i technologies

Article

Accurate Surge Arrester Modeling for Optimal Risk-Aware
Lightning Protection Utilizing a Hybrid Monte Carlo-Particle
Swarm Optimization Algorithm

Amir Hossein Kimiai Asadi 1, Mohsen Eskandari %*
7

check for
updates

Citation: Asadi, A.H.K,; Eskandari,
M.; Delavari, H. Accurate Surge
Arrester Modeling for Optimal
Risk-Aware Lightning Protection
Utilizing a Hybrid Monte
Carlo-Particle Swarm Optimization
Algorithm. Technologies 2024, 12, 88.
https://doi.org/10.3390/
technologies12060088

Academic Editors: Victor A.

Kovtunenko and Valeri Mladenov

Received: 23 February 2024
Revised: 23 May 2024
Accepted: 3 June 2024
Published: 8 June 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Hadi Delavari 3

Department of Electrical Engineering, Hamedan Branch, Islamic Azad University, Hamedan 65155, Iran;
amir.kimiai@iauh.ac.ir

School of Electrical Engineering and Telecommunication, University of New South Wales, Sydney 2033,
Australia

Department of Electrical Engineering, Hamedan University of Technology, Hamedan 65155, Iran;
delavari@hut.ac.ir

Correspondence: m.eskandari@unsw.edu.au

Abstract: The application of arresters is critical for the safe operation of electric grids against lightning.
Arresters limit the consequences of lightning-induced over-voltages. However, surge arrester protec-
tion in electric grids is challenging due to the intrinsic complexities of distribution grids, including
overhead lines and power components such as transformers. In this paper, an optimal arrester
placement technique is developed by proposing a multi-objective function that includes technical,
safety and risk, and economic indices. However, an effective placement model demands a compre-
hensive and accurate modeling of an electric grid’s components. In this light, appropriate models of
a grid’s components including an arrester, the earth, an oil-immersed transformer, overhead lines,
and lightning-induced voltage are developed. To achieve accurate models, high-frequency transient
mathematical models are developed for the grid’s components. Notably, to have an accurate model
of the arrester, which critically impacts the performance of the arrester placement technique, a new
arrester model is developed and evaluated based on real technical data from manufacturers such
as Pars, Tridelta, and Siemens. Then, the proposed model is compared with the IEEE, Fernandez,
and Pinceti models. The arrester model is incorporated in an optimization problem considering the
performance of the over-voltage protection and the risk, technical, and economic indices, and it is
solved using the particle swarm optimization (PSO) and Monte Carlo (MC) techniques. To validate
the proposed arrester model and the placement technique, real data from the Chopoghloo feeder in
Bahar, Hamedan, Iran, are simulated. The feeder is expanded over three different geographical areas,
including rural, agricultural plain, and mountainous areas.

Keywords: lightning surge arrester; smart protection; Monte Carlo method; particle swarm optimization;
arrester optimal placement; lightning modeling

1. Introduction

Lightning is a transient phenomenon with a high-current electric discharge, and it
induces hazardous over-voltages in electric equipment in distribution grids. Lightning can
strike in two ways, including cloud-to-ground events (so-called indirect lightning) and
at phase-conductor/tower-shield wires (direct lightning). Also, back-flashovers occur in
distribution overhead lines (DOHLSs) that appear as temporary line-to-ground faults that
can be cleared by auto-re-closers.

Over-voltage due to lightning strikes to an overhead distribution line can cause
damage to expensive grid equipment, mainly to transformers, and they also raise human
safety issues. For this reason, zinc oxide-ZnO surge arresters are used in DOHLs to bypass
lightning currents to the ground. Surge currents, probabilistic distributions, flashover
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rates, and arrester modeling are vital challenges in distribution-grid lightning protection.
Further, several parameters need to be considered for improving lightning performance
such as earth resistance, tower height, and line arrester placement. In this light, the optimal
placement of a line arrester is essential for protecting lines, equipment, and humans from
lightning over-voltages in distribution grids. Further, selecting an insulation level for
a distribution grid is critical, and it is based on the following factors: (1) neutral earth
conditions, (2) the lightning arrester and its characteristics, (3) the distance between the
arrester’s location and the equipment to be protected, and (4) the safety margins.

Past research has studied lightning protection problems and possible solutions. A
method based on technical and economical parameters for the optimal placement of a surge
arrester in a distribution grid has been presented [1]. The optimization of a surge arrester’s
location based on statistical analyses of surges and mathematical techniques to find the
minimum risk of failure rate is represented in [2]. A cost-effective solution is proposed
in [3] based on a genetic algorithm to find the optimum location for a surge arrester in
a power network to minimize the global risk to the grid and to improve reliability. The
method proposed in [4] enhances power supply security by considering risk constraints
and reducing the number of surge arresters to protect the grid against lightning effects.
An artificial neural network method is proposed in [5] to optimize the number of surge
arresters and their locations. The presented method was based on genetic algorithms,
and an economic approach was taken into account using an evaluation of the cost of an
insulation flashover. A method based on an optimization algorithm using fuzzy logic
techniques was proposed in [6,7] for surge arrester placements in distribution grids, and
this method worked with the known risks of failure.

