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In this thesis, a general code is obtained to allow the simulation of the transient
response of transmission lines excited by a nearby lightning stroke using EMTP–type
programs, namely PSCAD and ATP.
Initially, the frequency domain modeling of single phase and multiconductor
transmission lines is described and assessed by means of several application examples.
As a second stage, the transmission line model is used to implement an illuminated
transmission line model (line excited by an electromagnetic field excitation) using
Taylor’s formulation. Then, a general code is developed in MATLAB to obtain the
response of a field excited line; this effect is included by means of terminal current
sources connected at the ends of the line. Finally, these terminal current sources are used
in EMTP – type programs to reproduce the transient response of a transmission line
excited by indirect lightning. Several application examples are included to demonstrate
the accuracy and versatility of the code.
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CHAPTER 1

INTRODUCTION
1.1 Introduction
An electromagnetic transient occurs when there is a sudden change of
electromagnetic energy in a power system. This change can be caused by lightning or
switching [1]. The effect of lightning induces overvoltages in transmission lines and can
be classified in direct and indirect lightning phenomena. Direct strokes usually affect the
towers and conductors of transmission lines. In a well-designed transmission system, the
ground conductors are generally the ones hit by direct lightning strokes, although a small
percentage of strokes can still hit the phase conductors. On the other hand, indirect
lightning corresponds to lightning strokes to ground in the proximity of the transmission
line. As expected, direct lightning strokes produce higher transient overvoltages than
indirect lightning. However, the effect of incident electromagnetic fields from indirect
lightning strokes is important for the design of protection and insulation elements. In
addition, indirect lightning is a much more frequent phenomenon than direct lightning.
The incident electromagnetic field representing the nearby lightning stroke depends on
variables related to the location of the line (point of impact) and the return stroke current,
according to the formulation developed by Master and Uman [2]- [4].

1

1.2 Objectives


Implementing a frequency domain model of an illuminated (field-excited)
transmission line, for both single phase and multiconductor cases.



Applying the illuminated line model to obtain terminal currents related to an incident
field from an indirect lightning stroke.



Creating a general code to produce the excitations required by transient simulation
programs ATP and PSCAD to reproduce the transient response of a transmission line
excited by indirect lightning (single phase and multiconductor cases).

1.3 Literature Review
The following are some important works related to the modeling of a transmission
line excited by an indirect electromagnetic field, also known as illuminated line.
In 1965, D. C. Taylor modeled and analyzed the effect of a nonuniform
electromagnetic field on a two-wire transmission line [5].
In 1976, C. Paul [6] described a transmission line model excited by an external
electromagnetic source. From the previous study, the response of a two-wire transmission
line illuminated by a nonuniform electromagnetic field was extended to multiconductor
lines.
In 1980, Agrawal et al. derived the time-domain equations of multiconductor
transmission lines excited by a nonuniform electromagnetic field [7]. Two formulations
were discussed depending on the definition of the line voltage. The first formulation is
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scattered-voltage, in which the sources are introduced in only one equation. The second
one is total-voltage formulation, in which the sources representing the incident electric
fields contain time derivatives and spatial integrals.
In 1993, Rachidi [8] reviewed and discussed different formulations for field-to-line
electromagnetic coupling. A new formulation was derived to evaluate such coupling
when the excitation source is defined experimentally (the source terms are expressed in
terms of magnetic excitation field).
In 1994, V. Cooray [9] compared the Rusck model [10] and the wave antenna model
[7] to estimate the lightning induced overvoltages on transmission lines. He concluded
that the Rusck model can only be successful when an electromagnetic field is generated
in a specific location such that the contribution of the vector potential to the horizontal
field is zero.
In 1994 and 1995, C. Paul described and implemented an illuminated line model in
the simulation program SPICE. The incident fields were represented by series voltage
and shunt current sources connected at the receiving end of the line [11], [12].
In 1995, C. A. Nucci et al. [13] compared and discussed the field-to-line coupling
model defined by Chowdhuri and Gross with the model by Agrawal, Price and
Gurbaxani. It is shown that the model from Chowdhuri-Gross is incomplete because the
source term due to the contribution of the magnetic induction is omitted. On the other
hand, the Agrawal model completely describes the coupling between the lightning
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electromagnetic field and the line. This model is expressed in terms of total voltage and is
equivalent to the model by Taylor.
In 1997, M. Omid et al. [14] studied the time and frequency domain responses of a
transmission line excited by incident electromagnetic fields for uniform and nonuniform
cases. For uniform lines, the inverse of the chain matrix is used to define the
corresponding model. For nonuniform lines, the modeling approach followed consists of
dividing the line in uniform segments and computing the cascaded connection of chain
matrices. The external field is represented by lumped current sources connected at the
line terminals.
In 1998, V. Cooray and V. Scuka [15] investigated the validity of different
approximations applied in the computation of lightning induced overvoltages on
transmission lines.
In 2001, I. Erdin et al. [16] implemented a model for incident field coupling to
multiconductor transmission lines in the time domain. The model is based on the rational
approximation of the exponential matrix describing the telegrapher's equations and semianalytical rational approximation of convolution functions. This model can be easily used
in SPICE like simulators for transient analysis, and it is in the form of ordinary
differential equations.
In 2005, P. Gomez et al. [17] presented two methods in the frequency domain for
analyzing nonuniform transmission lines excited by incident electromagnetic fields. In
the first method, the cascade connection of chain matrices of uniform line segments is
4

applied. The second method is based on the derivation of the chain matrix (a spacevariant linear system). The numerical Laplace transform (NLT) was used to obtain the
solution in time domain.
In 2005 and 2006, G. Shinh et al. presented an algorithm for transient analysis to
obtain the effect of electromagnetic fields on multiconductor lines with frequency
dependent parameters [18], [19]. The model was developed in the simulation program
SPICE. The incident electromagnetic fields were represented by voltage and current
sources at the ends of the line.
In 2009, P. Gomez and J. C. Escamilla [26] presented a method in the frequency
domain for analyzing nonuniform multiconductor transmission lines excited by indirect
lightning by means of terminal current sources connected at the ends of the line.
In 2013, P. Gomez and J. C. Escamilla [3] included surge arresters in simulation of
field excited transmission lines using the frequency domain model described in [26].
In 2015, R. Nuricumbo-Guillén et al. [24] computed the transient voltage and current
profiles along multiconductor transmission lines excited by indirect lighting using a twodimensional definition of the numerical Laplace transform (NLT).
1.4 Thesis Structure
Chapter 1, Introduction: This chapter includes introduction, objectives, literature
review, and thesis structure.
Chapter 2, Overview on Transmission Line Modeling: The transfer matrix model
(ABCD matrix) and admittance matrix model are described and implemented in this
5

chapter. In addition, some application examples are shown to validate the models
implemented.
Chapter 3, Modeling of an Illuminated Transmission Line: The effect of an incident
field on a transmission line is discussed in this chapter. Distributed and lumped sources
are used to implement an illuminated transmission line model. The model from this
chapter is applied in different examples to obtain the effect of distributed sources along
transmission lines, comparing the results with the transient simulation program ATP.
Chapter 4, Computation of Incident Electromagnetic Field and Description of General
Code: This chapter discusses the computation of incident electromagnetic fields from a
nearby lightning stroke on a transmission line. This chapter also describes the
implementation and steps required for the application of a general code to produce the
excitations required by ATP and PSCAD to simulate the transient response of a field
excited transmission line.
Chapter 5, Conclusions and Future Work: The main results and contributions of this
thesis are summarized.
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CHAPTER 2

