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Abstract: The lightning performance of overhead transmission
lines is measured with the probability of backflashover. This
probability is affected by: (a) tower type, (b) grounding
arrangement, (c¢) soil resistivity, and (d) lightning activity and
lightning parameters of the area. This paper presents an
integrated model of transmission towers, tower grounding and
overhead line conductors. The model is utilized in a Monte
Carlo simulation for the purpose of predicting the lightning
performance of a transmission line. The paper presents the
models and the simulation method. Typical results for typical
transmission towers and grounding arrangements are provided.
The model reveals that the grounding arrangement as well as

the surge impedance of the transmission tower are important’

parameters affecting line performance.

1. Introduction

In most locations around the globe, the performance of medium
voltage overhead transmission lines is primarily determined by
lightning. When lightning terminates on the shield wire of a line,
an overvoltage develops across the phase insulators which may
lead to a flashover. This mechanism is well understood.
Consider Figure 1 for example. The indicated lightning will
initiate nine surges, two on the shield wire, six on the phase
wires, and one on the downlead conductor, leading to the tower
ground. The last surge, reaches the tower ground where it is
reflected. If the tower ground surge impedance is low, the
reflected surge will be of opposite polarity and when it reaches
the top of the tower will mitigate the overvoltage resulting from
the lightning current. The voltage of the phase conductors with
respect to the tower determine whether a flashover will occur.
This voltage depends on the surge characteristics of the tower
ground, the surge impedances of the shield wire, tower and

phase conductors and the lightning magnitude and rise time. -

While proper models for overhead circuits and tower have been
developed, models for grounding systems lack the necessary
attention despite their importance. This paper presents a proper
ground model for lightning performance analysis of overhead
lines.. The grounding model is based on segmenting the ground
conductors into segments of typically two to three feet long.
Subsequently, the step response of the conductively transferred
voltages as well as the step response of the inductively
produced voltages are computed by solution of Maxwell's
equations. The step responses are used in a time domain
simulation of the entire system comprising the tower, its ground
and the overhead conductors. A Monte carlo simulation is
utilized for generating the distribution of lightning overvoltages
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along the line insulator strings. The method can be used to
provide the relative merits of various transmission towers and
grounding configurations. The paper presents the models and
the analysis procedure. It also provides representative results.
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Figure 1. Transmission Line with Tower 'Grounding

2. Model Description

The system under consideration is shown in Figure 1. It'is an
overhead transmission line suspended on towers. Each tower
has a grounding system which .may consist of ground rods,
counterpoises, etc. The overhead circuit is modeled with
standard techniques introduced many years ago. [5], [6]. A
frequency dependent model with line asymmetry is used [8].
The grounding system has a rather complex behavior under
transient conditions. The grounding model is described in this
section in more detail.

Consider a system of buried conductor illustrated.in Figure 2.
The system is partitioned into N small segments. Consider two
such segments k and j. Assume a unit step current is flowing in
segment j. The flow of this current induces voltage on every
segment of the grounding system. If the conductor segment j
belongs to an earth electrode, electric current can also flow from
the surface of the segment into earth. The flow of this current
transfers voltage (by conduction) to every segment of the
grounding system. Figure 3a illustrates a typical waveform of
the average induced voltage on conductor segment k due to a
unit step electric current through conductor segment j.
Similarly, Figure 3b illustrates a typical waveform of the average
transferred voltage to a conductor segment due to a unit step
electric current flowing from the surface of the conductor

segment j into earth. The step responses of Figure 3 have been
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named Voltage Distribution Functions (VDFs) because they
provide the average voltage of a given conductor segment due
to a specific unit step current source. The exact form of the
VDFs depends on soil resistivity and permittivity, conductor
segment dimensions, orientation, etc. They are computed by
direct solution of Maxwell's equations in the semi-infinite
conducting medium of the earth. The computational procedure
is described in Appendix A.
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Figure 2. Segmentation of Ground Electrodes
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Figure 3. Typical Voltage Distribution Functions Between
Two Conductor Segments
(a) No conductive path between conductor segments
(b) Existence of a conductive path between conductor
segments (i.e. soil)

Note that the general form of the VDFs exhibits a time delay 1,
and a settling time 12-1:. The constant value, to which the VDF
settles, is zero if there is no conducting medium between the two
conductor elements, and nonzero if there is conducting medium
(soil) between the two conductor segments.

Once the VDFs have been computed for any pair of conductor
segments, then system theory procedures are used for the

analysis of voltages and currents in a grounding system due to
an arbitrary excitation. For example, the average voltage on
segment Kk is obtained by superposition of the contributions from
the currents of all segments:

’ N- ‘d .
ej(t) = F):lljs(t)*EVDF(k,J,t), k=1,2,..,N (1)

where
* represents thé convolution integral
ej;(t) is the average voltage of the element k as a
function of time induced by the earth current i(t)
emanating from the surface of the element j.
VDF(k,j,t)  is the VDF between segment k and j at time t.

