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Abstract: Nowadays, electricity consumption is closely linked to the economic growth of cities, states,
and countries, providing a better quality of life and security. Overhead power distribution networks
at medium- and low-voltage levels are responsible for serving and supplying electricity to the largest
consumer class, as they represent most consumer installations. Due to this reason, there is a vast
expanse of exposed networks vulnerable to the effects of atmospheric discharges. Therefore, the
objective of this article is to implement and evaluate the models available in the literature to represent
distribution networks during transient events caused by lightning, using simulation in ATPDraw.
These structures pose a significant complexity in their representation, and there are studies that assess
more accurate methods for simulating transients in transmission lines, which have different structural
and configuration characteristics. Ultimately, the results demonstrate that the choice of which model
to implement in a simulation heavily depends on the analysis to be conducted by the researcher, and
it can be observed that more accurate methods do not always yield substantial differences in the
obtained outcomes.

Keywords: lightning transients; modeling; simulation; overhead power distribution networks

1. Introduction

Over the years, various studies have been conducted to investigate the best methods
and models for representing the structures and equipment of electrical distribution or
transmission systems. This article addresses the methods and models used in the represen-
tation of medium- and low-voltage networks during transient events caused by lightning.
Understanding the behavior of these systems during transient events is essential to support
effective decisions regarding maintenance, expansion, and system protection [1,2].

The influence of lightning on electrical systems is highly damaging and has been
the subject of study in various fields. However, it can be observed that studies related
to these issues have predominantly focused on high-voltage and power lines. These, in
turn, differ substantially from medium and low-voltage networks, both in dimensions and
vulnerability to problems associated with lightning.

Therefore, this article aims to assess the impact of component representation models
in medium- and low-voltage networks on the maximum levels of overvoltage affecting
equipment and structures. The central focus is on the analysis of models applicable to
medium- and low-voltage networks, operating at 13.8 kV and 380/220 V, respectively. It
is noteworthy that these networks have been configured with typical characteristics of
structures installed in the southern region of Brazil, widely used in the area. This article
will focus on evaluating representation models for the following components: transformers,
lightning arresters, conductor cables, concrete poles, insulators, consumers, and grounding
systems.

Distribution transformers can be described by models based on equivalent circuits,
implemented in network simulations, as demonstrated in [3,4]. The development of these
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circuits may involve capacitive elements between windings to represent the peak transfer
of lightning. Additionally, these models can be represented by parasitic capacitances or
nonlinear resistances [5,6]. Although previous studies, such as [3,5,6], have addressed
transformer models in broader network analyses, the specific influence of these models has
not been explored. This article aims to implement transformer models through different
representation circuits to investigate their contribution to overvoltage levels.

To protect the transformer against high levels of overvoltage, surge arresters are
installed and represented in simulations by voltage—current curves, such as current-
dependent exponential resistors (Type 92) or nonlinear resistors (MOV) [3,5]. In the studies
mentioned, representation models were defined, such as Type 92 and MOV, with different
focuses, such as energy absorption [3] or network security enhancement [5]. This article will
assess the impacts of implementing these different surge arrester models on the overvoltage
levels achieved in simulations.

Concrete or wooden poles are represented based on their geometric characteristics
using specific methods, as described in [3,6]. Studies such as [7,8] evaluate the behavior of
poles and their entire structure during transient events but do not explore their contribution
in events where they are integrated into a medium- and low-voltage network. In this
article, the concrete pole will be represented in the simulation as an impedance, using
values calculated analytically and through numerical simulations to assess whether the
implementation will result in significant differences in the obtained overvoltage values.

Isolators can be represented using voltage-controlled switches or as capacitors con-
nected between conductors and the tower, the latter being applicable to high-voltage
lines [9]. In studies [4,10], the contribution of isolators in medium- and low-voltage
networks was integrated into MODELS using the DE method, focusing on evaluating
effective actions in the installation of protective equipment and the impact of variations
in soil resistivity on overvoltage. This article adopts the representation of isolators by
voltage-controlled switches, exploring different methods to calculate the maximum levels
of withstandable voltage on isolators, aiming to assess the impact of these models on
overvoltage levels.

In addition to these mentioned structural elements, it is important to address the
presence of consumer installations in studies on electromagnetic transients. Accurate
modeling for the proper representation of these consumers is complex, but it is essential for
conducting simulations with reliable results [11,12]. In contrast to studies [11,12], which
treat consumers as load categories in a node and use algorithms to define the consumer
load current model, this article adopts a distinct approach. Here, the representation of
consumers will be carried out through electrical circuit models, which are more practical
and capable of reflecting the behavior of these consumers in low-voltage networks during
electromagnetic transients caused by lightning.

Given the inherent complexity, it becomes essential to properly represent each structure
and equipment in medium- and low-voltage networks to ensure reliable results. In this
challenging context, the analysis of electromagnetic transients resulting from lightning
not only plays a fundamental role in guiding improvements but also presents a notably
challenging task in implementing various models of structures. This includes evaluating
their interaction and the overall system behavior for overvoltage assessment.

2. Lightning Model

Models of lightning discharges have been the subject of study in recent years. Re-
searchers rely on parameters collected from a long-term database at measurement stations
to represent lightning phenomena. These measurements assist in understanding the be-
havior of lightning by analyzing waveforms, temporal parameters, maximum current,
subsequent strokes, polarity, and other factors [13,14].

