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Abstract— This paper presents a probabilistic evaluation, based
on Monte-Carlo method, to estimate back flashover rate (BFR)
and shielding failure flashover rate (SFFOR) of overhead
transmission lines (TLs). In the proposed approach, as opposed
to the conventional methods, a wide band model of the towerfooting grounding system is adopted assuming the soil electrical
parameters to be either constant or frequency dependent. The
statistical parameters affecting the TLs’ outage rate are taken
into account in the probabilistic studies. Simulations are done for
a typical 400-kV transmission line which is modelled in
EMTP.RV. From the simulation results, it is found that the BFR
of transmission lines is markedly affected by the tower footing
grounding system model. This effect is more pronounced when
the soil electrical parameters are frequency dependent. It is also
found that the SFFOR of the transmission lines is not
significantly affected by the wide-band model of the towerfooting grounding system.
Keywords- Back-flashover; grounding system; shielding failure
flashover; wide-band modeling.

I.

INTRODUCTION

Lightning is one of the main reasons of insulation
breakdown in transmission and distribution lines. This can
make the operators and customers incur expenses due to the
increase in maintenance services, the need to replacement of
damaged equipment and the cut of electricity due to line
outages [1]. Generally, surge arresters and shield wires are used
for the protection of transmission lines (TLs) against lightning
generated overvoltages. These measures are not however
enough as there is still a probability of insulation failure
following back-flashover (BF) on the regions with high ground
resistance. Furthermore, there is a probability of shielding
failure (SF) which can result in flashover across the line
insulators causing insulation breakdown [2].
So far, extensive studies have been carried on the lightning
performance of TLs in order to improve the lightning
protection of transmission lines [3]-[7]. However, the previous
works have not taken into account the exact wide band model
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of tower footing-grounding system and use a simple linear or
nonlinear resistor [2]-[5] to model the grounding system.
Recently, a systematic approach has been presented in [8] and
[9] which allows the inclusion of wide band model of
grounding systems into the EMTP-like tools. This adequately
helps with the exact calculation of lightning generated
overvoltages within the electrical networks. With this regard,
the effect of wide-band model of grounding system on the
lightning performance of a typical transmission line has been
evaluated in [9]. However, in [9] the statistical nature of
lightning return stroke current parameters has not been taken
into account.
Within this context, this papers adopts the same approach
presented in [9] for the probabilistic evaluation of lightning
performance of a typical transmission line. As a
complementary attempt to [9], in this paper, the statistical
parameters affecting the TLs’ outage rate are taken into
account. The BFR and SFFOR of a typical 400 kV
transmission line are obtained by establishing a link between
Matlab and EMTP.RV. In this study, the tower-footing
grounding system is modeled in three different ways namely:
1) static-model, 2) wideband model assuming constant
electrical parameters for the soil, and 3) wide-band model
assuming frequency-dependent electrical parameters for the
soil. The Monte-Carlo method is used for carrying out the
required probabilistic studies.
II.

LIGHTNING PARAMETERS

The main parameters of the lightning waveform are the
peak value (Ip), rise time (tf) and time to half value (th). From
the field data on lightning strokes, the probability density
function of each lightning parameter is determined by the
following equation [10]:
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Where ơlnx and x are the standard deviation and average of
x, respectively. In this paper, Dependence of the peak current
magnitude and rise time is considered [10]. The log-normal
characteristics of the lightning negative-polarity of first and
subsequent return stroke currents are shown in Table I.

where h is tower height, α1=α4=0.89, c=300 m/µs and the
value of 200Ω is considered for surge impedance of all towers.
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Figure 2. A multistory model of transmission tower.
TABLE I.

STATISTICAL PARAMETERS OF THE LIGHTNING NEGATIVEPOLARITY FIRST STROKE [10]
First stroke

Parameters

Median

σlnx

Ip (kA)

31.1

tf (µs)

3.83

th (µs)

75

ρ (Ip, tf)