OVERVIEW ON TRANSMISSION LINE MODELING
2.1

Introduction
The power transmission line is one of the major components of electrical power

systems. Transmission lines transport the electrical energy from power plants to the
consumers with minimum losses.
The correct evaluation of transmission systems in transient and steady states
require the use of modern modeling and simulation tools, which involve an accurate and
efficient computation of electrical parameters (per-unit-length parameters).
The equivalent circuit of a transmission line for transient analysis is shown in
Figure 2.1. It contains a series resistance (𝑅) due to the resistivity of the conductor, a
series inductance (𝐿) due to the magnetic flux produced by the current flow along the
conductor, a shunt capacitance (𝐶) due to the electric field between the conductor and the
reference plane, and a shunt conductance (𝐺) due to dielectric losses. All of these
parameters are given per unit length of the line. For overhead lines, the shunt
conductance is usually omitted because it has a very small effect compared with the
series resistance (the air is considered a very good dielectric) [20], [17], [21].
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𝑖(𝑧,t) 𝑅∆𝑧

𝑖(𝑧 + ∆𝑧,t)

𝐿∆𝑧

+

+
𝑉(𝑧 + ∆𝑧,t)

𝑉(𝑧,t)

𝐺∆𝑧

𝐶∆𝑧

-

∆𝑧

Figure 2.1 Equivalent circuit of the transmission line per unit length
2.2

Solving Telegrapher Equations in the Frequency Domain
The Telegrapher equations define the propagation of traveling waves along a

transmission line. These equations are given in the frequency domain by:

−

𝑑𝑉(𝑧, 𝑠)
= 𝑍𝐼(𝑧, 𝑠)
𝑑𝑧

(2.1)

−

𝑑𝐼(𝑧, 𝑠)
= 𝑌𝑉(𝑧, 𝑠)
𝑑𝑧

(2.2)

where V(z,s) and I(z,s) are the voltages and currents in the Laplace domain at point z of
the line, while Z and Y represent the series impedance and shunt admittance per unit
length, respectively. The computation of these parameters is described in Appendix A.
By combining (2.1) and (2.2) a second order uncoupled matrix arrangement is obtained
as [22]:

𝑑2 𝑉(𝑧, 𝑠)
𝑍𝑌
[
]=[
0
𝑑𝑧 2 𝐼(𝑧, 𝑠)
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0 𝑉(𝑧, 𝑠)
][
]
𝑌𝑍 𝐼(𝑧, 𝑠)

(2.3)

The general solution of (2.3) for voltage and current is given by:

𝑉(𝑧, 𝑠) = 𝐶1 𝑒 −𝛾𝑧 + 𝐶2 𝑒 𝛾𝑧

(2.4)

𝐼(𝑧, 𝑠) = 𝐶3 𝑒 −𝛾𝑧 + 𝐶4 𝑒 𝛾𝑧

(2.5)

where 𝐶1 , 𝐶2 , 𝐶3 and 𝐶4 are integration constants and γ is the propagation constant
defined as:
𝛾 = √𝑍𝑌 = √(𝑅 + 𝑠𝐿 )(𝐺 + 𝑠𝐶)
2.2.1

(2.6)

Characteristic Admittance and Impedance
To solve equations (2.4) and (2.5) the concept of characteristic admittance is used.

Substituting equation (2.4) in (2.1) and solving for current 𝐼:

𝐼(𝑧, 𝑠) = −𝑍

−1

𝑑(𝐶1 𝑒 −𝛾𝑧 + 𝐶2 𝑒 𝛾𝑧 )
= 𝑌𝑜 (𝐶1 𝑒 −𝛾𝑧 + 𝐶2 𝑒 𝛾𝑧 )
𝑑𝑧

(2.7)

𝑌𝑜 is the characteristic admittance of the line. It defines the relationship between voltage
and current waves. According to (2.7), 𝑌𝑜 is obtained from
𝑌𝑜 = 𝑍 −1 𝛾

(2.8)

Substituting (2.6) in (2.8):
𝑌

𝑌𝑜 = √𝑍

The characteristic impedance 𝑍𝑜 can be found from the inverse of the characteristic
admittance 𝑌𝑜 as follows [22]:
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(2.9)

𝑍𝑜 =

2.2.2

1
𝑍
= √
𝑌𝑜
𝑌

(2.10)

Transfer Matrix Model (ABCD Matrix) for Single Phase Transmission Line
Applying boundary conditions at the sending and receiving node of the line

(𝑧 = 0 and 𝑧 = 𝑙), as shown in Figure 2.2, the transfer matrix model of the line is
obtained as follows [23] [22]:
𝑉
𝐴
[ 𝑙] = [
𝐼𝑙
𝐶

𝐵 𝑉0
][ ]
𝐷 𝐼0

(2.11)

where
𝐴 = cosh(𝛾𝑙)

(2.12)

𝐵 = − 𝑍0 sinh(𝛾𝑙)

(2.13)

𝐶 = 𝑌0 sinh(𝛾𝑙)

(2.14)

𝐷 = − cosh(𝛾𝑙)

(2.15)

𝑉0 and 𝐼0 are the voltage and current at the sending node, 𝑉𝑙 and 𝐼𝑙 are the voltage and
current at the receiving node, and 𝑙 is the length of the transmission line.
𝐼0

𝐼𝑙

+

+

𝑉0

𝑉𝑙

−

−
𝑧=𝑙

𝑧=0

Figure 2.2 Boundary conditions for single phase transmission line
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𝐼0
+





𝑉0

𝐼𝑙
+

𝑉𝑙
−

−

𝑧=𝑙

𝑧=0

Figure 2.3 Boundary conditions for three phase transmission line
2.2.3

Admittance Matrix Model for Single Phase Transmission Line (𝑌𝑏𝑢𝑠 )
After some algebraic manipulations of the transfer matrix model defined by

(2.11), an admittance matrix model is obtained as follows:
𝐼
𝑌
[ 𝑜 ] = [ 𝑆𝑆
𝐼𝑙
−𝑌𝑅𝑆

−𝑌𝑆𝑅 𝑉0
][ ]
𝑌𝑅𝑅 𝑉𝑙

(2.16)

𝑌𝑆𝑆 = 𝑌𝑅𝑅 = 𝑌0 coth(𝛾𝑙)

(2.17)

𝑌𝑆𝑅 = 𝑌𝑅𝑆 = 𝑌0 csch(𝛾𝑙)

(2.18)

where

𝑌𝑆𝑆 , 𝑌𝑆𝑅 , 𝑌𝑅𝑆 , and 𝑌𝑅𝑅 are the elements of the admittance matrix model [22]. The two-port
representation of this model is shown in Figure 2.4.
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𝐼0

𝐼𝑙

𝑌𝑆𝑅 = 𝑌𝑅𝑆

+

+

𝑌𝑅𝑅 − 𝑌𝑅𝑆 𝑉𝑙

𝑌𝑆𝑆 − 𝑌𝑆𝑅

𝑉0

−

−

Figure 2.4 Admittance matrix model
2.2.4

Transfer Matrix Model (ABCD Matrix) for Multiconductor Transmission Line
For the multiconductor case, parameters 𝐙 and 𝐘 from the telegrapher equations

are matrices of size 𝑛 × 𝑛, where 𝑛 is number of conductors. Also, 𝐕 and 𝐈 are column
vectors of length 𝑛. Applying modal decomposition to decouple the system, the transfer
matrix model of a multiconductor line is defined, as follows:
𝐕
𝐀
[ 𝑙] = [
𝐈𝑙
𝐂

𝐁 𝐕0
][ ]
𝐃 𝐈0

(2.19)

where
𝐀 = cosh(𝚿𝑙)

(2.20)

𝐁 = − sinh(𝚿𝑙)𝐙0

(2.21)

𝐂 = 𝐘0 sinh(𝚿𝑙

(2.22)

𝐃 = − 𝐘0 cosh(𝚿𝑙)𝐙0
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(2.23)