To implement the discharge model, the model and recommendations addressed in [13]
are defined. This study suggests key characteristics for implementing return stroke current
models, including their maximum value, the duration to reach this peak, and the time re-
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quired to subsequently decrease. Consequently, the specific parameters used to incorporate
lightning phenomena into simulations, such as maximum values and time-related aspects,
are indicated in Table 1.

Table 1. Waveform of the current impulse for each peak value.

I, (kA) Tfe (us) Tf (us) Th (us) T37% (us) n
10 1.77 5.70 50.10 69.00 10.00
10 5.00 15.92 100.10 135.80 10.00
40 5.00 15.92 100.10 135.80 10.00

For these analyses, a lightning waveform with a peak current of 10 kA and a faster
rise time was selected, as indicated in Table 1. The other two waveforms are employed to
evaluate how changes in lightning waveform and amplitude affect overvoltage levels and
waveforms.

Using the presented time parameters, the lightning model is implemented in the
transient simulation program based on the curve suggested by Heidler, as recommended
in [13,15]. The Heidler function, presented in Equation (1), allows for the independent
adjustment of current amplitude, maximum current derivative, and transferred charge by
varying the constants Iy, T1, and 1. The result, shown in Figure 1, illustrates the behavior
of the Heidler curve, which will be implemented in the simulation.

. ! (kn) YT
_ P S 2
i(t) = 11Kk° M

where I, is the peak current, 1 is the correction factor for the peak current, ks = Y1, T and
T, are constants that define the rise and decay times of the current, and n is the current
growth factor [15,16].
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Figure 1. Waveform of the direct lightning impulse.

3. Evaluation of Models for Representing Aerial Distribution Networks and Structures
Presented in the Literature

The use of accurate models is essential for evaluating how networks respond to elec-
tromagnetic transients, mitigating lightning damage, identifying vulnerable points, and
facilitating preventive decisions to minimize power supply interruptions and overvoltage-
related damages. These models ensure the efficiency, reliability, and safety of the network,
allowing for simulations before physical implementations, thereby saving time and re-
sources. A study in the southern region of Brazil analyzed typical structures, utilizing
field data to evaluate representation models for each component of the distribution net-
works [17].

3.1. Medium- and Low-Voltage Networks

Overhead distribution networks play an extremely important role in energy systems,
and their significance is proportional to the complexity of modeling. There is no clear defi-
nition of an average network model suitable for representing these structures, making the
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analysis of distribution network representation model implementations a significant chal-
lenge. Therefore, in this article, a hypothetical configuration of a medium- and low-voltage
network is developed based on typical structures in the southern region of Brazil [18].

3.2. Distribution Transformers

Distribution transformers are vital components in power systems, ensuring the safety,
efficiency, and continuous supply of electricity. Positioned within distribution network
structures, these devices regulate voltage from medium to low levels, serving residential
and small commercial areas. Typically mounted on concrete utility poles, they can be
either three-phase or single-phase based on load demand. Standardized power ratings,
ranging from 5 to 150 kVA, are defined, along with specified insulation levels and withstand
capabilities for different network operating levels [19].

Research on transformer behavior suggests that the most effective approach for repre-
senting these devices in electromagnetic transient simulations is by utilizing an equivalent
circuit. This circuit must accurately replicate the transformer’s dynamic responses during
the event. To achieve this, models designed for high frequencies are recommended to
capture the equipment’s intricate behavior [20].

In the realm of studies evaluating transformer behavior and devising surge transfer
models, a specific focus is placed on models tailored for distribution transformers. Two no-
table models are considered for assessment. The first, denoted as Model 1 and introduced
by [20], is depicted in Figure 2a. This model encompasses circuits applicable to transform-
ers with capacities ranging from 30 to 175 kVA. For this study, the 45 kVA transformer
is selected as a standard reference due to its prevalent use in distribution networks. The
component values corresponding to this model are outlined in detail in [20]. The second
model, referred to as Model 2 and introduced by [3], with development by [21] is illustrated
in Figure 2b, showcasing its circuit configuration and associated component values. These
models are subjected to a thorough evaluation as part of the research analysis.
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Figure 2. Transformer models: (a) Model 1; (b) Model 2.

Additionally, for the protection of transformers against atmospheric events, lightning
arresters are used. They are usually installed before the medium-voltage bushings and on
the low-voltage bushings. These devices will be presented in the following subsection.

3.3. Surge Arresters

Surge arresters are essential devices in distribution networks, safeguarding electri-
cal and electronic equipment against transient overvoltage. They are designed to oper-
ate during transients and remain inactive under normal conditions. When installed at
equipment power inputs, they limit voltage amplitude and excess energy to the ground.
There are medium-voltage surge arresters (MVSAs), installed at transformer poles and
medium-voltage terminals, and low-voltage surge arresters (LVSAs), placed at low-voltage
terminals [22]. Surge protection devices (SPDs) are mandatory and installed at the metering
entrance of consumer units connected to a low voltage, operating on the same principle.
Currently, zinc oxide (ZnO) surge arresters are widely used, with standardized nominal
voltages of 12, 21, and 30 kV for distribution networks. To represent these devices in
simulation models, utilizing residual voltage curves provided by manufacturers is essential.
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ATPDraw offers easily implementable models based on nonlinear resistances for these
devices.