Subsequent stroke

Median

σlnx

0.48

13

0.6447

0.55

0.32

0.6677

0.58

20

0.69

0.47

B. Insulator String
In this paper, the integration method is used for evaluating
the effects of non-standard lightning overvoltages. In the
integration method, V0 is the minimum voltage beyond which
any breakdown process occurs; and the breakdown time is a
function of magnitude and time duration of the applied
overvoltage. The integration method is deduced as below [13]:
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Having obtained the lightning parameters, a Heidler model
can be used to represent the current waveform [11]:
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where Ip , n and η are the peak current, the current steepness
factor and the peak current correction factor, respectively; and
k=t/τ1; τ1 and τ2 are time constants that determine the rise time
and decay time of the lightning waveform, respectively. First
and subsequent current return strokes are shown in Fig.1.
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where DE (kvk.µs) is the disruptive effect of the applied
impulse voltage, V0 (kv) is the required minimum voltage, t0
(µs) is the instant that the instantaneous voltage V(t) exceeds
than V0, k is a factor accounting for the effects of the applied
voltage amplitude and time on DE. In this method, breakdown
occurs when the integral (DE) becomes equal to or higher than
the critical disruptive effect DE*. Usually, the best possible fit
between the computed and experimental voltage-time
characteristics under standard lightning impulses determines
the appropriate values of DE* and k. The values of the
integration method’s parameter are presented in Table II.
TABLE II.

INTEGRATION METHOD PARAMETER VALUES IN 400-KV [13]
K=1.36

Figure 1. Lightning current waveform

III.

TRANSMISSION LINE MODELING

A. Transmission Tower
A multistory model, Fig. 2, is used for transmission tower,
where Zt1 is the tower top to the upper phase arm, Zt2 is the
upper to middle, Zt3 is the middle to lower, and Zt4 is the lower
to the tower bottom [12]. The values of the R and L are
obtained as follows:
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K=2.5

V0(kv)

DE*(*103.kV1.36.µs)

V0(kv)

DE*(*106.kV2.5.µs)

1363.0

30.061

849.7

213.579

C. Tower Footing Impedance
In the lightning probabilistic related studies, the grounding
impedance is usually modelled by a simple non-linear
resistance in which the soil ionization varies with the current
magnitude flows through the tower footing [2], [5], [14]-[16].
However, the frequency dependence of soil electrical
parameters is ignored [17]-[19]. Note that in the adopted model
the range of frequency is supposed to be DC to 2 MHz.
For modeling the frequency dependence of soil electrical
parameters, Longmire and Smith proposed the analytical
formulae as below [20]:
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values of voltages and currents are used to form the system
impedance (or admittance) matrix in the frequency domain as,

  125  (

(5)

where f is the frequency ranging from DC to 2 MHz, ρ0 is
the low-frequency resistivity, ρ(f) and εr(f) are the soil
resistivity and relative permittivity, respectively and p is the
water percentage of soil. In this paper, the grounding system is
modeled in three different ways:
1) Static-Model (Conventional):
A simple resistor equals to DC resistance of the grounding
system is used to model the grounding system.
2) CP-wide-band:

3) FD-wide-band:
A wide-band model of the grounding system buried in soil
with frequency-dependent electrical parameters is used.
It is noted that in our studies, we assume that no ionization
occurs due to the high impulse current injected to the towerfooting grounding system. The wide-band modeling of tower–
footing grounding system is explained briefly in the following
Section.
MODELING OF GROUNDING SYSTEM

A. Calculation of the grounding system admittance matrix
To obtain the impedance of the tower-footing grounding
system over the desired frequency interval, we use the Method
of Moments (MoM) to solve the Electric Field Integral
Equation (EFIE) which governs the current distribution along
grounding system conductors. The general form of this
equation is as follows;
t.E i 
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where t is the unit vector tangential to wire path l, µ is the
magnetic permeability, Ei is the incident electric field by an
external source, G(r,r') is the dyadic Green’s function for the
electric field at r due to a current element at r' and Ii(r') is the
unknown induced current along the wire.
By solving the EFIE equation, the current distribution along
grounding conductors and hence the electric field within the
solution domain is obtained. The voltage rise at the excitation
port (or ports) can be then easily obtained as a line integration
over the electric field along a pre-specified path. Finally, the
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where P is the number of ports of the grounding system,
yij(s) (i=j) represents the self-admittances and yij(s) (i≠j)
denotes the mutual admittances between port i and port j. The
reader is referred to [9] for further details.
B. Development of the state-space model
The development of the state-space block of the grounding
system to be used in EMTP-RV requires the following steps:
1- Pole residue characterization of the admittance matrix:
This is done by making use of the matrix pencil method as
described in [21] and [22]. In doing so, each vector yij (s) of
the admittance matrix Yg(s) can be fitted as,
Rm,ij

M

The wide-band model of the grounding system assuming
constant electrical parameters for the soil is used.