𝚿 is the constant propagation matrix of the line, defined as follows:
𝚿 = 𝐌√𝛌 𝐌−1

(2.24)

𝝀 and M are the eigenvalue and eigenvector matrices of the product ZY, respectively. 𝐙0
is the characteristic impedance matrix of the line, and 𝐘0 is the characteristic admittance
matrix of the line defined as follows [3]:
𝐘0 = 𝐙−1 𝚿
2.2.5

(2.25)

Admittance Matrix Model for Multiconductor Transmission Line (𝐘𝑏𝑢𝑠 )
By means of an algebraic manipulation of (2.192.192.19), the admittance matrix

model of a multiconductor transmission line is obtained [3]:
𝐈
𝐘
[ 𝑜 ] = [ 𝑆𝑆
𝐈𝑙
−𝐘𝑅𝑆

−𝐘𝑆𝑅 𝐕0
][ ]
𝐘𝑅𝑅 𝐕𝑙

(2.26)

𝐘𝑆𝑆 = 𝐘𝑅𝑅 = 𝐘0 coth(𝚿𝑙)

(2.27)

𝐘𝑆𝑅 = 𝐘𝑅𝑆 = 𝐘0 csch(𝚿𝑙)

(2.28)

where

The time domain response of the line is obtained by solving (2.26) for the voltages vector
and transforming the solutions to the time domain by means of the inverse numerical
Laplace transform, as described in Appendix B.
2.3

Applications
The transmission line modeling approach described in the previous sections is

applied to two different cases. In the first one, a single phase transmission line is
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analyzed. In the second application example, a multiconductor transmission line is
considered. Both application examples were validated by means of electromagnetic
transients program ATP.
2.3.1 Single phase transmission line
The first application example corresponds to a single phase line with the
parameters listed in Table 2.1. These parameters do not represent any particular real
transmission line; they are considered only for simulation purposes and validation of the
model. A unit step voltage source is applied at the sending node of the line, while the
receiving end is left open, as shown in Figure 2.5. Figure 2.6 shows the voltage at the
receiving node obtained by the frequency domain model and compared with ATP.
Table 2.1 Parameters for the single phase transmission line example
Line length

100 km

Line height

30 m

Conductor radius

0.01 m

Ground resistivity

100 Ωm
2.6110−8 Ωm

Conductor resistivity
Source voltage

1 p.u.

Observation Time

0.01 sec

14

S

L= 100 km

R

1 p. u

Figure 2.5 Single phase line configuration with unit step excitation
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Figure 2.6 Transient voltage for the single phase transmission line example
2.3.2 Multiconductor Transmission Line
Table 2.2 shows the parameters for the simulation of a multiconductor line. As in
the previous example, the parameters for this example are for validation purposes only
and do not correspond to a real case. In this example, a unit step voltage source is
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connected at phase A of the sending node, while the other two phases (B and C) are left
open. Also, the receiving node is left open (all phases), as shown in Figure 2.7. Voltages
at the receiving node obtained with the frequency domain model and validated with ATP
for phases A, B, and C are shown in Figures 2.8, 2.9, and 2.10, respectively.
Table 2.2 Parameters for Multiconductor transmission line example
Line length

100 km

Line height

10 m

Distance between phases

1m

Conductor radius

0.01 m

Ground resistivity

100 Ωm
2.6110−8 Ωm

Conductor resistivity
Source voltage

1 p.u

Observation Time

0.01 sec

L= 100 km
A

S

R

B
1 p. u

C

Figure 2.7 Multiconductors line configuration with unit step excitation
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Figure 2.8 Transient voltage for multiconductor transmission line example - Phase A
Phase B
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Figure 2.9 Transient voltage for multiconductor transmission line example - Phase B
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Figure 2.10 Transient voltage for multiconductor transmission line example - Phase C
2.4

Conclusions
This chapter described the frequency domain modeling of single phase and

multiconductor transmission lines for electromagnetic transient analysis. According to the
application examples, the results from the FD model are very similar to the simulation
software ATP. In addition, Figures 2.6 and 2.8 demonstrate that the transient voltage at
the receiving node of an open ended line reaches approximately two times the applied
voltage. On the other hand, Figures 2.9 and 2.10 show the transient coupling voltage
phases when only one phase is excited. The model described in this chapter will be used
in Chapters 3 and 4 to simulate the electromagnetic coupling between a transmission line
and an indirect lightning stroke.
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CHAPTER 3

MODELING OF AN ILLUMINATED TRANSMISSION LINE
3.1

Introduction
In a general sense, a transmission line excited by an external electromagnetic field

from any source is known as an illuminated line. The most common formulations to
model an illuminated line were defined by Taylor [5], Agrawal [7] and Rachidi [8]. These
formulations provide equivalent results in terms of induced total voltages and currents,
even though they take into account the electromagnetic coupling fields in different ways
[3], [24]. The illuminated transmission line model described in this chapter is used in
Chapter 4 to obtain the effect of indirect lightning on transmission lines.
3.2

Illuminated Transmission Line Model
The illuminated transmission line model implemented in this thesis is based on

Taylor’s formulation [5], which describes a transmission line excited by an external
electromagnetic field by means of series voltage and shunt current sources distributed
along the line [25], [26].
3.2.1

Incident Field
A transmission line excited by an incident electromagnetic field is considered, as

shown in Figure 3.1. The external field can be included to the line model by means of
voltage and current sources distributed along the line. As described in the following
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sections, this modeling approach can be further simplified by means of an equivalent
representation in which the effect of the incident field is included by means of current
sources connected only at the line terminals [17], [4], [27]. Finally, the solution in the
time domain is obtained by applying the inverse Numerical Laplace Transform (NLT)
(see Appendix B).
E

B

A
B

Z𝐿

Z𝑆

Z𝐿

Z𝑆

y

z

Z𝑆

Z𝐿

X

Figure 3.1 Field excited multiconductor line configuration
3.2.2

Distributed Sources
The Telegrapher Equations in the frequency domain for a multiconductor

transmission line excited by an incident electromagnetic field are defined as follows [12],
[21], [11], [26] [28]:
𝑑𝐕(𝑧, 𝑠)
= −𝐙(𝑧, 𝑠)𝐈(𝑧, 𝑠) + 𝐕𝐹 (𝑧, 𝑠)
𝑑𝑧
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(3.1)

𝑑𝐈(𝑧, 𝑠)
= −𝐘(𝑧)𝐕(𝑧, 𝑠) + 𝐈𝐹 (𝑧, 𝑠)
𝑑𝑧

(3.2)

where 𝑠 is the Laplace variable, 𝐕(𝑧, 𝑠) and 𝐈(𝑧, 𝑠) are the vectors of voltages and
currents along the propagation axis 𝑧, 𝐙(𝑧, 𝑠) and 𝐘(𝑧, 𝑠) are the matrices of series
impedance and shunt conductance per unit length. 𝐕𝐹 and 𝐈𝐹 are the vectors of distributed
voltage and current sources from the incident electromagnetic field defined as follows
[14], [8]:
⋮
𝐕𝐹 (𝑧, 𝑠) = 𝑠 [∫

ℎ𝑖 (𝑧)

𝐵𝑥,𝑖 (𝑧, 𝑠)𝑑𝑦 + 𝐸𝑧,𝑖 (0, 𝑠)]

(3.3)

0

⋮
⋮
𝐈𝐹 (𝑧, 𝑠) = −𝐘(𝑧) [∫

ℎ𝑖 (𝑧)

𝐸𝑦,𝑖 (𝑧, 𝑠)𝑑𝑦]

(3.4)