There are three distinct models of nonlinear resistors used in surge arrester simulations.
The first one, called Type 99, features a pseudo-nonlinear resistance with a Type 99 branch,
initially behaving as an open circuit until the voltage across its terminals surpasses a defined
value. From that point on, the branch becomes a closed circuit, reverting to its initial state
only when the current in the branch reaches zero. Defining its characteristics point by
point on the VxI curve is important. The second model, Type 92, is specific to zinc oxide
(Zn0O) surge arresters, allowing for highly nonlinear resistive behavior and is essential for
understanding the performance of these devices. Lastly, the metal oxide varistor (MOV)
model is known as the true nonlinear resistance and involves an iterative method for its
resolution, requiring input data, including the nonlinear characteristics of the equipment’s
VxI curve. By providing these details, an accurate representation of MOV surge arresters
can be achieved in simulation models [23].

(a) Type 99: It is a pseudo-nonlinear resistance model that has a Type 99 branch, which
behaves as an open circuit until the voltage across its terminals exceeds the defined
value. From that moment on, the branch becomes a closed circuit and will only
return to the initial condition when the current in the branch is equal to zero. The
characteristics of the VxI curve should be defined point by point [23].

(b) Type 92: This model is suitable for a ZnO surge arrester and is based on Equation (2),
allowing for resistive and highly nonlinear behavior [23].

q
= p'<v\r/:3f> @

where i is the current in the surge arrester, V is the operating voltage, and p, Vi, and
q are constants defined by the device’s operation.

() MOV: It is known as the true nonlinear resistance, consisting of a branch that uses
an iterative method for resolution. This solution method involves solving a system
of equations, which requires some input data for resolution. Lastly, the nonlinear
characteristic of the VxI curve of the equipment must also be provided [23].

It is important to emphasize that, regardless of the selected model, all of them rely on
the VxI operating curve of these devices, which should be available in the datasheets. The
VxI curve for the Surge Protection Device (SPD) is derived from the curves outlined in [24].
For the medium-voltage surge arrester (MVSA), the reference point is the datasheet [25],
while information from datasheet [26] is utilized for the low-voltage surge arrester (LVSA).
These curves are visually represented in Figure 3 below.
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Figure 3. VxI curve of surge suppressors: (a) MLSA; (b) LVSA; (c) SPD.

3.4. Conductor Cables

Conductor cables in electrical power distribution networks are essential for trans-
mitting electric current from power sources to consumers, ensuring efficiency and safety.
Modeling these cables during transient periods is challenging, as it involves frequency-
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dependent distributed parameters. The choice of modeling domain (modal or phase)
further complicates the calculations [27]. Overvoltage calculations require precise steps,
including line parameter calculation, synthesis of model parameters, and transient solu-
tion determination [28]. To represent conductors, ATPDraw offers the JMarti model [29],
although recent studies have proposed the universal line model (ULM) as a more accurate
alternative [30]. Implementing the ULM demands significant effort due to its complex-
ity. Comparatively, JMarti, based on modal domain equations, is widely accepted and
easily implemented in ATPDraw. Studies have suggested that JMarti suffices for aerial
distribution networks, considering their specific characteristics [31]. The chosen model for
conductor representation in ATPDraw is the JMarti type LCC, demanding input data like
cable installation type, simulation model, soil resistivity, span length, and lightning-related
parameters.

3.5. Concrete Poles

Concrete poles are essential structures in distribution networks, supporting the con-
ductor cables that transmit electricity from power sources to consumers. They ensure
network safety and stability by maintaining a safe distance between the conductors and
the ground. In Brazil, most distribution networks use concrete poles, varying in height
between 9, 10, and 11 m based on voltage levels and installation locations. To ensure user
safety and facilitate maintenance, specific clearances between phase and neutral conductor
cables and the ground are established following guidelines outlined in [18].

The impact of poles in atmospheric events has been studied [7,8], revealing that poles
can be analyzed as two electrical components: the embedded portion and the section
above the ground. The embedded part is represented by ground resistance, which will be
explored further in the following section. This discussion focuses on the above-ground
section of the pole, represented by an impedance. The part of the pole represented by
grounding resistance will be discussed later. Consequently, the concrete pole’s impedance
is influenced by construction factors such as concrete type, reinforcement dimensions, and
soil resistivity [7]. These values can be determined through analytical methods or numerical
simulations.

The representation of the concrete pole should be performed for the portion above the
ground and the part buried in the soil, respectively, represented by an impedance and a
grounding resistance.

Therefore, the impedance of the concrete pole depends on its construction character-
istics, such as the type of concrete, dimensions of the reinforcement, and soil resistivity,
among others [7]. These values can be obtained through analytical methods or numerical
simulation. Below is a brief description:

(a) Analytical:

Using Equation (3), it is possible to calculate the value of the characteristic impedance
of the pole, considering the internal characteristics of the reinforcements and the
electrical properties of the concrete. This equation is a result of the study by [7],
which examines the influence of electromagnetic fields generated by a return stroke,
originating from lightning strikes, on the concrete pole structures.

h+ /h% + R?
ZO _ 60 avg {Q]

= In
A/ Er *j‘y/eow Ravg

where h is the height of the pole, Rayg is the average radius of the pole, w is the angular
frequency, € and ¢ are the relative electrical permittivity of concrete and the electrical
permittivity of vacuum, respectively, and o is the electrical conductivity of concrete.