Another critical issue is the calculation of induced voltages due to lightning over
the equipment of a distribution grid. Regarding this, references [8,9] aimed at defining a
methodology for evaluating the lightning performance of a system of overhead distribution
lines. The crucial characteristics of lightning include its waveshape and velocity and
the I2t of the lightning, and these were considered in these works. In [10], a theoretical
method for mitigating lightning over-voltages on distribution networks is presented. In this
study, lightning-induced voltages and transferred-lightning surges through distribution
transformers were considered using a combined method to achieve an accurate estimate
of the lightning over-voltages on the distribution grids. In [11], lightning characteristics
were modeled by a normal probability distribution, and the probability distribution of
the peak lightning-induced over-voltages was determined by applying the Monte Carlo
(MC) method considering the probability distributions of the peak stroke currents, return
stroke velocities, and distance between the overhead lines and the striking points. In [12],
the finite-difference time-domain (FDTD) method was proposed to estimate the induced
over-voltage into a control cable by the ground grid.

Many researchers have also proposed component modeling using both low and high
frequencies to analyze lightning impacts on distribution grids. In [13], the FDTD method
was used for a transient grounding resistance (TGR) analysis of the Faraday’s contour
path. In [14], researchers improved a transient grounding behavior analysis by applying a
rigorous electromagnetic model and a realistic waveform of lightning current pulses.

Transformers are the most critical and expensive components in distribution grids.
Therefore, transient modeling and, consequently, transformer lightning protection for both
low and medium frequencies are essential. In this light, ref. [15] proposed a model for
the calculation of transferred-lightning over-voltages in transformers. The model was
developed based on a frequency-response analysis, along with the application of the
four-terminal network theory called the black-box model. The authors of [16] presented a
high-frequency circuit for an oil-immersed transformer model with three serially connected
LC parallel circuits operating with several MHz to several MHz. In [17,18], the authors
reviewed transformer models to simulate low- and mid-frequency transients. For the sake of
minimizing the relative error between the calculated and manufacturer’s measured residual
voltage peak values for lightning, an improved self-adaptive particle swarm optimization
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(ISAPSO) algorithm was developed for estimating the best set of surge arrester model
parameters in [19,20].

In most studies for surge arrester placement in distribution grids, only one or two com-
ponents are considered in the modeling. Further, a comprehensive multi-objective index
has not been considered in existing studies. To bridge the research gap, the contributions of
our paper are listed as follows:

(1) A comprehensive modeling is presented and a new algorithm for the intelligent pro-
tection of distribution grids is proposed. The proposed method considers the inherent
complexity of distribution grids including feeders and critical grid components such
as transformers, surge arresters, and loads.

(2) Inthe modeling stage, lightning and flashover rates are determined by mathematical
formulations in the time domain and using the Anderson method. Then, the calcu-
lation of random values for surge peak current magnitude is performed by MC in
80,000 iterations.

(3) A new surge arrester model is proposed using technical data from Pars, Tridelta, and
Siemens manufacturers. The proposed model is compared with the IEEE, Fernandez,
and Pinceti models. For detailed and optimal surge arrester placement in the distribu-
tion grid, all grid components including the arrester, earth, oil-immersed transformer,
overhead lines, and induced voltage due to lightning are modeled in high frequency.

(4) A multi-objective function is developed considering the performance of the over-
voltage protection, risk, and economics indices and the optimization problem is
solved utilizing particle swarm optimization (PSO) and MC methods.

(5) To validate the proposed method and the developed lightning arrester model, the Cho-
poghloo distribution grid feeder in Bahar, Hamedan, in Iran is used as the case study,
in three different geographical areas, including rural, agricultural, and mountain
areas, in three scenarios.

The rest of this paper is organized as follows: System modeling is presented in
Section 2 by modeling the surge arrester considering the earth, oil-immersed transformer,
overhead line, and lightning-induced over-voltage. The proposed surge arrester model
is presented in Section 3. Risk modeling and estimation in two parts including the risk
of failure of insulation and arrester is presented in Section 4. Proposed smart protection
is explained in Section 5 by a multi-objective function including technical and economic
indices and constraints including voltage at the component location and basic insulation
level (BIL). The case study and results are presented in Section 6 by simulating the 20 kV
Bahar, Hamedan, feeder Chopoghloo local grid located in the west of Iran as the local grid
expanded in rural, agricultural, and mountainous areas.

2. Modeling and Methodology

Accurate modeling of grid components and risk assessment is essential for the effective
placement and insulation costs of relevant protection devices. In this section, the modeling
of grid components such as the earth, oil-immersed transformer, overhead lines, and
lightning-induced over-voltage is considered. Notice that modeling of the vertical ground
wires of the surge arresters is neglected because their length and impedance are too small
compared to the other distribution network components.

2.1. Lightning Modeling

Lightning can be considered a current source whose shape is depicted by the Heidler
function [21] or the Rusck formula [22]. In the IEEE standard (std. C62.45) [23], the double
exponential and the triangular waveforms are used to represent lightning return stroke
currents. In this study, the test waveform presented in the IEEE std. C62.45 [23] is used
as follows:

I(t)y =1 (e_at - e_bt) 1)
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where I is maximum lightning current, a is first-stroke time, and b is second-stroke time.
Parameters corresponding to the fast and slow lightning are presented in Table 1. The
Heidler model is also obtained as follows [21]:

. IP Xn —t/
ty=—--—-">_ 2 2
i) = e @

where I, is the peak current, 77 is a correction factor of the peak current, and 1 is the current
steepness factor, with x = /5 and 11 being the time constants determining the current rise.