IV.
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i  1, 2,..., P ; j  1, 2,..., P

where am and Rm respectively denote the poles and the
residues of the system, d and e are optional constant values and
M is the number of pre-defined common poles which are the
same for each vector. The passivity is enforced to the fitted
model to obtain stable time-domain simulations [23].
2- Development of State-Space Model
Once the passive pole-residue model of the grounding
system admittance matrix is obtained, one can alternatively
formulate it in the form of state-space equations. As the poleresidue model implies a common set of poles for all elements
of the admittance matrix Yg(s), we have,
M
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where Rm holds the vector of residues of the elements in the
admittance matrix Yg(s), M is the order of approximation and
D and E are the vectors of constant values.
For an P-port grounding system, we assume that the
matrices Ar, Br, and Cr contain only real poles and their
corresponding residues, and Ac, Bc, and Cc contain only the
complex poles and residues, while Ac*, Bc*, and Cc* hold their
corresponding conjugates. After some manipulations (see [24]
for further details) the final form of state-space equations reads,
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The state-space equations can be directly implemented in
EMTP-RV using the state-space block [8].
V.

MONTE CARLO METHOD FOR BFR AND SFFOR
ANALYSIS

Usually, it is assumed that termination point of lightning
surges is distributed uniformly on an impact area [25].
Having an impact area, the Monte Carlo simulation for
estimation of BFR and SFFOR can be summarized as follows:
1) generating random values of lightning parameters and
coordination of lightning stepped leader (x, y) on the impact
area, considering their theoretical distribution function; 2)
application of an Electro-geometric incidence model (EGM) to
determine termination point of impact of each lightning stroke
(strokes to tower, phase conductors and ground); 3) evaluating
the overvoltage generated by each lightning stroke, depending
on the termination point of impact.
Once Monte Carlo simulation was terminated, the lightning
flashover rate (LFOR), SFFOR and BFR are determined [3]:
SFFOR  N g .100. d .FP / N

(11)

BFR  N g .100. d .Fg / N

(12)

LFOR  BFR  SFFOR

(13)

where N is number of runs, Ng=1 (flashes/km2.year) is the
ground flash density, Fp and Fg are the number of flashovers
caused by strokes to phase conductor and shield wire,
respectively; d is the maximum width of impact area that
corresponds to the maximum peak current magnitude generated
by the Monte Carlo simulation.
VI.

CASE STUDY

The proposed approached is used for the study of a 400 kV
overhead line with an insulation level of 1450 kV. The typical
line configuration is shown in Fig. 3 and the line specifications
are presented in Table III.
TABLE III.

LINE CONDUCTOR CHARACTERISTIC

Type

DIAMETER
(CM)

Resistance
Ω/km

Phase
conductors

CURLEW

3.163

0.05501

Shield wire

94S

1.26

0.642

Figure 3. Tower configuration (values in brackets are midspan heights)

The towers are represented by multi-story model, whose
parameters can be calculated as described in Section III. The
transmission line is modelled by five spans of 450 m length
which modeled by multi-phase untransposed frequencydependent distributed parameter, i.e. J. Marti’s model [26]. To
avoid reflection from the ending far, the line
is terminated to a 40 km additional section. The representation
of insulator strings is based on the integrated model of Section
III. The procedure involves the calculation of the grounding
system admittance matrix and the representation of its statespace model to be incorporated in the EMTP.RV.
Having obtained different parameters of lightning surge and
initial point of lightning occurrence on the struck area, the
EGM model of transmission line [27] was constructed in order
to determine the termination point of impact of each lightning
stroke (ground, phase conductor and tower). The
aforementioned steps are performed in MATLAB environment.
Once the termination point of impact of each stroke has been
determined, the resultant EMTP simulations are performed to
estimate the related overvoltages. The lightning related studies
by Monte Carlo simulation are then carried out.
VII. SIMULATION RESULTS
To obtain the distribution function of lightning parameters,
the random values of each parameter is generated.
Convergence of Monte Carlo method is checked by comparing
density function of the randomly generated variables to their
theoretical functions. A 5% of error is set for this propose. In
this paper, the convergence was occurred after 30000 runs. As
an example, Fig. 4 presents the distribution of generated values
of current magnitude and rise time with the correlation between
them.
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Figure 4. Distribution of randomly generated values of lightning current
amplitude and front time with their statistical correlation.