€)

(b) Numerical simulation:
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In [32], the use of a simulation process is demonstrated to determine the characteristic
impedance of a transmission or distribution structure. Simulation offers the advantage
of considering various details of the structure’s body, which is not feasible in an analyt-
ical procedure [7]. They utilized the ANSYS® software Q3D Extractor, version 2021R2,
to determine the characteristic impedance of a distribution pole and a transmission
tower.

3.6. Insulators

Voltage insulators play an important role in power distribution networks by sup-
porting and isolating electrical conductors, ensuring the safe conduction of current, and
maintaining a continuous power supply. In medium-voltage (MV) networks, pillar-type
insulators are preferred due to their electrical properties and robustness, often eliminating
the need for crossarms. For low-voltage (LV) networks, porcelain or glass pulley-type
insulators are commonly used, providing support directly on the poles with lower insula-
tion levels. The insulation level is vital for protecting distribution and transmission lines
from lightning strikes. It is characterized by parameters such as impulse withstand voltage
(IWV) and critical flashover voltage (CFO), indicating the voltage levels that insulators can
endure and the threshold causing breakdown, respectively [19].

CFO values are influenced by insulation distances, insulator types, and pole materials
and are determined through laboratory tests or analytical methods. For MV networks,
125 kV pillar-type insulators with a CFO of 145 kV are standard, while LV networks employ
porcelain pulley-type insulators with a maximum voltage of 1.2 kV and a CFO of 35 kV,
both for positive polarity [33]. Due to lightning’s high current, insulators are susceptible to
disruptive discharges, leading to breakdown. Various methods are used to determine the
voltage threshold for these discharges, including the ones described below.

(a) IEEE Guiding Model: This is suggested by [13], simple, and defined by Equation (4):

Vmax > 1.5 x CFO 4)

where CFO is the critical impulse flashover voltage, which is related to the insulation
level of the structures.

(b) Disruptive Effect Model—DE Method:

This method is known as the disruptive effect (DE) method [34], it is based on the
concept of the integration method, and its application involves the estimation of some
parameters. Equation (5) for this method is presented below.
ty K
DE = [V(t) — Vo] -dt (5)
to

where DE is the constant disruptive effect for the interval where V(t) > V; for a
specified voltage waveform, V(t) is the instantaneous voltage over the insulation, Vj
is the initial voltage or minimum voltage to be exceeded to initiate the breakdown
process, tg is the time when V) is exceeded, and t}, is the time of disruption [35].

The parameters V( and K can be estimated using different procedures proposed in
various studies in the literature. For distribution network insulators, recent studies [34]
suggest the use of Equation (6) below:

V)
0

K=u«x

(6)

The best value of « is the one that results in the minimum square deviation of DE,
with each value calculated by averaging the DE values corresponding to the voltage
levels obtained from tests [34].
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To incorporate these methods into the simulation, two approaches can be taken:
utilizing a voltage-controlled switch or implementing a MODELS block. The first option
can represent both the model in [13] and the disruptive voltage values calculated by the
DE method. The second option, particularly suitable for the DE method, facilitates an
iterative process to determine insulation disruption by allowing for voltage values to be
adjusted iteratively. Researchers implementing this approach typically use three parameters
specific to the insulators within the networks, with these parameters being well-defined
for insulator strings. However, tests conducted on distribution network insulators by [34]
employed a different calculation method, which cannot be seamlessly integrated into
existing routines used for insulator string representation.

Consequently, the insulators were treated as voltage-controlled switches for modeling
and integration into the circuit model. For the method outlined in the IEEE guide, the
CFO value was applied in Equation (4) while for the DE method, disruptive voltage values
calculated using Equations (5) and (6) were utilized.

To determine the values of V(t), the surge impedance of the lightning directly striking
the network was considered, calculated based on the type of conductor and its height above
the ground, as described in Equation (7). The calculated impedance values were 500 () for
the MV network and 498 () for the LV network.

Zy = 60In (Zrh) )] @)
The DE factor is dependent on the waveform of the lightning, and, therefore, different
disruptive voltage values were obtained by minimizing the error in Equation (8) while
varying the maximum V(t) value.
t v
Error = DE. — / ’ (V(t) — Vo)cx( Yo dt (8)
to
The values for the constants DE, (kV:s), Vj (kV), and « were obtained from [34] for
the 24 kV class insulator, considering the similarity between the disruptive voltage values
(CFO) of the insulators. The resulting disruptive voltage values for the MV insulator can be
seen in Table 2.

Table 2. Disruptive voltage values.

I, (KA) Disruptive Voltage (kV)
10 220.38
40 178.63

The disruptive voltage values for the BT isolator can also be obtained using the DE
method by using the constants suggested by [33]. The values obtained ranged between 35
and 33 kV, and a fixed value of 35 kV is chosen for this study.