Table 1. Steep front of a lightning flashover.

Fast Slow
8/20 us 30/60 us

2.2. Anderson Method

For handling the probabilistic distribution, the following expression is adopted based
on the (Anderson) probability. The probability of a first-stroke current peak value Ij that
exceeds a certain value (ip) in the IEEE std. C62.45 [23] is given as

PC(IO > io) = # (3)

L\ 26
1+ ()
where P(Ip > ip) is the probability that the first return stroke has a peak current Ij that

exceeds iy, which is the prospective first return stroke peak current (kA). Various values of
P, are computed in Table 2.

Table 2. The probability of a first-stroke current peak value in Anderson’s equation.

I, (kA) P. (Anderson Equation)
5 0.9914
10 0.9499
15 0.8685
20 0.7576
25 0.6363
30 0.5213
35 0.4218
40 0.3401

2.3. Monte Carlo Method

Monte Carlo simulations are often used when the calculation procedure is based on a
probabilistic approach. Many calculation procedures in the protection of the distribution
grids have been verified using MC simulations as a popular technique [24,25]. In this paper,
MC is used to calculate random values for surge peak current magnitude.

Some essential steps in the MC procedure are summarized as follows:

The calculation of the random values for surge peak current magnitude.

The calculations of over-voltage and lightning flashover.

The convergence of the MC method is checked by comparing the probability density
function of all random variables with their theoretical functions and the procedure is
stopped when they match within an error margin of 5%. The probability of the peak
current magnitude is shown in Figure 1.
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Figure 1. Distribution of stroke current to phase conductors that caused flashover in Monte Carlo
method (80,000 episodes).

2.4. Flashover Rate Calculation

The ground flash density Ng for temperate areas may be estimated based on the
Koranic level [21,22] and IEEE std. C62.45 [23] as follows:

Ng = 0.04T5% (4)

where N is the ground flash density in flashes per km? per year, and Ty is the number of
days with thunder per year.

2.5. Metal Oxide Arrester Modeling and Results Comparison

Metal oxide surge arresters, as important protective devices, have been widely used
in distribution grids to reduce lightning effects and enhance power supply reliability. For
this reason, various arrester models have been developed to demonstrate the frequency-
dependent behavior of the surge arresters [26] such as (1) the IEEE model, in Figure 2a;
(2) the Pinceti-Giannettoni model, in Figure 2b; and (3) the Fernandez-Diaz model, in
Figure 2c.

Lo Lo
ﬁk L I &'}R
T A e A
(a)

Lo Lo

(360 (300
Rl /H/RO /H/RO
(b)

Lo

(350)
(c)

Figure 2. (a) IEEE model. (b) Pinceti-Giannettoni model. (c¢) Fernandez-Diaz model.
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In the IEEE arrester modeling, parameters including L; and R; and Ly, Rp, and C are
determined according to technical data provided by the manufacturer and Equations (4)—(14)
as follows [12,13]; results are shown in Table 3a.

15d
Li=—uH ®)
n
Ri="0 ©
n
0.2d
Lo=—upH 7)
R, _ 100d .
n
C= 10% PF 9)

where d is the height of the arrester and n is the number of capsule arresters in the slander
of the arrester.

Table 3. Determination of surge arrester parameters in IEEE, Pinceti, and Fernandez models based
on technical data of the Siemens, Tridelta, and Pars companies; (a) IEEE model, (b) Pinceti model,
(c) Fernandez model.

@)

IEEE Model
Siemens Tridelta Pars
Parameter 3EK4-300-
1CM4 SBK 27/5 SBK27/10.1 HE-I24 HE24/R PAP25S8D PAP25T9D PAW25S6D PAV25S6D
Lo mH 0.054 0.0488 0.0488 0.049 0.065 0.068 0.0654 0.052 0.052
Ly mH 4.05 3.66 3.66 3.675 4.875 5.1 4.65 3.9 3.9
Ry O 27 24.4 24.4 24.5 325 34 31 26 26
R O 17.55 15.86 15.86 15.925 21.125 22.1 20.15 16.9 16.9
CPF 370.370 409.836 409.836 408.163 307.692 294.118 322.581 384.615 384.615
(b)
PINCETI Model
Siemens Tridelta Pars
P t. -300-
arameter 3'5118,[3;’0 SBK27/5 SBK27/101 HE-I24  HE24/R  PAP25S8D PAP25T9D PAW25S6D PAV25S6D
Lo uH 0.27 0.245 0.477 0.240 0.479 1.296 2.083 0.500 0.229
L; utH 0.81 0.082 0.159 0.720 0.160 0.432 0.695 0.167 0.076
RMQ 1 1 1 1 1 1 1 1 1
(c)
FERNANDEZ Model
Siemens Tridelta PARS
Parameter 3EK4-300-
1CM4 SBK 27/5 SBK27/10.1 HE-124 HE24/R PAP25S8D PAP25T9D PAW25S6D PAV25S6D
Cy PDF 370.370 409.836 409.836 408.163 307.692 294.118 322.581 384.615 384.615
Ly uH * 0.027 0.042 * 0.040 0.070 * 0.041 0.028
RMQ 1 1 1 1 1 1 1 1 1

*No data; Eph is phase—phase voltage in kV, E, is phase—ground voltage in kV, VHigh is voltage in the lightning
point on the line in kV, and Veyt is neutral voltage in kV.
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In the Pinceti-Giannettoni arrester modeling, parameters including L; and Ly in uH
are estimated according to technical data provided by the manufacturer as follows [1,3];
results are shown in Table 3b.