0

⋮
where ℎ𝑖 (𝑧) is the height of the 𝑖 𝑡ℎ conductor; 𝐵𝑥,𝑖 (𝑧, 𝑠) and 𝐸𝑦,𝑖 (𝑧, 𝑠) are the transversal
magnetic field and vertical electric field components on the 𝑖 𝑡ℎ conductor in the Laplace
domain, respectively. On the other hand, 𝐸𝑧,𝑖 (0, 𝑠) is the horizontal electric field at
ground level due to the finite ground conductivity [29], [8], [13], [30].
According to the matrix exponential concept and modal decomposition, the solution to
(3.3) and (3.4) for a line segment ∆𝑧 in terms of the chain matrix 𝚽(∆𝑧, 𝑠) is given by

[

𝑧+∆𝑧
𝐕(𝑧 + ∆𝑧, 𝑠)
𝐕 (τ, 𝑠)
𝐕(𝑧, 𝑠)
] = 𝚽(∆𝑧, 𝑠) [
]+ ∫
𝚽(𝑧 − 𝜏, 𝑠) [ 𝐹
] 𝑑𝜏
𝐈(𝑧 + ∆𝑧, 𝑠)
𝐈(𝑧, 𝑠)
𝐈𝐹 (τ, 𝑠)
𝑧
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(3.5)

where

𝚽(∆𝑧, 𝑠) = [

cosh(𝚿∆𝑧)
−𝐘0 sinh(𝚿∆𝑧)

−𝐘0 −1 sinh(𝚿∆𝑧)
]
cosh(𝚿∆𝑧)

(3.6)

𝚿 is the phase domain constant propagation matrix of the line segment given by (2.24),
and 𝐘0 is the characteristic admittance matrix of the line segment.
Eq. (3.5) relates currents and voltages from one end of the line segment with the same
variables on the other end. If the line segment is electrically small, the integral in (3.5)
can be approximated as:

𝑧+∆𝑧
𝚽(𝑧
∫𝑧

𝐕 (τ, 𝑠)
𝐕 (𝑧, 𝑠)∆𝑧
− 𝜏, 𝑠) [ 𝐹
] 𝑑𝜏 ≈ [ 𝐹
]
𝐈𝐹 (τ, 𝑠)
𝐈𝐹 (𝑧, 𝑠)∆𝑧

(3.7)

According to (3.5) and (3.7), the effect of an electromagnetic field can be included in the
line model by means of the addition of voltage and current sources at each line segment,
as shown in Figure 3.2:

[

3.2.3

𝐕(𝑧, 𝑠)
𝐕 (𝑧, 𝑠)∆𝑧
𝐕(𝑧 − ∆𝑧, 𝑠)
] = 𝚽(∆𝑧, 𝑠) [
]+ [ 𝐹
]
𝐈(𝑧, 𝑠)
𝐈(𝑧 − ∆𝑧, 𝑠)
𝐈𝐹 (𝑧, 𝑠)∆𝑧

(3.8)

Lumped Sources
Applying boundary conditions at 𝑧 = 0 and 𝑧 = 𝑙 , where 𝑙 is the total length of

the line, an equivalent illuminated line model can be obtained, in which the incident field
is included by means of lumped sources connected only at the far end terminal of the line
[17], [26], [3], [4]:
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𝑀

𝐕(𝑙, 𝑠)
𝐕 (𝑙, 𝑠)
𝐕(0, 𝑠)
[
] = ∏ 𝚽 (𝑀+1−𝑖) [
] + [ 𝐹𝑇
]
𝐈(𝑙, 𝑠)
𝐈(0, 𝑠)
𝐈𝐹𝑇 (𝑙, 𝑠)

(3.9)

𝑖=1

where 𝚽 𝑖 is the chain matrix for the 𝑖 𝑡ℎ line segment. The first right hand side term of
(3.9) corresponds to the total chain matrix for the unexcited line. The second term on the
right hand side of (3.9) is defined as follows [3]:
𝑀−1

𝑀−𝑖−1

𝐕 (𝑙, 𝑠)
𝐕 (𝑖∆𝑧, 𝑠)∆𝑧
[ 𝐹𝑇
] = ∑ {[ ∏ 𝚽 (𝑀−𝑛) ] [ 𝐹
]}
𝐈𝐹𝑇 (𝑙, 𝑠)
𝐈𝐹 (𝑖∆𝑧, 𝑠)∆𝑧
𝑖=1

(3.10)

𝑛=0

When ∆𝑧 → 0, Eq. (3.10) becomes
𝑙
𝐕𝐹𝑇 (𝑙, 𝑠)
𝐕 (𝑧, 𝑠)
[
] = ∫ 𝚽(𝑙 − 𝑧, 𝑠) [ 𝐹
] 𝑑𝑧
𝐈𝐹𝑇 (𝑙, 𝑠)
𝐈𝐹 (𝑧, 𝑠)
0

(3.11)

Eq. (3.10) corresponds to the convolution in 𝑧 between the chain matrix of the line and
the vector of distributed sources.
𝐕𝐹 (𝑧, 𝑠)∆𝑧

𝐈(𝑧 − ∆𝑧, 𝑠)



+
𝐕(𝑧 − ∆𝑧, 𝑠)
−

𝚽𝒊

𝐈𝐹 (𝑧, 𝑠)∆𝑧

𝐈(𝑧, 𝑠)
+
𝐕(𝑧, 𝑠)
−

Figure 3.2 Representation of an illuminated line segment
𝐕𝐹𝑇 (𝑙, 𝑠)

𝐈(0, 𝑠)



+
𝐕(0, 𝑠)
−

𝚽(𝑙, 𝑠)

𝐈𝐹𝑇 (𝑙, 𝑠)

𝐈(𝑙, 𝑠)
+
𝐕(𝑙, 𝑠)
−

Figure 3.3 Illuminated line representation through equivalent sources
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3.2.4

Two-Port Model for an Illuminated Transmission Line
After some algebraic manipulations of (3.9) and including admittances at the ends

of the line, the following equation is obtained, which describes a two-port admittance
matrix model with electromagnetic field excitation [24]:

[

𝐈(0, 𝑠)
𝐘 + 𝐘𝑆
] = [ 𝑆𝑆
−𝐘𝑅𝑆
𝐈(𝑙, 𝑠)

−𝐘𝑆𝑅
𝐈 (0, 𝑠)
𝐕(0, 𝑠)
][
] + [ 𝑆𝐶
]
𝐘𝑅𝑅 + 𝐘𝐿 𝐕(𝑙, 𝑠)
𝐈𝑆𝐶 (𝑙, 𝑠)

(3.12)

The direction of 𝐈(𝑙, 𝑠) has been reversed considering injected currents for nodal analysis.
The current sources connected at the ends of the line represent the incident
electromagnetic field [3], as shown in Figure 3.4. The nodal admittance matrix elements
are given by:

𝐘𝑆𝑆 = − 𝚽12 −𝟏 𝚽11
𝐘𝑆𝑅 = 𝐘𝑅𝑆 = − 𝚽12 −𝟏 = −𝚽22 𝚽12 −𝟏 𝚽11 +𝚽21

(3.13)

𝐘𝑅𝑅 = − 𝚽22 𝚽12 −𝟏
The current sources at the ends of the line are defined as follows:
𝐈𝑆𝐶 (0, 𝑠) = − 𝚽12 −𝟏 𝐕𝐹𝑇 (𝑙, 𝑠)
(3.14)
𝐈𝑆𝐶 (𝑙, 𝑠) = 𝚽22 𝚽12

−𝟏

𝐕𝐹𝑇 (𝑙, 𝑠) − 𝐈𝐹𝑇 (𝑙, 𝑠)

where 𝚽11 , 𝚽12 , 𝚽21 , and 𝚽22 are the elements of the chain matrix for the complete
line.
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B
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𝐈𝑆𝐶 (𝑙, 𝑠)