3.7. Consumer Installations

Recipients in low-voltage systems receive electricity at voltages below 1000 volts,
encompassing residences, offices, commercial establishments, factories, schools, and more.
They are supplied through low-voltage distribution networks designed to deliver secure
and consistent electrical power to meet the requirements of this consumer category. To
safeguard these consumers, surge protective devices (SPDs) are employed, incorporating at
least one element with nonlinear characteristics. The positioning of SPDs at the consumer’s
meter is determined based on the desired level of protection [36].

Consumer units exhibit diverse and fluctuating electrical loads contingent upon the
equipment utilized in each location. Considering the array of household appliances that can
be found in each consumer unit, the loads will inevitably vary across different installations.
A circuit representation, illustrated in Figure 4, has been proposed to address this.
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Figure 4. Equivalent circuit for the load: (a) Model 1; (b) Model 2.

The loads present in consumer units are highly variable and depend on the equipment
installed at each location. As there is a variety of household appliances that can be used in
each consumer unit, the loads will certainly not be identical across different installations. A
circuit representation is proposed, as shown in Figure 4. The components of this circuit
represent the installed load in the consumer unit, including L2, C1, R1, and R2, as well as
the grounding rod, Rat, and the service entrance to energize the meter, L1, whose values
are provided in Table 3.

Table 3. Parameters of the consumer load model.

Parameters—Model 1 Value Parameters—Model 2 Value
L1 (uH) 25.00 R1(QY) 7.58
L2 (uH) 35.00 C1 (nF) 4.00
R1(Q) 16.00 L1 (uH) 1.00
R2 (Q) 1.00 C2 (nF) 4.00
C1 (uF) 8.00

The values of Ryt vary according to the soil resistivity.

3.8. Grounding Systems

Grounding systems play a vital role in ensuring electrical safety, shielding people and
equipment from electric shocks, short circuits, and electromagnetic interference. They also
provide stability to electrical voltage, safeguard equipment from lightning damage, and
enhance energy efficiency. A well-designed grounding system can prolong the lifespan
of electrical equipment. In essence, a high-quality grounding system is important for the
safety, reliability, and efficiency of electrical systems [37].

In low-voltage installations, a single vertical rod with a diameter and length of 2 or
2.4 m is used for each consumer. In medium-voltage networks, aligned rods interconnected
by copper conductors are employed to reduce grounding resistance in areas with a high
soil resistivity, where achieving the minimum grounding resistance is challenging [38].

There are two methods to represent grounding resistance:

(a) Fixed-value grounding resistance:

These grounding values can be obtained through analytical calculations. For the values
of grounding resistance of buried vertical rods [39], Equation (9) can be used:

;P 4L
Ryt = 7 < ln( 3 >[Q] 9)
where p is the soil resistivity [(2-m], L is the length of the rod [m], and d is the diameter
of the cross-sectional area of the rod [m].

Grounding systems in electrical networks are implemented differently, with specific
recommendations aimed at equipment protection. One such recommendation involves
providing specific clearances for grounding the neutral conductor in high-resistivity
soils. Additionally, the installation of interconnected rods is suggested to reduce
the grounding resistance values. Equation (10) is used to determine the grounding
resistance values [39].

, 1 p [ 4L L, 1.78In
Ry =5 <Ina L+ S >[Q] (10)
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where n is the number of vertical rods arranged, p is the soil resistivity [(2-m], L is the
length of the rod [m], a is the radius of the rod’s cross-sectional area, d is the depth of
installation of the grounding system, and the spacing between the rods is the same as
their length, 2.4 m.

(b) Frequency-dependent grounding resistance:

For this representation, the variation of soil parameters is taken into consideration
when there is a change in frequency, as groundings behave as impedances. Therefore,
based on the considerations made by the studies [27,40], which present the character-
istics of the hybrid electromagnetic model (HEM), it is noted that this model, based on
field and circuit theories, accurately represents the behavior from DC to a couple of
megahertz and takes into account the frequency-dependent soil electrical parameters.
Therefore, based on the observed behaviors, this model will be implemented through
a library in ATPDraw.

4. Results

The comparison analyses encompassed various simulation models for specific ele-
ments: a lightning strike simulation with a 10 kA current and designated time parameters,
as shown in Table 1; medium- and low-voltage distribution networks, referring to recom-
mendations and common models, particularly the single-phase P2 structure [18]; distribu-
tion transformers modeled as per the specifications for a 45 kVA power rating, model 1
by [20]; surge arresters using the Type 99 model as a reference, with distinct VxI curves for
MVSA, LVSA, and SPD; conductor cables implemented using the JMarti model, utilizing
specific characteristics from sources like [41,42]; concrete poles values obtained through
analytical methods; consumer installations represented using Model 1; and grounding sys-
tems initially employing fixed grounding resistance values. General simulations adhered
to specific conditions, including a soil resistivity of 500 ().m, direct lightning strikes on
the structure prior to the transformer, and medium-voltage networks without a neutral
conductor. These models and conditions were chosen to facilitate comprehensive analyses
and comparisons.

4.1. Calculation and Simulation Tools

The article chooses ATP-EMTP, along with its graphical interface ATPDraw, for simu-
lations due to its widespread usage and acceptance in the scientific community. ATP-EMTP
is preferred for simulating electromagnetic and electromechanical transient phenomena in
power systems, primarily because of its free availability, versatile model implementation
capabilities, and positive reception within the scientific community.