1Vi/12 — Vig/20

L = /127 Ye8/20y (10)
4 Vis/20 "
1 Vi1 — Vig/20

Ly= /127 Ti8/20y (11)
12 Vi8/20 "

where V}, is the nominal voltage of the arrester, V4 /1 is the voltage on the arrester in 10 kA
and the 8/20 us waveform in kV, and Ry =1 MQ.

In the Fernandez arrester modeling, Ap and A; are estimated by technical data pro-
vided by the manufacturer in the 8/20 ps test wave shape.

Ing = 0.021 , Vpo=V (12)

Ing =098 , Va1 =V (13)

By using (12) and (13), and technical data provided by the manufacturer, the equilib-
rium points Ag = (Vao,Iao) and A; = (Va1,140) are calculated [1-3], and Ly is estimated,
where V and I are provided by the manufacturer; R; = 1 MQ). Cy is obtained [1,3]:

Co = 100 PF (14)
d

where results are shown in Table 3c. It should be noticed that in the Fernandez model, the
ratio of the currents I, and I; over Ay and A; remains constant for the entire voltage range
of their protection characteristics. With this additional constraint, the voltage increases
between the input terminals depending on the inductance L;, which is obtained using
the selection curves of the percent increase in the residual voltage for different values of
inductance L.

Equations (5)-(14) and technical data provided by the surge arrester for Siemens,
Tridelta, and Pars manufacturers are used for the evaluation and defining of the best
operation of various surge arrester models. The models have been simulated in PSCAD
software, and results including voltage in phase to phase, phase to ground, lightning point,
and neutral are given in Table 4. For this reason, various models in Siemens/Germany
including 3EK4-300-1CM4 models; Tridelta/Germany including SBK 27/5, SBK 27/10.1,
HE-I 24, and HE 24/R models; and Pars/Iran including PAP 25T9D, PAW 2556D, and PAV
2556D models are selected as the case study. These models are used in distribution grids.
The results of Table 4 show that the Pinceti model in the Pars company has relatively good
performance compared to others.

Table 4. Simulation results in PSCAD in IEEE, Pinceti, and Fernandez models based on technical data
of the Siemens, Tridelta, and Pars companies; (a) IEEE model, (b) Pinceti model, (c) Fernandez model.

(@)

IEEE Model VHigh kV) Vieut (KV) Epn kV) E. (kV)
Siemens 70 3 80 —18
Tridelta 65 35 70.3 —18

Pars 80 2.7 90 -17.6
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Table 4. Cont.
(b)
Pinceti Model Vhigh (kV) Vheut (kV) Epp (kV) E, (kV)
Siemens 90 4.5 100 —-17.6
Tridelta 29 9 40 —15.1
Pars 32 8 44 —16
(c)
Fernandez Model Vhigh (kV) Vieut (kV) Epn (kV) E, (kV)
Siemens 28 10 38 —16
Tridelta 61 32 78 -17.5
Pars 80 2.7 90 —-17.5

3. Proposed Component Modeling
3.1. Surge Arrester

Based on the results of Tables 3 and 4, the proposed surge arrester model is shown in
Figure 3.

LO L1

(560) (560)

Figure 3. Proposed surge arrester model.

Following the technical data of the Pars company and the proposed surge arrester
model, parameters Ag and A; are determined as follows according to Fernandez arrester
modeling:

Ino =0.02L,Vpo =V (15)

In1 =098, Va1 =V (16)
These determined parameters are most similar to standard models presented in
EMTP/2018 and PSCAD/4.5 software, as the default models. Also, parameters V and I are

provided by the manufacturer, and Ly and L; are determined as follows according to the
Pinceti model:

1 V12 — Vig/20

L = - /T2 ¥e8/20y 17)
4 V18,20 "
1 Vi1 — Vig/20

Lo = — /T2 Yi8/20y (18)
12 Vi8/20 "

where Ry =1 MQ) and capacitance C in the presented model according to the IEEE model is

_ 100

€=

pf (19)

The determined parameters of the proposed model are given in Table 5.
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Table 5. Parameters of the proposed surge arrester model.

Arrester Proposed Model

Pars Arrester Models

Parameter PAP25S8D PAP25T9D PAW25S6D PAV2556D
Lo mH 1.296 2.083 0.500 0.229
L, mH 0.432 0.695 0.167 0.076
R; MO 1 1 1 1
CPF 294.118 322,581 384.615 384.615

3.2. Earth Modeling in Transient Mode

A high-frequency model of a ground electrode is suggested in [27]. This circuit is
illustrated in Figure 4.

Figure 4. Lumped-parameter equivalent circuit of ground electrode.

