØØßØ-²╆や)©¹ØµØ°╇や
̶や±ß̶œœや̶ mØ-³̶²ı©-やÆØ²¹ØØ-やÆ©²æやßØ̶±³°ØŁや̶ -Łや±½-²æØ-
±ı¾ØŁやµ©œ²̶ºØや°Ø±¬©-±Ø±やª̶-やÆØや-©²ıªØŁやı-や²æı±やRº³°Ø╆や*²や
ı±や ¬°©Æ̶Æœ½や ²æ̶²や ²æØや ̶mØ-³̶²ı©-や ŁıTØ°Ø-ªØや ÆØ²¹ØØ-や
both curves is due to a mistaken measurement taken 
Œ°©ßや²æØやº°©³-Łや°Ø±ı±²ıµı²½や©Œや²æØやœ̶Æ©°̶²©°½╆

Conclusions

"-や̶ªª³°̶²ØやßØ²æ©Ł©œ©º½や Œ©°や ª̶œª³œ̶²ı-ºやZY parame-
²Ø°±やŒ©°やÆ³°ıØŁやª̶ÆœØや±½±²Øß±やı±やŁØµØœ©¬ØŁやı-や²æı±や¬̶¬Ø°╆や
Ground-return impedances have been calculated here 
by solving the Pollaczek integral through direct nume-
rical integration and with an algorithmic strategy pro-
¬©±ØŁやÆ½や²æØや̶³²æ©°╆

5æØや ı-S³Ø-ªØや ©Œや ̶¬¬°©¼ıß̶²Øや º°©³-Łま°Ø²³°-や ß©-
dels on modal propagation functions is also discussed 
ı-や²æı±や¬̶¬Ø°╆や5æØやµ©œ²̶ºØや²°̶-±ıØ-²や±²Ø¬や°Ø±¬©-±Øや©-や̶や
single ｱｶ"8(や¬°©²©²½¬Øやª̶ÆœØやı±やßØ̶±³°ØŁや©-や̶や±ª̶œØŁや
±Ø²³¬やØ¼¬Ø°ıßØ-²╆や5æØやµ©œ²̶ºØや²°̶-±ıØ-²や±²Ø¬や°Ø±¬©-±Øや
on the cable has been also synthesized through the 
/³ßØ°ıª̶œや-̶¬œ̶ªØや5°̶-±Œ©°ß╆

Both, the measured and the synthesized voltage tran-
±ıØ-²や±²Ø¬ま°Ø±¬©-±Ø±や̶°Øや ı-やº©©Łや̶º°ØØßØ-²╆や5æ³±╇や ı²や ı±や
¬©±±ıÆœØや²©や±³ººØ±²や̶や®³̶œı²̶²ıµØやµ̶œıŁ̶²ı©-やŒ©°や²æØや/-5や
²Øªæ-ı®³Øやı-や¬©¹Ø°や²°̶-±ıØ-²や̶-̶œ½±ı±や̶¬¬œıª̶²ı©-±╆
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Nomenclature

y = ̶-º³œ̶°やŒ°Ø®³Ø-ª½や〉ı-や°̶Łの±《
o0 = ß̶º-Ø²ıªや¬Ø°ßØ̶Æıœı²½や©Œやµ̶ª³³ßや̶-Łや̶ı°や〉)のß《
u = ±©ıœやª©-Ł³ª²ıµı²½や〉Sぉß《
tn = conductor resistivity for material “n”や〉Ｆぉß《
むn = dimension-less material “n”や°Øœ̶²ıµØや¬Ø°ßımıµı²½

In〉や《 = ß©ŁıRØŁや#Ø±±ØœやŒ³-ª²ı©-や©ŒやR°±²やªœ̶±±や̶-Łや“n” order

Kn〉や《 =
ß©ŁıRØŁや#Ø±±ØœやŒ³-ª²ı©-や©Œや±Øª©-Łやªœ̶±±や̶-Łや“n” 
order

d = distance between cables, or the radius for the self 
ıß¬ØŁ̶-ªØやª̶±Øや〉ß《

D = distance between one cable and the image of 
the other, or twice the cable depth for the self 
ıß¬ØŁ̶-ªØやª̶±Øや〉ß《

p = ª©ß¬œØ¼やŁØ¬²æや©Œや²æØや4øı-や&TØª²やœ̶½Ø°や²æıªø-Ø±±や
p=1/-(jyo0u《

h = cable depth, or h=(h1+h2《のｲ for the mutual impedance 
ª̶±Øや〉ß《

x = horizontal distance between cables, or the cable 
°̶Łı³±やŒ©°や²æØや±ØœŒやıß¬ØŁ̶-ªØやª̶±Øや〉ß《

rn = ³-ŁØ°º°©³-Łやª̶ÆœØやª©°Øや°̶Łı³±や〉ß《
z = sending end or remote end of the transmission 

±½±²Øßや〉ß《
l = ²°̶-±ßı±±ı©-や±½±²ØßやœØ-º²æや〉ß《
s = Laplace complex variable

Appendix 

'ıº³°Øや"ｱや±æ©¹±やß³²³̶œやZG〉y《 calculated with Pollac-
¾Øøや̶œº©°ı²æßや 〉6°ıÆØや et al╆╇や ｲｰｰｴ《╇や(̶³±±の-©Æ̶m©や®³̶-
Ł°̶²³°Øや°©³²ı-Øや〉(̶-ŁØ°や̶-Łや(̶³²±ªæı╇やｲｰｰｰ《╇や"ßØ²̶-ıや
ßØ²æ©Łや 〉%©ßßØœ╇や ｱｹｸｶ《や ̶-Łや ª©ß¬œØ¼や ŁØ¬²æや Œ©°ß³œ̶や
〉4̶̶Ł╇や(̶Æ̶や̶-Łや(ı°©³¼╇やｱｹｹｶ《やŒ©°や²æØやÆ³°ıØŁやª̶ÆœØや±½±-
²Øßや±æ©¹-やı-や'ıº³°Øやｱ╇や¹ı²æやxや└やｳｰやßや̶-Łやuや└やｱや4のß╆

*²やª̶-やÆØや-©²ıªØŁや Œ°©ßや²æı±やRº³°Øや ²æ̶²やªœ©±ØŁまŒ©°ßや
approximations behaves well at certain ranges, while 

the same situation occurs with direct numerical inte-
gration which oscillates at certain h, r, x, u and yやµ̶œ³Ø±╆や
5æ³±╇や̶やºØ-Ø°̶œや̶±±Ø±±ßØ-²や©Œや̶¬¬°©¼ıß̶²ØやßØ²æ©Ł±や©Œ 
ZG〉y《やı±や±²ıœœやßı±±ı-º╆
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