𝐈𝑆𝐶 (0, 𝑠)

Figure 3.4 Model of the illuminated line by injected current sources at line terminals
3.3

Applications
Three application examples are considered. In the first application example, a

single phase line is excited by distributed series voltage sources. Then, the same line is
excited by distributed series voltage and shunt current sources. Finally, a multiconductor
line was excited by distributed series voltage sources. These examples are used to obtain
the effect of distributed sources over the transmission lines. The distributed sources are
unit steps and do not represent real cases.
3.3.1

Single Phase Line Excited by Distributed Series Voltage Sources
In this application example, a single phase line with the parameters listed in Table

3.1 is excited by distributed voltage sources. The line is divided in 20 equal segments,
and the distributed series voltage sources are connected between those segments. The
results obtained with the frequency domain model (denoted as NLT) are validated by
means of electromagnetic transients program ATP. Figure 3.5 shows the line
representation using software ATP. For (3.10), 𝐕F = 1 p. u. and 𝐈F = 0. Figure 3.6 shows
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the induced voltage at the ends of the line (ends A and B). The results from both methods
are very similar.
Table 3.1 Parameters for single phase line excited by distributed series voltage sources
Line length

600 m

Line height

30 m

Conductor radius

0.01 m

Ground resistivity

100 Ωm

Number of line segments

20
2.6110−8 Ωm

Conductor resistivity
Observation Time

0.03 ms
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Resistances connected at both ends
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Figure 3.5 Circuit developed in ATP for an illuminated line excited by distributed series
voltage sources
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Figure 3.6 Induced voltage at the ends of a single phase line
3.3.2

Single Phase Line Excited by Distributed Series Voltage and Shunt Current

Sources.
The same line from the previous section is now excited by distributed voltage and
current sources: 𝐕F = 1 p. u and 𝐈F = 1 p. u. Figure 3.7 shows the circuit developed in
ATP. Figure 3.8 shows the induced voltage at the ends of A and B. Again, the results
from the frequency domain model and from ATP are very similar.
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Figure 3.7 Circuit developed in ATP for an illuminated line excited by distributed series
voltage and shunt current sources
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Figure 3.8 Induced voltage at the ends of the single phase line
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3.3.3

Multiconductor Line Excited by Distributed Series Voltage Sources
As a third application example, a multiconductor line with the parameters listed in

Table 3.2 is considered. The distributed sources per phase are 𝐈F = 0 and 𝐕F = 1 p. u. Eq.
(3.12) was used to obtain the overvoltages for all phases of the line terminals. Figures
3.10, 3.11 and 3.12 illustrate the results from the frequency domain model and are
validated with ATP by dividing the line in 20 equal segments, as shown in Figure 3.9.
Table 3.2 Parameters for multiconductor line excited by distributed series voltage sources
Line length

600 m

Line height

10 m

Conductor radius

0.01 m

Distance between phases

2m

Number of line segments

20
100 Ωm

Ground resistivity

2.6110−8 Ωm

Conductor resistivity
Observation Time

0.03 ms

Resistances connected at both ends

29

522 

+

V
V

A

LCC

+

+

LCC

LCC

LCC

+

+

+

+

+

+

+

+

V

+
LCC

+

+

LCC

LCC

+
LCC

+

+

+

+

+

+

+

+

+

+

+

+

LCC

LCC

LCC

LCC

+

+

+

+

+

+

+

+

+

+

+

+

LCC

LCC

LCC

LCC

+

+

+

+

+

+

+

+

+
LCC

+

+
LCC

+
LCC

+
LCC

V

LCC

+

+

+

+

+

+

+

+

V

B

V

Figure 3.9 Circuit developed in ATP for a multiconductor illuminated line excited by
distributed series voltage sources
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Figure 3.10 Induced voltage at the ends of phase A for multiconductor line
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Figure 3.11 Induced voltage at the ends of phase B for multiconductor line
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Figure 3.12 Induced voltage at the ends of phase C for multiconductor line
3.4

Conclusions
In this chapter, a frequency domain method for electromagnetic transient analysis

of illuminated transmission lines has been described and implemented. To compute the
effect of incident electromagnetic fields along the transmission line, distributed sources
are included in the line model, which are further reduced to equivalent lumped sources by
means of cascaded connection of chain matrices. By means of several test cases, a high
level of agreement between the results from the frequency domain model and the
simulation software ATP were observed.
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CHAPTER 4

COMPUTATION OF INCIDENT ELECTROMAGNETIC FIELD AND
DESCRIPTION OF GENERAL CODE WITH TEST CASES
4.1

Introduction
The effect of lightning on transmission and distribution lines can be classified in

direct and indirect lightning phenomena. As expected, direct lightning strokes produce
higher overvoltages than indirect strokes. However, since indirect lightning is much more
frequent than direct lightning [31], [32], [19], [20], understanding the mechanism of the
incident electromagnetic fields generated by indirect lightning strokes is necessary as part
of the design and coordination of insulation and protection elements [9], [26], [24], [33].
The travelling waves produced by these electromagnetic fields along the transmission
lines can affect the lines or any equipment connected to them.
This chapter describes the procedure followed to create a general code using
MATLAB program to obtain terminal current sources representing indirect lightning,
which are used as external sources for the EMTP-type programs ATP and PSCAD. This
general code makes the computation of the effect of indirect lightning easier for the user,
since a deep knowledge of the modeling approach behind this computation is not
required. The inputs required by the user are the simulation data (observation time and
number of samples), the transmission line data (geometrical and electrical parameters),
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and the lightning data (stroke location, cloud’s height, etc.). After introducing these data,
the outputs received by the user are the terminal current vectors related to indirect
lightning. Finally, the user can use these vectors in ATP or PSCAD to simulate the
transient response of a transmission line excited by indirect lightning.
4.2

Computation of Incident Electromagnetic Field
The geometrical configuration in Figure 4.1 shows a transmission line exited by

an incident electromagnetic field from a nearby lightning stroke. Assuming ground as a
perfect conductor, Master and Uman defined the components of electric and magnetic
field produced by a differential segment of a lightning channel [2]. The corresponding
terms in the frequency domain are defined as follows [34], [3]:

𝑑𝐸𝑟 (𝑟, 𝑦, 𝑠) =

𝑑𝑦
𝐼(𝑦, 𝑠)
4𝜋ε0
(4.1)
× exp(−

𝑑𝐸𝑦 (𝑟, 𝑦, 𝑠) =

𝑅𝑠 3𝑟(ℎ − 𝑦) 3𝑟(ℎ − 𝑦) 𝑟(ℎ − 𝑦)𝑠
)[
+
+
]
𝑠
𝑅5𝑠
𝑐𝑅 4
𝑐 2𝑅3

𝑑𝑦
𝐼(𝑦, 𝑠)
4𝜋ε0
2

× exp(−

𝑑𝐵(𝑟, 𝑦, 𝑠) =

2

2

2

2

(4.2)

𝑅𝑠 2(ℎ − 𝑦) − 𝑟
2(ℎ − 𝑦) − 𝑟
𝑟 𝑠
)[
+
+ 2 3]
5
4
𝑠
𝑅 𝑠
𝑐𝑅
𝑐 𝑅

𝜇0 𝑑𝑦
𝑅𝑠 𝑟
𝑟
𝐼(𝑦, 𝑠)exp(− ) [ 3 + 2 ]
4𝜋
𝑠 𝑅
𝑐𝑅

(4.3)

where 𝐼(𝑦, 𝑠) is the Laplace domain image of the lightning channel current, h is the
height of the line, c is the speed of light in free space, and r is the horizontal distance
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between a point of the line along the lightning channel and the 𝑧 axis. The current from
the lightning channel propagating towards the cloud is defined from the modified
transmission line model with exponential decay (MTLE) as follows [35]:
𝐼(𝑦, 𝑠) = exp(−∝ 𝑦) exp (−