An earthing rod component of this circuit can be calculated using the following
formulas [14]:

I
R=-— {ln - 1} (20)
R I
L= znl{ln - 1} (21)
C = 2mel {lnéla1 — 1] (22)

where R is the resistance, L is inductance, and C is capacitance for the ground electrode.
L is the length, and a is the diameter of the ground electrode.

3.3. Oil-Immersed Distribution Transformer Modeling

For modeling the oil-immersed distribution transformer in a high-frequency surge,
a model based on interleaved disk winding of a single-phase transformer is given from
the presented methods in [17] and extended to the three-phase transformer, based on the
stored energy method presented in [27,28]. Capacitance in both ends of the winding section
Cp shown in Figure 5 is written as

Co = %m _2) (23)

2141113 (10({2 |9 | 1| GrapA

X

5(13| 6|14 7 |15| 8 | 16| GrapB
I

Figure 5. Construction of an interleaved disk winding.
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In this process, as shown in Figure 5, sections A (primary) and B (secondary) are
like a transmission line model with capacitance C and inductance L. Consequently, the
capacitance between two phase conductors is written as Equation (21), and the equivalent
model is shown in Figure 6. The number of locations where conductors face each other is
(n — 1) per section.

C=(n—1)egemDb/d (24)

where ¢ is the relative permittivity of the turn-to-turn insulation, ¢ is the vacuum per-
mittivity, D is the average winding diameter, b is the axial conductor width, and d is the
turn-to-turn insulation thickness. The L is given by n/2 turns:

L = (n/2)ugnDd /b (25)
where | is vacuum magnetic permeability.

caln Equipotentional surface
{ K Between section

Corresponding to the
number of the order of
winding in figure (5)

(b)
Figure 6. Equivalent circuit of interleaved disk winding; (a) detailed circuit and (b) simplified circuit.
In Figure 6, C, is the section-to-section capacitance; Ly and C are section-to-section

equal (simplified) inductance and capacitance, respectively. For the three-phase oil-emersed
transformer model, according to Equations (23)—(25), all parameters are phase multipliers.

3.4. Overhead Distribution Lines

Maximum frequency, which can be presented by a Pi-cell corresponding length of the
overhead distribution lines (1), is written as follows [28,29]:

1
froy = ———
S Wi e

where L and C are the inductance and the capacitance per unit length, respectively. The
overhead distribution line length should be smaller than the following [5]:

(26)

?
l= ——— 27
5 X fmax @7)
where v is the velocity of the electromagnetic wave as
1
V= — (28)

vLC

If the line is switched immediately in parallel to a capacitance of the feeding system
side, this leads to an infinite current due to the direct connection of two capacitors if the
two initial voltages are different. To avoid this problem, a resistor in the order of the surge
impedance of the line should be connected in series with the first shunt capacitance of the
first Pi-cell.
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3.5. Lightning-Induced Over-Voltage Calculations by Chowdhuri—Gross Formula

One of the destructive phenomena in the distribution grids is the lightning stroke,
which can cause a permanent or a transient fault. Due to the importance and sensitivity of
the loads and grid equipment in over-voltages, adequate knowledge of the indirect and
direct lightning phenomenon and its effects is fundamental. In practical studies, e.g., [30]
and [1], a direct lightning stroke and its effects are investigated and formulated. For these
reasons, in this study, Chowdhuri and Gross direct lightning stroke over-voltage equations
are used as Equations (32)—(39). This phenomenon is shown in Figure 7, where h is the
line height, and d is the horizontal distance between the lightning channel and the line.
The closed-form solution, proposed by Chowdhuri and Gross [29,30], has been obtained
starting with a coupling model developed by Chowdhuri and Gross themselves known as
the “Chowdhuri-Gross model”. The coupling Equations are (29)-(31).

av(x, t) Y di(x, t)

ox a0 (29)

di(x, t)  ,ov(x,t) ,ovi(xt)
T STat S a 0)

Figure 7. Lightning-induced voltage model—initially charged channel.

To solve coupling Equations (29) and (30), Chowdhury and Gross made the following

approximation:
0, t<t
v(x, t) = ! (31)
Vi1 T V2 + Vo1 + Vv, t2
30Iph(1 — p? ct—x)x —d?
Vn:—ﬁz(t ( )2+212>< B(ct—x)—l——( 2) — (32)
ct—x
(Ct) + Xﬁj,;/jZ
—300ph [ 1 1 1
Vg =———| 75 — (33)
b (v \/k%+1>Ct_X
30Iph(1 — p? ct+x)x + d?
Vol = ( 5 )2 X | B(ct+x) — {etxxtd (34)
Bo(ct+x)"+d (ct)? + x2+d>
B2

v _TB0LR (11 1 )
=75 2 /k%—b—l ct+x
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(Ct —X)
t
ki = LX)Z (37)
+ (ct+x)
2 2
f = 7”<C+d (38)

where c is the free-space light velocity (3 x 108 m/s), h is the line height, I is the re-
turn stroke current, 3 is the ratio between return stroke velocity and the light speed,
Y = 1/4/1— B2, and d is the horizontal distance between the lightning channel and
the line.