For numerical computations, Equation (1) is discretized using an
integration time step h and the trapezoidal integration rule. The
final equation is in terms of e};(t), iks(t), and electric currents at
times prior to time t, i.e., t-h, t-2h, etc. In other words, the only
quantities appearing in time t are ej;(t) and iks(t). Solution of
the equation for the electric current ixs(t) yields:

iks(t) = gey;(t) + If (t-h, t-2h, ...) @2
where
Ok i is a constant résulting from the voltage
distribution function at time t = 0,
VDF(k, k, 0), )

I (t-h, t-2h, ..)) is a quantity depending on the voltage
distribution functions VDF(k, m, t) and
past history current ims(t-h), ims(t-2h),

etc., wherem=1,2, ..., N.

The above described model considers the effects of
electromagnetic wave propagation through the soil. In addition,
electromagnetic waves propagate through the ground -
conductors themselves. In order to account this effect, each
conductor segment is modeled as a transmission line with
certain parameters, Specifically, consider a ground conductor
segment. For symmetry, this conductor segment is partitioned
into two transmission lines as it is illustrated in Figure 4 together
with the model of equation (2). Note that equation (2) has been
given a simple interpretation as a resistive equivalent circuit
illustrated with the conductance gean-and the current source 17 .

The two transmission lines LL-ISEG and ISEG-LS are modeled
as frequency dependent line models, similar to the model
described in reference [4]. The analysis is computationally
intensive.  However, for short lengths of conductor half
segments, as is the case here, a simplified and efficient
computational procedure has been devised based on a
combination of - Snelson transformation and recursive
convolutions. The results of this procedure are given next. The
derivation of the equivalent circuit of Figure 5 is described next.

.
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interaction with Other Segments

Figure 4. Conductor Segment Mode!
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Figure 5. Equivalent Circuit of the Conductor Segment
: Model

First, the Snelson transformation is applied to the terminal -

voltages and currents:

f1(t) = va(t) + Z in(t) : (3)
fa(t) = va(t) + Z ift) - (4)

where Z is an arbitrarily selected resistance. It is expedient to
select Z as the limit of the characteristic impedance as
frequency goes to infinity. The currents is(t), ix(t) are the
terminal currents flowing into the transmission line at the two
ends. The voltages vi(t), vo(t), are the voltages at the two ends
of the transmission line with respect to ground. Next the
frequency dependent model! of a transmission line is recalled [5]:

a1(t) and oo(t) are the inverse Laplace transformation of
Ai(s) and Ax(s), :

A1(S) = DL(ZST

(-Z*Y,+2Z,)sinh(st,)
As(s) = . Dgs) . (9)

D(s) = 2Zcosh(sto) + (ZZYo + Zo)sinh(sto)

The functions au(t) and o(t) in equations (7) and (8) are the
weighting functions introduced by Meyer and Dommel [5].

At time t the quantities 11(t) and lo(t) are known since they
depend on voltages and currents at time t <t. Thus they must
be considered constants. Then, equations (5) and (6) represent
the equivalent circuit for the ground conductor segment which is
illustrated in Figure 5. An efficient computational method for
li(t) and Ix(t) is used based on a recursive evaluation of the
convolution integral adopted from Semlyen [9]. Specifically, the
current sources l1(t) and Ix(t) are computed with the recursive
formula as follows:

I(t)= 81(t—h)+ov(t—kh)+uv(t-(k+1)h)+¢ﬂv(f—(l.<.;2)h)if t>to (10) -
0 if t<tg

where
§=e2h
~ah —ah
o= - 3+1)

—ah —h

=22 ) +Z-e™)
‘b1 —ah Lsg=th
(0=;b;( a2n2  2ah )

to

k= ", his the simulation time step.

Above I(t) can be either I4(t), or Ix(t).

The above model is combined with the models of all the other
segments of the system under consideration. The end result is
an equivalent circuit representation of the combined earth/earth
embedded conductor segments that constitute the grounding
system. This circuit is excited with an injected electric current at
a specified node. Analysis of the equivalent circuit provides the
voltage at any node of the circuit. For this purpose, the well
known nodal analysis is applied iteratively to provide the
transient voltage at any node of the grounding system at time
points which are multiples of a selected time step.

In summary, the described model of a grounding system is

() = Yva(t) + ls(1) (5) based on a time domain simulation of the earth embedded

ia(t) = Yvo(t) + Io(t) (6) conductors. The result is the transient voltage at any point
along the ground conductors for any given excitation of the

where system.