The grounding system of each tower is modeled using the
state-space block. The analyses are done for two cases of
tower-footing grounding system structure; a one-port vertical
rod and a four-port simple square grid [28].
We first study the transmission line with a rod-shaped
tower-footing grounding system. The grounding rod has a
length of 15m and a cross section radius of 12.5mm. The
analysis is done for four different soil resistivities; ρ=50 Ωm,
ρ=100 Ωm, ρ =500 Ωm and ρ =1000 Ωm all having the same
relative permittivity of r=20. These values of resistivities are
used in (5) as ρ0 for the case of frequency dependent soil
parameters.
To produce state-space block of the grounding system
which is compatible with EMTP.RV, the pole-residue model
generated by MPM is obtained for all cases.
Fig. 5 shows the amplitude of the harmonic impedance of
the vertical grounding electrode, computed using the MoM
approach presented in Section IV. The impedance is calculated
in frequency range of DC to 2 MHz for both soils with constant
and frequency-dependent electrical parameters.
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Figure 6. Overvoltages across insulator string in Rod-shape grounding
system. Return stroke (100 kA/3.83 µs/75 µs) (a) ρ=100 Ω.m, (b) ρ=1000
Ω.m.

The results show that the estimated values of the
overvoltages across the insulator string are markedly affected
by the adopted grounding system model. As it is seen, the
effect of wide band modeling of grounding system is more
pronounced when the soil electrical parameters are considered
to be frequency dependent. Also seen that the effect of wide
band model of grounding system is more significant for the
soils with high resistivities. From the reported results, it can be
seen that for the soil with low resistivity, i.e. ρ=100 Ωm, the
calculated overvoltages associated with the CP Wide-band
model are higher than the case of FD Wide-band and Static
models. For this case, the difference between the max and min
values of the overvoltage waveshape is about 100 kv.
However, for the soil with high resistivity, ρ=1000 Ω.m, the
maximum value of generated overvoltages across the insulator
string belongs to the static model and the difference between
the min and max values of the overvoltage waveshape
increases to 500 kV.
The LFOR of transmission line as a function of the soil
resistivity for different models of grounding impedance is
presented in Table IV and Table V, for Rod-shape and gridshape of grounding system, respectively. All results were
deduced after 30000 runs.
TABLE IV.
OUTAGE RATES OF TRANSMISSION LINE FOR DIFFERENT
MODELLING OF ROD-SHAPE GROUNDING SYSTEM
Soil
resistivit
y
ρ=100

Figure 5. Self-impedances of the vertical rod for different soil resistivities.
Red-solid line: simple resistor equal to the dc resistance, blue-dashed line: soil
with constant electrical parameters, green-dotted line: soil with frequencydependent electrical parameters. Adapted from [9].

Fig. 6 shows the overvoltages across the insulator string
caused by lightning strokes to shield wire, for different types of
grounding system modelling.

ρ=500
ρ=1000

Groundi
ng
system
models
ST
CP
FD
ST
CP
FD
ST
CP
FD

First Stroke

Subsequent Stroke

BFR

SFFOR

LFOR

BFR

SFFO
R

LFO
R

3.861
4.181
4.142
7.381
7.496
7.168
9.518
9.147
8.465

1.898
1.898
1.898
1.894
1.894
1.894
1.885
1.885
1.890

5.760
6.080
6.041
9.275
9.390
9.062
11.40
11.03
10.35

0.516
0.700
0.678
1.275
1.322
1.211
1.911
1.740
1.635

1.109
1.109
1.109
1.088
1.088
1.088
1.060
1.060
1.065

1.62
1.80
1.78
2.36
2.41
2.29
2.97
2.80
2.70

TABLE V.

Soil
resistiv
ity
ρ=100
ρ=500
ρ=1000

OUTAGE RATES OF TRANSMISSION LINE FOR DIFFERENT
MODELLING OF GRID-SHAPE GROUNDING SYSTEM

Groundi
ng
system
models
ST
CP
FD
ST
CP
FD
ST
CP
FD

First Stroke
BFR

3.673
3.980
3.938
6.950
7.027
6.830
8.964
8.599
7.812

of soil compared to its static model. However, the modeling of
the grounding system does not significantly influence SFFOR.

Subsequent Stroke

SFFO
R

LFOR

1.898
1.847
1.898
1.894
1.894
1.894
1.890
1.892
1.894

5.572
5.828
5.836
8.844
8.921
8.752
10.85
10.49
9.706

BFR

0.485
0.690
0.658
1.234
1.272
1.187
1.860
1.662
1.568

SFFO
R

LFOR

1.109
1.109
1.109
1.088
1.088
1.088
1.064
1.064
1.070

1.59
1.79
1.76
2.32
2.36
2.27
2.92
2.72
2.63
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