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Attribution of Responsibility for Short-Duration
Voltage Variations in Power Distribution Systems via
QGIS, OpenDSS, and Python Language

Arthur Gomes de Souza
Luiz Carlos Gomes Freitas

Abstract— Short-Duration Voltage Variations (SDVVs) are phe-
nomena that significantly impact power quality. Although they
typically last no longer than three minutes, such events can disrupt
load operations and cause substantial production losses. This study
presents an enhanced methodology for determining whether an
SDVYV event originates upstream or downstream of the point of
common coupling between two agents interconnected through a
transformer. Building upon the work of Ferreira et al., whose origi-
nal approach was applied to a circuit using MATLA B/Simulink, this
research advances the methodology by applying it to both real and
benchmark distribution systems using open-source tools, namely
QGIS, OpenDSS, and Python™. The well-known IEEE 34-Bus
Test System has been used to verify the methodology’s generaliz-
ability. The method was also further validated through tests con-
ducted on two actual Brazilian distribution feeders in Uberlandia,
Minas Gerais: one supplying large industrial consumers such as a
rice mill and a carbonated beverages factory, and the other serving
a municipal wastewater treatment plant and a large photovoltaic
plant. By using real, detailed and georeferenced data, the approach
ensures an accurate representation of both the network topology
and the installed equipment. The results confirm that the proposed
methodology reliably identifies the origin of SDVV events. A key
contribution of this study is that the attribution of responsibility
remains robust regardless of variations in transformer winding
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configurations, fault resistance, circuit topology, load character-
istics, or the presence of distributed generation. These findings
demonstrate the accessibility, robustness and practical applicabil-
ity, offering a valuable tool for utilities and researchers aiming to
enhance power quality and accountability in distribution networks.

Index Terms—OpenDSS, phenomenon responsibility, power
quality, QGIS, short-duration voltage variation (SDVV).

NOMENCLATURE
ANEEL  Brazilian Electricity Regulatory Agency.
ANN Artificial Neural Networks.
BDGD Geographic Database of the Distribution Company.
CLVR Critical Load Voltage Regulator.
DG Distributed Generation.
DVR Dynamic Voltage Restorer.
FFT Fast Fourier Transformer.
GIS Geographic Information System.
HV High Voltage.
LL Line-to-Line.
LLL Three-phase.
LLG Double-Line-to-Ground.
LG Single-Line-to-Ground.
MV Medium Voltage.
PRODIST Electric Power Distribution Procedures in the Na-
tional Electric System.
SDVV Short-Duration Voltage Variation.
STFT Short-Time Fourier Transform.
UF Unbalance Factor.

1. INTRODUCTION

CONSUMER, whether an industry, a commercial com-
A pany, or even a residential home, is exposed to challenges
associated with the quality of electrical energy that may signifi-
cantly impact their processes and operations [1], [2], [3]. One of
these problems is the SDVV. According to the Brazilian Electric-
ity Regulatory Agency (ANEEL) [4], SDVV refers to significant
deviations in the voltage rms value, that occur in time intervals of
less than three minutes. These phenomena are the main causes
of power quality loss, caused by short circuits, switching of
large loads that require high starting currents, or intermittent
disconnection of cable within the electrical system. SDVVs are
divided into voltage surges, voltage sags, and short interruptions,
depending on the duration of the occurrence [5], [6].
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SDVV often lead to increased consumer complaints, mal-
function or shutdown of sensitive equipment across residential,
commercial, and industrial sectors. These disturbances may
also interrupt production processes, cause economic losses, and
compromise both facility and public safety [7], [8]. This article
proposes a generalized methodology for accurately assigning
responsibility in SDVV events, independent of the electrical
system’s specific configurations. The method is designed to be
broadly applicable, enhancing the precision and reliability of dis-
turbance source identification. The proposed approach enhances
electrical network reliability and facilitates the integration of
advanced analytical techniques. As a result, energy data can be
managed more efficiently and interpreted with greater clarity.

Module 8 of Electric Power Distribution Procedures in the
National Electric System (PRODIST) from Brazil evaluates the
SDVVs, and these contingencies are stratified based on their
duration and amplitude. After this stratification, the events are
divided into nine sensitivity regions. The aim is to establish
a correlation between the importance of each SDVV event
and the sensitivity levels of the different loads connected to
distribution systems, in Medium Voltage (MV) or High Voltage
(HV). Next, the Unbalance Factor (UF) indicator is calculated,
which characterizes the severity of the SDVV event [4].

It is important to highlight that the calculation of UF does not
lead to any form of penalization or allocation of responsibility
between the electricity companies and/or consumers. Instead,
it merely assesses the event. Given the frequent occurrence of
SDVYV in power grids, a straightforward and practical method
for attributing responsibility is essential. The startup of large
motors may require mitigation strategies, such as the use of
soft-start devices or pre-scheduled operations, to prevent volt-
age sags and ensure compliance with power quality standards.
By defining clear responsibilities, this methodology facilitates
efficient problem-solving and ensures the reliability of the grid.