𝑦𝑠
) 𝐼(0, 𝑠)
𝑣

(4.4)

where 𝐼(0, 𝑠) is the initial current (channel current at ground level), 𝑣 and ∝ are the
velocity and the attenuation constant of the current in vertical direction (towards the
cloud), respectively. By numerical integration of (4.2), (4.3), and (4.3) from 𝐻 to −𝐻,
where 𝐻 is the height of the cloud (see Figure 4.1), the field components corresponding
to the complete lightning channel are obtained. In order to consider the ground of finite
conductivity, Cooray-Rubinstein expression is applied [36]

Ẽ𝑟 (𝑟, 𝑦, 𝑠) = 𝐸𝑟 (𝑟, 𝑦, 𝑠) −

𝑐𝐵(𝑟, 0, 𝑠)
√ε𝑟𝑔 + 1/(ε0 𝜌𝑔 𝑠)

(4.5)

where Ẽ𝑟 (𝑟, 𝑦, 𝑠) is the horizontal electric field, 𝐵(𝑟, 0, 𝑠) is the magnetic field at ground
level assuming ground is a perfect conductor, 𝜌𝑔 is the ground resistivity, and ε𝑟𝑔 is the
relative ground permittivity.
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𝑦
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𝑥
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Figure 4.1 Geometrical configuration for the electromagnetic coupling between the
lightning channel and a transmission line
4.3

Description of General Code
The general code is divided in single phase line and multiconductor line. The

block diagram from Fig. 4.2 shows the steps for using the code. Each step is explained in
detail below.
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Start

Introduce data

Step 1

Step 2

Run the code

Step 3

Extract currents for
EMTP-type program

Step 4

Construct circuit in
EMTP using the currents
from the previous step

Step 5

Run EMTP to obtain the
transient response

Figure 4.2 Block diagram for the general code
Step 1

Introduce data.

The data introduced in this step are listed below:
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1- Parameters related to the transmission line: Height of the line, length of the line,
conductor radius, distance between phases (for multiconductor line), ground
resistivity, and conductor resistivity.
2- Data related to simulation process: Number of discrete samples (𝑁) and
simulation time (𝑇).
3- Data related to lightning channel: Cloud’s height, and coordinates of the point of
stroke impact 𝑃(𝑧𝑝 , 𝑥𝑝 ), which are measured from the sending node of the line, as
shown in Figure 4.3 [26].

𝑧𝑝

S

R

Transmission line
𝑧

𝑥𝑝

𝑃(𝑧𝑝 , 𝑥𝑝 )

𝑥

Figure 4.3 Coordinates of the point of impact

Step 2

Run the code.
After running the code, current sources will be saved automatically in the format

required by the simulation program. No further input is required from the user at this
step.
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Step 3

Extract currents for EMTP-type program.
For the single phase line code, there are two text files corresponding to current

source vectors that are saved in the main folder (the folder where the Matlab file is
saved). These files are used in ATP or PSCAD as terminal current sources connected at
the ends of the line.
For the multiconductor line case, six text files corresponding to current source
vectors are generated. Three of them are for the sending node (one for each phase), and
the three remaining files are for the receiving node. The inclusion of these text files in
ATP or PSCAD for single phase and multiconductor lines is explained in the next step.
Step 4

Construct circuit in EMTP using the currents from the previous step.

For ATP, the procedure is as follows:
1- Select the line model (LCC) and enter the same line parameters from Step 1.
2- At the ends of the line, add matching resistors with the value computed according
to (4.6). These resistors should be grounded, as shown in Figures 4.4 and 4.5.

𝑍𝑆 = 𝑍𝐿 = 60 log(

2ℎ
)
𝑟

(4.6)

In (4.6) 𝑍𝑆 and 𝑍𝐿 represent source and load resistors connected at the ends of the line to
avoid reflections, ℎ is the height of conductor, and 𝑟 is the conductor radius.
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Figure 4.4 Circuit developed in ATP for an illuminated single phase line
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Figure 4.5 Circuit developed in ATP for an illuminated multiconductor line
3- Add “empirical type 1” sources at the ends of the line as shown in Figures 4.4 and
4.5. Then, use the text files from Step 3 as input data for the sources, as explained
below:
a- Go to the characteristic section from each “empirical type 1” source (Figure
4.6).
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b- Check the “include characteristic” box. Then, from the “external
characteristic” section (bottom), click on “edit”, as shown in Figure 4.6.

Figure 4.6 Steps a and b for the inclusion of external currents from text file in ATP
c- A new window will open, as shown in Figure 4.7. Click on “import” from the
“file” drop-down menu. Open the text file described in Step 3, then click on
“done”.

Figure 4.7 Step c for the inclusion of external currents from text file in ATP
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For PSCAD, the procedure is as follows:
1- Select the line model (Tline_1) and enter the same line parameters from Step 1.
2- At the ends of the line, add matching resistors, similarly to the procedure used for
ATP (see Figures 4.8 and 4.9).

Figure 4.8 Circuit developed in PSCAD for an illuminated single phase line

Figure 4.9 Circuit developed in PSCAD for an illuminated multiconductor line
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3- Add current sources at the ends of the line as shown in Figures 4.8 and 4.9. Then,
connect an “X-Y Transfer Function” to each source to include the text files saved
in step 3, as explained below:
a- Open the current source and select “Yes” for “External Control”, as shown in
Figure 4.10.

Figure 4.10 Step a for the inclusion of external currents from text file in PSCAD
b- Open the X-Y Transfer Function and choose “File” from “Data entry
method”, as shown in Figure 4.11.
c- From the drop-down menu in the X-Y Transfer Function select “Data filename”.
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Figure 4.11 Steps b and c for the inclusion of external currents from text file in PSCAD
d- From “Data - filename”, use “Absolute Pathname” to provide each text file
name as an absolute path (e.g. C:\filename.txt), as illustrated in Figure 4.12.

Figure 4.12 Step d for the inclusion of external currents from text file in PSCAD
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For the multiconductor case, resistors and terminal current sources should be included
per conductor at both ends of the line, as shown in Figures 4.5 and 4.9.
Step 5

Run EMTP-type program to obtain the transient response

After performing Steps 1 to 4, the EMTP-type program is ready to run in order to
obtain the transient response. The user should use the same time step and simulation time
used in the general code.
4.4

Test Case in ATP Program and Validation with NLT
The general code is used in the following application examples to simulate the

effect of indirect lightning on transmission lines. Single phase and multiconductor line
cases are considered, comparing the results from each EMTP-type program (ATP and
PSCAD) with those from the frequency domain method and the application of the
numerical Laplace transform (NLT).
4.4.1 Application Example for Single Phase Line in ATP
This application example corresponds to a single phase line with the parameters
listed in Table 4.1. The line is excited by an indirect lightning stroke according to the
parameters from Table 4.2. An observation time of 9.5 μs and a number of samples of
1024 are considered for the simulations. Using the configuration shown in Figure 4.3,
three different points of impact for the lightning stroke are simulated, as shown in Table
4.2. Figures 4.13, 4.14, and 4.15 show the transient voltage obtained at the sending and
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receiving nodes of the line (S and R, respectively); the results from NLT and ATP are
very similar.
Table 4.1 Parameters for single phase line
Line length