4.2. Results for the Initially Defined Model

To initiate the circuit evaluations, this article will utilize a reference model developed
to assess the contribution of the models to overvoltage levels, following the premises
defined in the previous section. Given that previous studies have not typically conducted
evaluations as comprehensive as those presented in this article, direct comparisons with
other results may not be possible. Thus, the modifications implemented in the circuit
defined as the reference will be compared exclusively with the results obtained in this
simulation.

In Figure 5, it is possible to observe the arrangement of the circuit with the initially
defined components, implemented in ATP.

The results shown in Figure 6 are related to the waveforms at the transformer terminals,
medium and low voltages, as well as the current in the network protection equipment and
the consumer installation. The maximum levels obtained through simulation can be seen
in Table 4.



Energies 2024, 17, 337 11 of 20

:j CL o5 R6
¢4 cz l—g._{ I{ E
£PY
17 %RI—I_C ‘

40 2,000

; 30 ; a L\

= = o 4

Py o D

>20 2 8 2000

£ 53

2. > 7 a0

DD 5 5 o 5o 55 %00 o 5 ¥ DD:‘ 0 50 100 150 200 250 300 350 400 450 500
S0 100 15 5 5 " :
Time (us) Time (s)

6,000 400 SPD
z = J—
~ = 200
=4 000 =
& 8
= 5 o
3 o o S

-200
oF 0 50 100 150 200 250 300 350 400 450 500
0 50 100 150 200 250 300 350 400 450 500 T
Time (us) ime (us)

Figure 6. Voltage and current waveforms: (a) voltage at transformer terminals; (b) voltage at the
input of the consumer; (c) current in MVSA; (d) current in SPD and LVSA.

Table 4. Maximum voltage values: initial definitions.

Current (kA) Voltage (kV)
SPD 0.445 Transformer—MV 32.7
LVSA 0.040 Transformer—LV 0.323
MVSA 5.150 Consumer 4.7

Considering the curves and maximum overvoltage levels presented, it is evident that
these levels are significantly below the transformer’s maximum insulation levels. It is
important to note that this discrepancy is due to the presence of surge protection devices,
such as surge arresters. The functioning principle of these devices plays a fundamental

role in protecting distribution transformers, keeping overvoltage levels well below critical
insulation limits.

4.3. Lightning Strike

The following figures show the effects that occur in the maximum voltage and current

levels when the lightning waveform is slower, as shown in Figure 7, or has a higher
amplitude, as shown in Figure 8.

The maximum levels obtained through simulation can be checked in Table 5.
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Figure 7. Voltage and current waveforms for a 10 kA slow waveform lightning: (a) voltage at

transformer terminals; (b) voltage at the input of the consumer; (c) current in MVSA; (d) current in
SPD and LVSA.
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Figure 8. Voltage and current waveforms for a 40 kA lightning: (a) voltage at transformer terminals;
(b) voltage at the input of the consumer; (c) current in MVSA; (d) current in SPD and LVSA.

Table 5. Maximum voltage values: lightning.

10 kA: Current (kA) 10 kA: Voltage (kV)

SPD 0.44 Transformer—MV 32.9
LVSA 0.04 Transformer—LV 0.32
MVSA 5.77 Consumer 497

40 KA: Current (kA) 40 kA: Voltage (kV)

SPD 0.38 Transformer—MV 38.18
LVSA 1.96 Transformer—LV 0.78
MVSA 23.7 Consumer 4.98

The increase in the rise time values, indicating a slower discharge, leads to minor
changes in maximum voltage levels. However, waveform alterations can result in higher
energy absorption by protective equipment. With a higher peak level, there is an expected
increase in maximum overvoltage levels, accompanied by changes in waveforms.

4.4. Distribution Transformers

Transformers are important components in distribution systems; however, their repre-
sentation in these systems requires careful evaluation. After assessing the results obtained
with the model adopted as a reference, Model 1, the second model, indicated in Figure 2,
is implemented to evaluate its impact on overvoltage levels and other implications in
the system. The results presented below pertain to the application of the model, with
waveforms and maximum values illustrated in Figure 9 and Table 6, respectively.
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Figure 9. Voltage and current waveforms for transformer model 2: (a) voltage at transformer

terminals; (b) voltage at the input of the consumer; (c) current in MVSA; (d) current in SPD and
LVSA.

Table 6. Maximum voltage values: transformer model 2.

Current (kA) Voltage (kV)
SPD 0.55 Transformer—MV 32.01
LVSA 0.04 Transformer—LV 0.4
MVSA 3.97 Consumer 4.86

The maximum voltage and current levels reached do not show significant differences
compared to those obtained in the reference model. However, there are variations in
waveforms, which can impact the amount of energy that needs to be dissipated in protective
devices, such as surge arresters, or in structural support components, like insulators. It is
worth noting that with the installation of surge arresters, the overvoltage is directed to the
low voltage due to the increase in neutral potential. Moreover, the representative circuit
may have a minimal impact on the maximum voltage and current levels achieved.