As can be seen in Figure 8a, the maximum amplitude over-voltage in the direct
lightning stroke is 1.5 x 10° kV, and in Figure 8b, we can see that an increase in lightning
distance is equal to a decrease in over-voltage due to the direct lightning stroke. On the other
hand, if the line is protected by arresters, the induced voltage developed on grid equipment
such as disconnectors and T-off connections without arresters can be calculated by

2LVmax
TfC

v/e (hlp)
2—(v/e)? ) N Y

where y is the lateral distance from the horizontal line to the vertical lightning stroke
ground termination, v is the return stroke velocity (3 x 108 m/s), Vi is the residual voltage
of the arrester, L is the span length (or distance between the lightning hit point and grid
equipment), and Ip is the lightning peak current.

V=Vg+ (39)

Vimax =30| 1+

X 1e+5
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o
>
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o
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(a)
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o
E’ 0.6
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Lightning onto Line Distance in Meters

Figure 8. Indirect lightning over-voltages in Chowdhury and Gross model; (a) voltage time and
(b) voltage distance.
3.6. Flashover Rate

Based on the IEEE standard IEEE1410 [31], a lightning strike occurs when Vmax > 1.5 CFO,
where CFO is critical flashover voltage in 50% probability.

FR =

N

Ny

Ng.A.—

100
1

(40)

assuming that % =1,Ng = 0.04T(171'25 ,and Ny is the average number of chronic flashes.
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Final Strike Point (Lightning to Phase Line).
Based on IEEE 1410-2004 [31], the final strike point is written as
— 107065
Re = 1015 (1)
Ry = 0.9R.

4. Risk Modeling

In practice, many random phenomena follow a normal distribution probability density
function that is shown in the normal probability function p(v) and the probability density
function of over-voltage f(V), which are shown in Figure 9.

f(v) p(v)

Risk

" Voltage [V]
Figure 9. The risk of damage to the component’s distribution network.

4.1. Risk of Failure of Insulation

In this section, the estimation method for the risk of failure of insulation due to
lightning over-voltage in a distribution grid is presented. Due to the random nature of the
lightning over-voltage, the probability density function is investigated. We can compute an
electromagnetic transient program to obtain the magnitude of the lightning over-voltages
by Equations (32) and (33) and the MC method in the grid nodes. In this study, lightning
over-voltage in a distribution grid is the Gaussian density function and can be estimated in
terms of the mean value and the standard deviation as Equation (42).

N\ VSO%)Z] (42)

202

£(V) exp

1
N 0.4/ 27

where f(V) is the probability density function of over-voltage, V59, is over-voltage with
probability density equal to 50%, and o is the standard deviation. In other words, V is a
voltage at the first partial discharges in the insulation start and Vsg, is a voltage where this
discharge becomes a maximum value. The discrete probability of lightning discharge is

(V- V50%)2] (43)

202

1 Vv
p(V) = / exp
0.V 21/

To estimate the over-voltages induced by lightning, two parameters including the peak
value of the current Ip and the rise time T, are considered. Using these parameters in (42) and
(43), the maximum over-voltage set can be found in the PSCAD/4.5 software for a distribution
grid node with a set of parameters obtained in the MC method, as shown in Figure 8.

The risk in the event of a direct hit by a lightning conductor is calculated according to
the following equation:

Rp = / £(V)P(V)dV (44)
0

where o = 0.7576. Similarly, the risk value in the thunder stroke near the overhead line is

Re = [ f(Vg)P(Vg)dV (45)
0
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where f(Vy) is the probability density of over-voltage due to an indirect lightning stroke.

4.2. Risk of Failure of Arrester

The surge arrester placement is a challenging problem. This is because surge arrester
parameters, grid components, the area of the lightning strokes, and lightning characteristics
are complex, critical, and probabilistic parameters [32]. To estimate the risk of surge
arrester failure, induced over-voltage into the grid components and risk formula (46) can be
replaced by (47) and (48). Additionally, the lightning energy has a normal density function
as follows:

F(E) (E— E50%)2‘| (46)

1
= exp | —
0.4/ 21 P [ 202

where F(E) is the probability density of an energy occurrence, E50% is the energy for which
the probability density of an occurrence is 50%, and o is the standard deviation.

The probability of failure of the arrester F(Es) can be approximated by a Weibull
cumulative distribution:

F(Es) =1 0.5+’ (47)
7o 25 48
= 0375 (48)

where Ep is the rated energy capacity and Ej is the energy withstand capacity for the prob-
ability of failure F(Es). Since the steep front of the lightning is faster than the tail duration,
energy absorption is ignored in consistency with the peak current and tail duration of
lightning strokes.

4.3. Risk of the Network

The global risk is obtained as follows:
Rg =~ R; (49)

where Rg is the global risk of the network, Ri is the calculated risk of each node, and n
is the number of exciting nodes. For the protection of expensive and critical components
in different grid nodes, the accurate estimation of the global risk is obtained, where the
weighted risk estimation method is presented in Equation (47). In this method, more costly
and more critical components have a greater weight.

1 n
=—— V' KGR
RG in:1 kiCiizzl 1C1 i (50)

where R and R; and n are as defined previously. k; and C; are the critical and economic
indices showing the weights of connected nodes corresponding to the most important node.