500 m

Line height

10 m

Conductor radius

0.0075 m

Ground resistivity

100 Ωm
3.2110−8 Ωm

Conductor resistivity

Table 4.2 Lightning channel data
Height of cloud

1200 m

Coordinate from point of impact 𝑧𝑝

150, 300, 400 m

Coordinate from point of impact 𝑥𝑝

50, 60, 70 m
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Figure 4.13 Induced voltages at the ends of a single phase line for point of impact
P(150,50) - ATP
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Figure 4.14 Induced voltages at the ends of a single phase line for point of impact
P(300,60) - ATP
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Figure 4.15 Induced voltages at the ends of a single phase line for point of impact
P(400,70) - ATP
The specific point of impact 𝑃(𝑧𝑝 , 𝑥𝑝 ) (see Figure 4.3) affects the magnitude and
waveform of the transient voltage induced in the line. As expected, the magnitude of
induced voltage is larger at the node closer to the point of impact, as illustrated in Figures
4.13 to 4.15.
4.4.2 Application Example for Multiconductor Line in ATP
The general code is applied in this section to obtain the effect of indirect lightning
on a multiconductor line. The main data of the line and the lightning channel for this
example are listed in Tables 4.3 and 4.4, respectively. The observation time and number
of samples for this test case are 10 μs and 1024, respectively. The simulations were
performed for three different values of the point of impact, as shown in Table 4.4.
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According to the arrangement shown in Figure 4.3, 𝑥𝑝 is the distance between the
lightning stroke channel and the middle conductor (Phase B). Figures 4.16, 4.17 and 4.18
show the induced voltage obtained at the sending and receiving nodes. A high level of
agreement between the results from ATP and NLT can be noticed.
Table 4.3 Parameters for multiconductor line
Line length

200 m

Line height

10 m

Distance between conductors

2m

Conductor radius

0.0075 m

Ground resistivity

100 Ωm
3.2110−8 Ωm

Conductor resistivity

Table 4.4 Lightning channel data
Height of cloud

1200 m

Coordinate from point of impact 𝑧𝑝

25, 50, 175 m

Coordinate from point of impact 𝑥𝑝

50, 60, 70 m
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Figure 4.16 Induced voltages at the ends of a multiconductor line for point of impact
P(25,50) - ATP
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Figure 4.17 Induced voltages at the ends of a multiconductor line for point of impact
P(50,60) - ATP
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Figure 4.18 Induced voltages at the ends of a multiconductor line for point of impact
P(175,70) - ATP
4.5

Test Case in PSCAD Program and Validation with NLT
Two application examples are considered in this section. In the first application

example, a single phase line is excited by indirect lightning. Then, a multiconductor line
is excited by the same phenomenon. The results obtained with PSCAD are validated by
means of comparisons with a frequency domain method based on the application of the
NLT.
4.5.1 Application Example for Single Phase Line in PSCAD
The same line and lightning channel parameters from section 4.4.1 are considered in
this section. Figures 4.19, 4.20 and 4.21 show the induced voltages obtained with PSCAD
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and NLT at the ends of the line; a high level of agreement between waveforms can be
observed.

x 10

4

7

Induced Voltage
Induced Voltage
Induced Voltage
Induced Voltage

6

at end S - NLT
at end R - NLT
at end R - PSCAD
at end S - PSCAD

Voltage (V)

5
4
3
2
1
0
-1
0

1

2

3

4
5
Time (sec)

6

7

8

9
x 10

-6

Figure 4.19 Induced voltages at the ends of a single phase line for point of impact
P(150,50) - PSCAD

52

6

x 10

4

Induced Voltage
Induced Voltage
Induced Voltage
Induced Voltage

5

at end S - NLT
at end R - NLT
at end R - PSCAD
at end S - PSCAD

Voltage (V)

4

3

2

1

0

-1
0

1

2

3

4
5
Time (sec)

6

7

8

9
x 10

-6

Figure 4.20 Induced voltages at the ends of a single phase line for point of impact
P(300,60) - PSCAD
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Figure 4.21 Induced voltages at the ends of a single phase line for point of impact
P(400,70) - PSCAD
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4.5.2 Application Example for Multiconductor Line in PSCAD
In this application example, the same parameters for the line and lightning
channel used in section 4.4.2 are considered. Figures 4.22, 4.23 and 4.24 show the
induced voltages obtained with PSCAD and NLT at the sending and receiving nodes.
Similarly to the previous examples, the results from both simulation methods are very
similar.
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Figure 4.22 Induced voltages at the ends of a multiconductor line for point of impact
P(25,50) - PSCAD
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Figure 4.23 Induced voltages at the ends of a multiconductor line for point of impact
P(50,60) - PSCAD
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Figure 4.24 Induced voltages at the ends of a multiconductor line for point of impact
P(175,70) - PSCAD
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4.6

Conclusions
This chapter described the computation of incident electromagnetic fields from

indirect lightning. A description of the general code implemented for this purpose was
presented step by step. In order to obtain the effect of electromagnetic coupling between
a transmission line and an indirect lightning stroke, several application examples were
performed using transient simulation programs ATP and PSCAD, comparing the results
with a frequency domain method based on the numerical Laplace transform. According
to the results from all cases, a high level of agreement between the results from the
EMTP-type programs and the frequency domain model were observed.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK
The simulation of the effect of indirect lightning on transmission lines is very
important for the design of insulation and protection elements. This thesis presents and
implements a general code to calculate the effect of nearby lightning strokes on
transmission lines. The explanation of the general code follows the block diagram
presented in Chapter 4. The main objective of the general code is to obtain terminal
currents sources representing electromagnetic fields induced by indirect lightning and use
them as external sources for the simulation programs ATP and PSCAD. The illuminated
transmission line model described in Chapter 3 is applied to create the general code. The
results from this thesis yield the following conclusions:
1- According to the comparisons provided, the results from the general code match
those from the frequency domain method used as base solution for all the cases
considered.
2- The user of the general code does not require a deep knowledge of the model
definition, parameter computation or numerical tools used. It is sufficient to
introduce the correct inputs, run the code and apply the resulting files as external
current sources in the software selected (PSCAD or ATP), as explained in
Chapter 4 of this thesis.
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3- The general code allows considering the effect of an indirect lightning stroke
impacting the ground at any point near the line, and for different types of
transmission line configurations.
4- According to the results from Chapter 4, the point of impact 𝑃(𝑧𝑝 , 𝑥𝑝 ) of the
lightning stroke affects the magnitude and waveform of the induced transient
voltage. The voltage magnitude is larger at the node closer to the point of impact
for the cases under consideration.
The following points are some recommendations for future work:
1- Include surge arresters in the simulations.
2- Include ground wires in the tower configurations.
3- Extend the general code to nonuniform transmission lines (sagging between
towers).
4- Besides the horizontal tower configuration (all phases placed at the same height
above ground), extend the proposed method to other configurations.
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Appendix A: Electrical Parameters of the Transmission Line
A.1

Introduction
An adequate parameter computation is an essential component of transmission

line modeling and simulation. For multiconductor lines, these parameters correspond to

impedance and admittance matrices [4].
A.2

Impedance Matrix

The impedance matrix can be divided in three terms:
𝒁 = 𝒁𝑔 + 𝒁𝑒 + 𝒁𝑐

(A.1)

where 𝒁𝑔 is the geometric impedance matrix, 𝒁𝑒 is the earth return impedance matrix,

and 𝒁𝑐 is the conductor impedance matrix.
A.2.1

Geometric Impedance

The geometric impedance is given by:
𝒁𝑔 = 𝑗𝜔

𝜇𝑜
𝑷
2𝜋

(A.2)

where ω is the angular frequency, 𝜇𝑜 is the free space permeability, and 𝑷 is a matrix of
geometrical coefficients, defined as:
𝐷11
𝑅𝑒𝑞,𝑖
𝑷=
⋮
𝐷𝑛1
ln
[ 𝑑𝑛1
ln

⋯
⋱
…
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𝐷1𝑛
𝑑1𝑛
⋮
𝐷𝑛𝑛
ln
𝑅𝑒𝑞,𝑖 ]
ln