4.5. Surge Arresters

Surge protection devices play a crucial role in safeguarding energy distribution systems
against overvoltage. Accurately assessing the effectiveness of these devices is essential
to ensure the safety of electrical equipment and related structures. After evaluating the
Type 99 model, the performance of the Type 92 and MOV models are analyzed. However,
the inserted curves are the same as those of the reference model indicated in Figure 3.
In Figure 10, the results obtained with the implementation of the surge arrester with
the variable resistor Type 92 can be observed, while the maximum values obtained are
presented in Table 7.
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Figure 10. Voltage and current waveforms for Type 92: (a) voltage at transformer terminals; (b) voltage
at the input of the consumer; (c) current in MVSA; (d) current in SPD and LVSA.
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Table 7. Maximum voltage values: surge arrester Type 92.

Current (kA) Voltage (kV)
SPD 0.44 Transformer—MV 32.7
LVSA 0.04 Transformer—LV 0.03
MVSA 5.15 Consumer 0.44

The waveforms shown indicate that the Type 92 surge arrester does not produce
significant changes in the waveforms but leads to a substantial reduction in the maximum
overvoltage levels reaching the consumer.

The waveforms obtained for the MOV-type implementation model can be seen in
Figure 11, while the maximum values obtained are presented in Table 8.
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Figure 11. Voltage and current waveforms for Type MOV: (a) voltage at transformer terminals;
(b) voltage at the input of the consumer; (c) current in MVSA; (d) current in SPD and LVSA.

Table 8. Maximum voltage values: surge arrester Type MOV.

Current (kA) Voltage (kV)
SPD 0.36 Transformer—MV 32.7
LVSA 0.02 Transformer—LV 0.62
MVSA 5.15 Consumer 0.84

Regarding the MOV Type model, the consideration about the overvoltage level at
the consumer remains, but there is also a distinct variation in the surge arrester’s current
waveform, showing some noticeable oscillations.

4.6. Concrete Poles

Concrete poles are essential for supporting networks; however, their representation
is sometimes overlooked. Therefore, besides incorporating these poles into transient
simulations of distribution networks, we will also assess the impact of altering the defined
impedance values for the poles using an analytical method, comparing it with a method
where impedance values were obtained through simulation. The results of the overvoltage
waveform obtained for the implementation of simulated impedance values can be observed
in Figure 12.

The maximum values obtained are shown in the Table 9.

Table 9. Maximum voltage values: concrete pole.

Current (kA) Voltage (kV)
SPD 0.44 Transformer—MV 32.7
LVSA 0.03 Transformer—LV 0.32

MVSA 5.15 Consumer 4.6
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Figure 12. Voltage and current waveforms: the impedance of the concrete pole are obtained through

simulation. (a) Voltage at transformer terminals; (b) voltage at the input of the consumer; (c) current
in MVSA; (d) current in SPD and LVSA.

When analyzing the waveforms presented in Figure 12 and the maximum values
indicated in Table 9, it is evident that the overvoltage levels in the networks will remain
very high. This suggests that, like the reference model, the overvoltage levels in the spans
of the distribution network are prone to electrical discharges, surpassing the network’s
CFO limit and resulting in its shutdown.

4.7. Insulators

Insulators are essential components within distribution networks, serving to maintain
a safe distance between energized cables and structures. Additionally, they play a vital
role in mitigating the effects of lightning discharges. In fact, insulators are the primary
components responsible for defining the insulation levels of networks today.

The waveform results can be observed in Figure 13, while the maximum values
obtained are shown in Table 10.
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Figure 13. Voltage and current waveforms: CFO; (a) voltage at transformer terminals; (b) voltage at
the input of the consumer; (c) current in MVSA; (d) current in SPD and LVSA.

Table 10. Maximum voltage values: CFO.

Current (kA) Voltage (kV)
SPD 0.44 Transformer—MV 32.7
LVSA 0.04 Transformer—LV 0.32
MVSA 5.15 Consumer 4.8

Analyzing the graphs in Figure 13 and the maximum values from Table 10, it becomes
evident that reducing the CFO level can lead to increased network interruptions due to
electrical discharges. Employing an imprecise calculation method for insulation can yield
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results inconsistent with real-world events. The decrease in overvoltage levels occurred
due to the reduced capacity of the insulators, as indicated by the lower CFO.

4.8. Consumer Installations

Consumers play a vital role in power distribution systems, making their accurate
representation critically important. After analyzing the outcomes with Model 1, Model 2
is introduced to assess its impact on overvoltage levels. The resulting waveforms can be
observed in Figure 14, while the maximum values attained are detailed in Table 11.
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Figure 14. Voltage and current waveforms: consumer. (a) Voltage at transformer terminals; (b) voltage
at the input of the consumer; (c) current in MVSA; (d) current in SPD and LVSA.

Table 11. Maximum voltage values: consumer.

Current (kA) Voltage (kV)
SPD 0.15 Transformer—MV 33.05
LVSA 0.5 Transformer—LV 44
MVSA 59 Consumer 0.611

The maximum voltage and current levels achieved differ from those obtained in the
reference model. There was a reduction in current levels at SPD but a significant increase
in the LVSA and MVSA levels. Regarding voltage levels at the transformer’s MV terminals,
they remain similar due to the presence of lightning arresters and their operating curve.
The waveforms that underwent the most significant changes were those of voltage at the
consumer’s input and at the transformer’s LV terminals, and they were also the ones that
experienced the most alterations concerning the maximum voltage levels. This highlights
the importance of implementing accurate consumer models, as they significantly impact
the impedance levels in distribution systems, resulting in changes in the maximum levels
reached and in waveform characteristics.