4.4. Global Risk Calculation

For the multi-component protection of proposed feeders, the ratio of their protection
must be considered. For this reason, the allowable insulation failure value for each compo-
nent is determined according to the degree of their importance over all feeders. According
to Equations (51) and (52), failure risk of grid components considering the Monte Carlo
method for the determination of maximum lightning current is shown in Figure 10. Global
risk is written as

n n
Raiobal = Y_Raci + ) _Rpi (51)
1 1

where R; to Ry, are risk values in the 1 to n proposed area. The probability risk index R(i)
determines the importance of all areas concerning probability risk; that is,
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n n
R(i)gigpar = Y Rai+ ) Rpi (52)
1 T
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Figure 10. Failure risk of network component considering Monte Carlo method for determination of
maximum lightning current.

5. Proposed Smart Protection

The proposed smart protection procedure is described in Figure 11. The following ob-
jective function is considered to minimize the number of arresters in the grid. The optimal
arrester placement (and their distances to grid components) is determined by the proposed
smart method utilizing the PSO and MC techniques. PSO is a popular heuristic optimiza-
tion technique used to cope with NP-harness and non-convexity of various engineering
problems [33-37]. Also, the MC method is used to estimate the lightning parameters.

lightning parameter induced overvoltage
estimation by MC estimation
(eq.1,2) (eq.28)

L 3l 1]
»€

probability of lightning
(eq. Anderson)

lightning
strike area
(eq. 29,30)

Network risk estimation
(eq. 46-49)

Target function
estimation by
PSO

(eq. 51)

NO

Meet the
(eq. 58)

Distance protection
(eq. 50)

Figure 11. Flowchart of proposed smart protection in distribution networks’ optimal arrester place-
ment (green boxes are the smart method).
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5.1. Objective Function

In this proposed smart method, the output results of the MC are considered as inputs
of the PSO algorithm for optimizing the objective function F:

1
m x (Z (TiEiR(i)global> >] (53)

i

Min F =

where i denotes the area index, R(i) global 1S the global risk in area 7; and technical index Tj
and economic index E; are presented in the sequel.

5.2. Technical Index T;

This index determines the importance of all nodes for substation protection based on
other indices, including the above-sea level K}; and the substation compression ratio in the
Chopoghloo feeder Ky,;. This index is normalized based on the total number of substations.

Ti = Kpi X Kpi (54)
__ total substation in Grid (55)
P~ ‘otal substation in Feeder
hi><0.13 1
Ky = 1.5 00—V (56)

5.3. Economic Index E;

This economic index determines installation and operating costs including repair and
maintenance costs Cpy; and the annualized cost of the investment Cjpy;i.

E; = Cpmi + Censi (57)
where
Cpmi = 0.02C;nyi
Ir(Ig +1)"
————Cnp
IRk +1)Y —1

where IR is the interest rate equal to 19%, Y is the term operation equal to 30 years, and CTI
is the total costs of component investment in USD dollars; Cpys is maintenance cost and
Cinp is annual investment in USD dollars.

invi —

5.4. Constraints

The voltage at the component location: The surge arresters must be located near the grid
equipment especially when the facility has no adequate protection, and the substation is
at the end of the feeder. In this case, the probability of direct lightning strikes is high, as
there is no other line where the traveling wave voltage can be divided between lines. After
entering the traveling wave to the substation or grid component, the voltage at the surge
arrester location is up to the maximum amplitude of the surge. Also, the surge arrester
current and initial input wave growth rate (lightning) will continue in the surge arrester.
The initial peak of the input wave (lightning) is twice the amount of the surge voltage.

Over-voltage moves to the transformer or grid component and reaches that point. In
other words, an increase in distance from the network component to the surge arrester may
lead to the twice as high remaining voltage of the surge in the component location even to
the peak of the surge.

If 2T > Ty, T is the time of the surge traveling from the arrester to the grid component
and T is the required time for the arrester to voltage equal to its voltage protection. Then,
the voltage at the component location is written as

Vi = Vp +2ST < 2Vp (58)
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where V; is the voltage at the component location, S is the input steep front wave slope,
and Vp is arrester voltage protection.
Basic Insulation Level—BIL: In this study, BIL = 125 kV is considered the second constraint.

6. Case Study and Results
6.1. Distribution Network Configuration

The proposed method has been applied to the 20 kV Bahar, Hamedan, feeder Cho-
poghloo local grid located in the west of Iran shown in Figure 12. The regional grid includes
rural, agricultural plain, and mountain areas, in A, B, and C areas, respectively, and is used
as an actual case study with a line length of 120 km. The BIL of insulation is 125 kV. This
distribution network supplies rural areas consisting of 175 transformers with an average
demand coefficient of 0.85. The presented method in this paper is general and applies to a
system with varying demand coefficients in different areas including rural-agricultural
plains, plains, and mountainous areas. However, because of the slow variation of the
loads in the case study, the load of the system is modeled as an average value. Following
Equations (29) and (30), T4 = 129.667, Ng = 17.502 flashover/ km?/ year, and A = 1334 km?.

Area-C

//
.
“Lalejin Substation
6320 kV

Figure 12. Actual part of the Iran national grid, i.e., Bahar, Hamedan province-Chopoghloo in A, B,
and C area.