(A.3)

Applying the method of images, as shown in figure A.1, the variables in (A.3) are defined
as follows:
2

2

(A.4)

2

2

(A.5)

𝐷𝑖𝑗 = √(𝑥𝑖 − 𝑥𝑗 ) + (𝑦𝑖 + 𝑦𝑗 )
𝑑𝑖𝑗 = √(𝑥𝑖 − 𝑥𝑗 ) + (𝑦𝑖 − 𝑦𝑗 )
𝑛

𝑅𝑒𝑞,𝑖 = √𝑛 𝑟𝑖 (𝑟ℎ )𝑛−1

(A.6)

where 𝑥𝑖 and 𝑦𝑖 are the coordinates of the i𝑡ℎ phase conductor, 𝑛 is the number of
conductors in a bundle, 𝑅𝑒𝑞,𝑖 is the equivalent radius of the i𝑡ℎ phase bundle, 𝑟𝑖 , 𝑟ℎ are
the radius of the i𝑡ℎ phase conductor and the bundle radius, respectively.
𝑦
𝑖

𝑑𝑖𝑗

𝑗

𝑦𝑖

𝐷𝑖𝑗
𝑥
𝑦𝑖

𝑥𝑖

𝑥𝑗

Figure A.1 Method of images
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A.2.2

Earth Return Impedance
To compute the earth return impedance, the method of the complex penetration

depth is applied, as shown in figure A.2. This yields:
𝐷′11
ln
𝐷11
𝜇𝑜
𝒁𝒆 = 𝑗𝜔
⋮
2𝜋
𝐷′ 𝑛1
ln
[ 𝐷𝑛1

𝐷′1𝑛
⋯ ln
𝐷1𝑛
⋱
⋮
𝐷′ 𝑛𝑛
… ln
𝐷𝑛𝑛 ]

(A.7)

where
2

𝐷′ 𝑖𝑗 = √(𝑥𝑖 − 𝑥𝑗 ) + (𝑦𝑖 + 𝑦𝑗 + 2𝑝)

2

(A.8)

Complex penetration depth p is given by:

𝑝=√

𝜌𝑒
𝑗𝜔𝜇𝑒

where 𝜌𝑒 is the ground resistivity and 𝜇𝑒 is the ground permeability.
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(A.9)

𝑖

𝑝
𝑝

Figure A.2 Penetration depth representation

A.2.3

Conductor Impedance
The internal conductor impedance is due to the dc resistive component and the

skin effect phenomenon. The complex penetration depth in the conductor is defined
as follows:

𝑝𝑐 = √

𝜌𝑐
𝑗𝜔𝜇𝑐

(A.10)

The impedance of the i𝑡ℎ phase conductor is defined by:
2
2
+ 𝑍ℎ𝑓,𝑖
√𝑅𝑑𝑐,𝑖

𝑍𝑐,𝑖 ≅

𝑛
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(A.11)

where 𝑅𝑑𝑐,𝑖 and 𝑍ℎ𝑓,𝑖 are the direct current resistance and high frequency impedance of
the i𝑡ℎ phase conductor, respectively. These terms are defined as follows:
𝜌𝑐,𝑖
𝜋𝑟𝑖2

(A.12)

𝜌𝑐,𝑖
2𝜋𝑟𝑖 𝑝𝑐

(A.13)

𝑅𝑑𝑐,𝑖 =
𝑍ℎ𝑓,𝑖 =

where 𝜇𝑐,𝑖 and 𝜌𝑐,𝑖 are the permeability and resistivity of the i𝑡ℎ phase conductor,
respectively. The conductor impedance matrix of the line is defined by:

𝒁𝑐 = diag (𝑍𝑐,1 , 𝑍𝑐,2 , . . . , 𝑍𝑐,𝑛 )
A.3

(A.14)

Admittance Matrix
The admittance matrix is computed from P and the permittivity of free space 𝜀0 as

follows:

𝐘 = 𝑗𝜔2𝜋𝜀0 𝐏−1
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(A.15)

Appendix B: Numerical Laplace Transform
The numerical Laplace transform (NLT) is applied to obtain the time domain
response of the frequency domain models described in this thesis [37]-[40].
The time domain signal 𝑓(𝑡) and the frequency domain signal 𝐹(𝑠) are related by the
Laplace transform as follows:
∞

𝐹(𝑠) = ∫ 𝑓(𝑡)𝑒 −𝑠𝑡 𝑑𝑡

(B.1)

0

while the inverse Laplace transform is:
𝑐+𝑗∞

1
𝑓(𝑡) =
∫ 𝐹(𝑠)𝑒 𝑠𝑡 𝑑𝑠
2𝜋𝑗

(B.2)

𝑐−𝑗∞

where 𝑠 is the complex frequency given by:
𝑠 = 𝑐 + 𝑗𝜔

(B.3)

being 𝑐 is a positive real constant, and ω is the angular frequency. Equations (B.1) and
(B.2) can be expressed as:
∞

𝐹(𝑠) = ∫ [𝑓(𝑡)𝑒 −𝑐𝑡 ]𝑒 −𝑗𝜔𝑡 𝑑𝑡
0
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(B.4)

and
+∞

𝑒 𝑐𝑡
𝑓(𝑡) =
∫ 𝐹(𝑠)𝑒 𝑗𝜔𝑡 𝑑𝜔
2𝜋

(B.5)

−∞

When considering the numerical inversion of the Laplace transform, Gibbs
oscillations are introduced due to the truncation of the integration range. The Hanning
window (σ) is used to reduce these errors, according to the following expression:

𝜎 = 0.5 [1 + 𝑐𝑜𝑠 (0.5𝜋

1+𝑛
)]
𝑁

(B.6)

In addition, the discretization of the frequency spectrum introduces another type of error,
known as aliasing error. This is reduced by defining the correct damping factor c [41].
The following value of c is used in this thesis:
𝑐 = 2∆𝑤

(B.7)

The discretization is performed considering an odd sampling with spacing 2∆𝑤 for the
frequency domain samples, and regular time steps of ∆𝑡 for the time domain samples.
The corresponding discrete functions in time and frequency domain are:
𝑓𝑛 ≡ 𝑓(𝑛∆𝑡),

for 𝑛 = 0,1, … . , 𝑁 − 1

(B.8)

and
𝐹2𝑘+1 ≡ 𝐹(𝑐 + 𝑗(2𝑘 + 1)∆𝑤),

for 𝑘 = 0,1, … . , 𝑁 − 1

(B.9)

where 𝑁 is the number of equally spaced samples. The minimum useful time step can be
defined by:
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∆𝑡 = 𝑇/𝑁

(B.10)

being 𝑇 the observation time. Including the window function, the inverse numerical
Laplace transform can be defined as:
𝑁−1

𝑒 𝑐𝑛∆𝑡
𝑓𝑛 =
𝑅𝑒 {2 ∑ 𝐹2𝑘+1 𝜎2𝑘+1 𝑒 𝑗(2𝑘+1)𝑛∆𝑤∆𝑡 ∆𝑤}
𝜋

(B.11)

𝑘=0

Substitution of (B.8) and (B.10) into (B.12) yields
𝑁−1

𝑓𝑛 = 𝑅𝑒 {𝐶𝑛 [∑ 𝐹2𝑘+1 𝜎2𝑘+1 𝑒 𝑗2𝜋𝑘𝑛/𝑁 ]}

(B.12)

𝑘=0

where
𝐶𝑛 = 2𝑁 𝑒 𝑐𝑛∆𝑡 𝑒 𝑗𝜋𝑛/𝑁 ∆𝑤/𝜋

(B.13)

The numerical form inside the square brackets of equation (B.12) allows the use of the
Fast Fourier Transform (FFT) algorithm [37].

70