() = -Y [y (Df (t - 1)dT = Y[ o (1) (t—T)dt 7) 3. Monte Carlo Simulation

f2(t) = -Y fy o, (D (¢~ T)dT = Yo, (D (t - T)dT ® The overall model of the overhead circuit and grounding system
is used in a Monte Carlo simulation to determine the probability
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distribution function of the overvoltage. The overall procedure is cese: Exampler Concrete Pole, 2 Sround reds PST
illustrated in Figure 6. Note that for a specific design, lightning 82 ' Graphical
parameters as well as soil resistivity is allowed to vary in i Report
accordance to known distribution functions. For each sample, g5 Stoeme
the effects analysis determines the possibility of flashover by = Superimposed
comparing the actual stress to the withstand curve of the Z8 Withstand
insulators. A sample of an effects analysis is illustrated in H
Figure 7. The figure shows the transient voltage across the 33 L]
insulator of phase A superimposed on the time-volt withstand Return
curve of the tower insulation. The indicated waveforms will be 8] =
interpreted as leading to a flashover. The overall results are "o Y s Update
reported in two forms: (a) as maximum overvoltage vs- :
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N =1 . .
Figure 7. A Sample of Transient Voltage Across the
‘L Insulation of Phase A and the Withstand Capability of the
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Figure 9. Probability Distribution of Lightning Parameters »
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Figure 10. Tower Configuration and Withstand Capability

4. Typical Results

A typical result is illustrated in Figure 8. The figure illustrates
the expected number of flashovers per 100 miles of line versus
the DC 'ground resistance of the tower. The results of Figure 8
has been obtained assuming (a) the probability distribution
functions (inverted) of lightning rise time and crest value
lllustrated in Figure 9 and a ground flash density of 4 flashes per
km? per year, and (b) the tower configuration of Figure 10 with
time-volt withstand capability equal to

Vo= 435+22ﬁﬁ2(us) (V) t > 0.7 ps
1835 (V) t < 07 s

The tower grounding arrangement consists of two forty feet long
ground rods spaced 20 feet.

it should be apparent that such results can be generated for a
variety of tower designs and grounding arrangements - A
comparative evaluation of these results leads to selection of
optimal designs, improved performance and substantial savings.

5. Conclusions

An integral model of overhead transmission lines, towers and
tower grounds has been presented. The model is used in a
Monte Carlo Simulation algorithm for the purpose of evaluating
the expected lightning performance of specific transmission line
design. The model has been utilized in" optimizing the tower
ground designs of the Georgia Power Company.
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Appendix A

Computation of the VDFs: This appendix presents the
computational procedure for the Voltage Distribution Functions
(VDFs). The approach is based on solution of Maxwell
equations in the frequency domain -and subsequent
transformation into the time domain. The earth soil is assumed
to be a simple conductive medium with conductivity o,
permeability p, and permittivity €. It is also assumed that there

are charge sources ps and electric current sources L . First, the

field quantities (electric field intensity E and magnetic field
intensity H ) are computed in terms of the sources Ps, L . The

electric field intensity E is given by the following equation:

E=-joA-Vo (A1)

IPST ’95 - International Conference on Power Systems Transients 473

Lisbon, 3-7 September 1995



where the scalar potential ¢ and the vector potential A are the
solution to the following nonhomogeneous Helmholtz equations:

Vio+v’0=—1p, (A2)

VEA-Y'A=-po], (A.3)
assuming the Lorentz condition:

V-A =—u(c +joe)d (A.4)

where

Y? = -0’pe+jouc = (a+jB)’

() : angular frequency (rad/sec)
a : attenuation constant (m™)
B : phase constant (rad/m)

Equation (A.1) states that an electric field intensity can arise
both from accumulations of charge, through the -V¢ term, or

from time changing magnetic fields, through the joA term.

Once A is known, then the field quantities (E , H ) are obtained
by:

E=—joA +—L—V(V-A)

Ho(o+jwe)

(A.5)

H=1VxA (A.6)
Assuming that a fixed reference point R is known (typically taken
to be much further than the area of interest, i.e., remote earth),
the electric potential at a point r in the earth is ¢(r) computed
from: .

¢(r) =—R E-dl (A7)

The value of the integral (A.7) is decomposed into two
components ¢s(r) and ¢a(r) with the aid of Eq. (A.5)

&(r) = ¢s(r) + ¢a(r)

where
0,(r) =[x (<jwA) - dl (A.8)
64(r) =~ sabmy V(V - A)-dl (A.9)

The value of the integral (A.9) depends only on the points R and
r, i.e., it is independent of the path of integration. Since the
integral involves a complex number, the quantity  ¢a(r)
comprises a resistive and a reactive component. The value of
the integral of Eq. (A.8) is dependent on the path of integration.
This term can drastically increase the complexity of the model.
Fortunately, however, the value of ¢s(r) becomes substantial
only at very high frequencies, To simplify the model, the term

¢s(r) is neglected. This simplification is known as the quasi-
static approximation. It introduces an error in the computation
of the potential which is a function of the frequency and the size
of the grounding system. In other words, the quasi-static
approximation limits the validity of the developed models in a
certain frequency range. Theoretical as well as experimental
investigations have demonstrated that the error is only a few
percentage points in a very wide range of frequencies for typical
grounding systems.

The function ¢s(r) computed for an assumed step function L
(see Eq. (A.3)) is the VDF.
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