Then, FR =1 X 1179';5% x 1334 x %8—0 = 1.17036 flashover/100 km/year.
And assuming that 5 kA < T, < 9 kA (Anderson equation),

2846 m < R < 41.71 m
25.65 < Ry < 37.54m
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In this paper, the selected case study is located in rural-agricultural and mountainous
areas, and the latter has an adverse impact on lightning surges. The properties of these
areas are presented in Table 6. Also, in this case study, the substation compression ratio
has been considered for the first time for the proper protection of gird components at the
distribution level. This is because surge arresters are typically installed for the protection
of distribution transformers.

Table 6. Properties of areas in the Chopoghloo feeder.

Area h (m) Neub Kp Ky R avr. ()
A 1725 120 0.6857 0.7301 10.5
B 1951 25 0.1428 0.7388 16.38
C 2057 30 0.1714 0.743 16.3

Due to the investment costs assigned for protection by the local power utility com-
pany, 175 sets of three-phase arresters have been selected to be installed on this network.
Characteristics and the number of customers in each section are represented in Table 6. The
optimization algorithm, over-voltage calculation, and risk analysis were coded in the MAT-
LAB/2024 environment, whereas arrester modeling was obtained by PSCAD/EMTDC/4.5
simulation.

6.2. Simulation Results

The main novelty of the proposed method is the arrester placement, i.e., optimal
determining of the distance between the component and surge arrester on the Chopoghloo
feeder by minimizing Equation (50) and determining protective arrester ratios shown in
Tables 7 and 8. This assumes that arrester sets are installed in all the component’s phases.

Table 7. Simulation results in a, b, and ¢ area.

Area Kp K, Cpm Cinv Crr
A 0.7301 0.6857 120.58 6029.16 31,560.61
B 0.7388 0.1428 21.15 1057.38 5535.03
C 0.743 0.1714 29.88 1494.11 7821.13

Table 8. Determining protective arrester ratios in various manufactories—in meters (m). VP denotes
the arrester voltage protection.

Protection Distance in m

Tridelta Siemens Pars
HE 24/R SBR-27/5 PAV PAW
Area 67.2 70.3 82 75 VP

9.11 8.87 6.19 12.48 Min.
A 36.07 47.15 43.82 48.5 Max.
21.09 24.22 26.44 28.07 Mean
6.4 5.06 5.06 5.15 Min.
B 45.01 43.67 49.26 44.68 Max.
25.49 19.12 26.72 30.31 Mean
11.16 791 8.89 9.74 Min.
C 46.8 49.13 49.15 43.93 Max.

29.12 26.69 32.07 28.82 Mean
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Voltage in Volts

The induced voltage on grid equipment, as the result of lightning strikes to the ground,
is calculated in different arresters” models including PAV, PAW, SBR-27/5, and HE-24/R,
according to Equation (39). Also, the results in Table 8 present maximum radius protection
in different arrester models calculated by PSO and represented in Figure 13a. On the other
hand, for the validation of the results in Table 8, the maximum induced over-voltage (Vi)
in Equation (39) in different arresters’ models is calculated and the results are shown in
Figure 13b. The maximum induced over-voltage (Vi) and V are due to indirect lightning
strikes in the maximum distance for arrester placement; see results in Table 8. Figure 13
and Table 8 show that the maximum induced over-voltage in the overhead lines is less than
the distribution network, BIL = 125 kV. The applications of deep learning techniques [38,39]
are considered to extend this study.

10,000
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9,000

8,500

8,000

7,500

7,000

Induction Voltage o4 <10 Induction Voltage
Pars-PAV //:;-PAV
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Figure 13. Induced over-voltage on the overhead line; (a) lightning strikes the ground and (b) network
equipment is protected by the arrester in maximum distance in Table 8.

7. Conclusions

In this paper, effective and smart lightning arrester protection in the distribution grid
was investigated. The objective was to reduce the destructive effects of lightning and
increase the reliability of the grid by providing a smart protection method. Quantitatively,
the objective was reducing induced over-voltage due to lightning to less than BIL = 125 kV
while satisfying risk constraints and minimizing financial costs. Therefore, a multi-objective
function was developed considering accurate technical electrical modeling, as well as risk
and economic indices. To handle the nonlinearity and time complexity of the optimiza-
tion problem, an optimization technique was developed utilizing the MC method and
PSO algorithms.

To achieve accurate results, a new surge arrester model was developed and compared
with three models including IEEE, Fernandez, and Pinceti in the PSCAD/4.5 software.
The results were compared with three arrester manufacturers including Pars, Tridelta,
and Siemens. For the validation of the proposed smart protection method used for the
protection of the distribution grids, the Chopoghloo feeder in Bahar, Hamedan, in Iran in
three areas including rural, agricultural plain, and mountain areas is used as a real case
study. Simulations in PSCAD/4.5 and Simulink/MATLAB/2024 prove the validity of the
proposed model. Results revealed that the Pars arrester has better performance than other
companies for distribution grid protection.
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The calculated optimal distance for surge arrester placement is 6.4 m to 46.8 m for
Tridelta, 7.91 m to 49.13 m for Siemens, 5.06 m to 49.15 m for Pars/PAV, and 3.15 m to
48.5 m for Pars/PAW. As a consequence, the PAV Pars arrester has better performance than
the other surge arresters. Results of the proposed method simulation show that the surge
arrester in optimized distance from grid components meets the BIL, in 125 kV.
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