4.9. Grounding Systems

Grounding systems are important for safeguarding energy distribution networks
against overvoltage. Accurately assessing their effectiveness is essential to ensure the
safety of electrical devices and infrastructure. Therefore, the networks’ performance was
evaluated using a fixed grounding resistance value and variable impedance with frequency.
The waveform results are depicted in Figure 15, while the maximum values obtained can
be found in Table 12.
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Figure 15. Voltage and current waveforms: grounding systems. (a) Voltage at transformer terminals;
(b) voltage at the input of the consumer; (c) current in MVSA; (d) current in SPD and LVSA.

Table 12. Maximum voltage values: grounding systems.

Current (kA) Voltage (kV)
SPD 0.55 Transformer—MV 29.99
LVSA 0.04 Transformer—LV 0.4
MVSA 1.7 Consumer 1.24

The waveforms for the grounding system models closely resemble those of the refer-
ence model. However, the maximum voltage and current levels achieved were lower than
those in the reference model. This reduction is evident in MV and LV lightning arresters, as
well as in the SPD installed at the consumer’s measurement entry, indicating a significant
decrease in maximum current levels. Additionally, there was a decrease in the maximum
voltage levels at the transformer terminals and at the consumer’s measurement point.
Evaluating these impacts is crucial to ensure adequate protection and extend the lifespan
of safety equipment.

5. Discussion

In the discussion of the results, it is essential to emphasize fundamental aspects that
emerged during the analysis of the simulations.

The changes in the lightning waveforms lead to an increase in the duration of equip-
ment exposure to high voltage levels, which can result in greater energy absorption by
the equipment and, consequently, lead to failures or a reduced lifespan. Increasing the
amplitude of the discharge current also causes higher maximum levels of voltage and
current, affecting the previously mentioned time parameters and presenting additional
challenges.

The modification in the transformer circuit resulted in minimal changes in waveforms,
and the maximum values of voltage and current remained practically unchanged. However,
upon analyzing the circuit, it was observed that the transformer does not transfer over-
voltage through the windings but rather through the elevation of the neutral potential via
the MVSA. In other words, the overvoltage transfer circuit should not affect the maximum
levels of voltage and current. Despite this, it is crucial to consider the representation of a
circuit, as its absence can alter the system’s impedance values and, consequently, impact
the currents in the equipment. Therefore, among the available model options, Model 1 is
suggested for offering more configuration options for different power levels.

In the analysis of waveforms for the two types of surge protectors, no significant
changes were identified in the waveforms and maximum overvoltage values. However,
when evaluating these quantities, especially the voltage at the consumer, a significant
reduction is noted compared to the reference type (Type 99), making the tested models
more suitable, as they align with the expected results in the VxI curve.
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Regarding concrete poles, the modification results in practically imperceptible differ-
ences, both in waveforms and maximum levels. Although the tests indicate a slight dispar-
ity in the results, the recommendation is to use values calculated through simulation. This
method encompasses a broader range of parameters for calculating the pole’s impedance,
especially when implementing a structure involving multiple low- and medium-voltage
poles, which could lead to different conclusions.

The insulation level of the network, as tested in this article, should not cause significant
changes in maximum overvoltage levels or waveforms. This is due to the application of the
lightning on the pole preceding the transformer span, resulting in extremely high levels of
overvoltage at the surge arrester terminals in both implemented situations. In this brief
evaluation, no significant differences were identified in overvoltage values and waveforms.
However, despite this, the recommendation persists for using the DE method to determine
the dielectric breakdown values of the insulator.

The implementation of the grounding system from different approaches revealed that
the results obtained for this representation model did not generate significant changes in
the waveforms of the originally established model. Although some discrepancies were
identified in the maximum values, these did not reach considerably divergent levels.
Implementing a variable resistance to represent the grounding rods is a complex task,
requiring extensive knowledge in soil parameter analysis methods and the application of
external routines to create a file for implementation in ATP. Additionally, many available
programs are designed for rods with lengths of 5 m or more, common dimensions in
high-voltage lines, while medium- and low-voltage distribution networks (less than 13.8 kV
voltage) typically require smaller dimensions, necessitating adaptations in these routines,
which is not a simple task. In this context, the recommendation is to opt for an existing
routine that complies with the simulation’s technical specifications, if readily accessible.
However, in the absence of such a routine, the analytical equations provided in this article
enable simulations capable of producing satisfactory results.

6. Conclusions

In summary, this study highlights the importance of understanding and optimizing
some components of medium- and low-voltage distribution networks to address elec-
tromagnetic transients more effectively. By simultaneously analyzing various models,
researchers and professionals can gain significant insights into the behavior of distribu-
tion systems under different conditions. This approach contributes to making developing
electrical networks more reliable.

The application of the proposed models in practical scenarios is recommended, evalu-
ating their effectiveness in the feeders suggested by the IEEE guide, as well as in different
implementations of lightning representation methods, assessing pole impedance and CFO
levels in situations of discharges further away from surge arresters. Furthermore, we
encourage future research to explore the extension of these models to different operating
conditions and network configurations. The continuous improvement of these models
will significantly contribute to the reliability and safety of electrical distribution networks,
driving continuous advancements in the field.
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