Ferreira et al. [9] introduced a methodology for allocating
responsibilities based on the analysis of voltage unbalances at
the primary and secondary sides of the service transformer.
Their original implementation was carried out using MAT-
LAB/Simulink, a proprietary platform widely used for simu-
lation in Electrical Engineering. Notably, their validation was
performed using a simplified and fully controlled laboratory
circuit, which limits its applicability to real-world conditions.

In contrast, the present study revisits and expands upon the
original methodology by applying it to both real-world dis-
tribution feeders and a standardized IEEE benchmark circuit,
using only open-source tools. This extension demonstrates the
method’s robustness and applicability in practical, large-scale
scenarios. Particularly, the study proposes adaptations and im-
provements that enhance the applicability and scalability of the
original method.

The revised methodology is initially tested on the test circuit
from the reference [9], a simplified system used to validate
foundational aspects. Following this, in sequence, it is applied
to the IEEE 34-Bus System, a widely recognized benchmark
for distribution network analysis. Subsequently, a more ro-
bust validation is conducted using two real feeders operated
by CEMIG Distribuicdo S/A in the city of Uberlandia, Minas
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Gerais, Brazil. These feeders supply large industrial consumers
and critical infrastructure, which are especially vulnerable to
process disruptions caused by SDVV. The first feeder serves two
major industrial facilities: a carbonated beverage factory and a
rice processing plant. The second feeder supplies a municipal
wastewater treatment plant and a large photovoltaic plant, under-
scoring the growing integration of distributed generation (DG),
which has been rapidly expanding in Brazil and worldwide.

In addition, the network used for the simulations was obtained
from the Geographic Database of the Distribution Company
(BDGD), incorporating data on distribution lines (length, re-
sistance, and reactance per kilometer), transformers, and loads,
using QGIS [10] (previously known as Quantum Geographic
Information System (GIS)). It is a full-featured, free and open
source tool to perform different species of spatial analysis, al-
lowing to create, edit, visualize, analyze and publish mapping in-
formation on Windows, Mac OS, Linux and others. Previously, it
was challenging to find libraries that could automatically model
feeders into files compatible with OpenDSS, and this process
was done entirely manually. The analyzed feeders, ULAE714
and ULAUI3, were fully modeled based on the BDGD using
BDGD2DSS!, a custom Python™ library developed by two of
the authors [11]. This tool converts data from the BDGD into
files for simulation and analysis of electric distribution feeders in
the OpenDSS environment. Alternatively, the modeling can also
be performed using the library developed by Radatz et al. [12].
Once the complete network has been assembled, simulations
were carried out in OpenDSS, and a Python™ routine was
developed for processing.

It is well-known that OpenDSS is an open-source software
widely used in both academic and commercial contexts to sim-
ulate electrical distribution networks [13], [14], [15]. Several
research studies have used OpenDSS for various purposes, such
as: (a) using chatbots to generate distribution network models,
specifically for educational applications [16]; (b) optimizing
with MATLAB the integration of Distributed Generation (DG)
systems into the distribution network [17]; and (c) evaluation
of the impact of the integration of charging stations for electric
vehicles into a real network [18]. The versatility and widespread
use of OpenDSS make it a valuable tool for energy system study.
It also has an interface to Python™ via the py-dss-interface
package [19] enabling seamless communication between script
and software.

As is evident, a comprehensive explanation of the work’s
originality and specific contributions has been aforementioned
to the reader. Other papers summarising the related studies are
described in Table I. In general, these are studies that focus solely
on the detection and measurement of SDV'V, while others com-
pare international reference standards. Only one study employs
a methodology for the attribution of a SDVV, which served as
reference for the present work.

Attention should be drawn to the fact that this article is an
updated version of Passatuto etal. [1], enhancing the explanation

! Available in https://pypi.org/project/bdgd2dss/. The user should use the
command ‘pip install bdgd2dss’ for package installation. Release on: July 31,
2025. The first commits found on Github are from September 2nd 2024,
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SUMMARY OF STUDIES ON SHORT-DURATION VOLTAGE VARIATION (SDVV)
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Paper Approach Detection and | Attribution of | Software in | Authors’
Measurement Responsibility Use Country

[5] Uses Short-Time Fourier Transform (STFT) to analyze non-stationary SDVVs and v X - Indonesia
Artificial Neural Networks (ANN) to identify five types of events. Simulations show
STFT outperforms Fast Fourier Transformer (FFT) in detection accuracy, and ANN
with a 10x10 hidden layer achieves 100% classification accuracy.

[9] Determines whether SDVVs originate upstream or downstream of a transformer’s X v MATLAB- Brazil
point of common coupling using unbalance indicator transfer. Computational and Simulink®
experimental studies validate the method, focusing solely on responsibility attribution
without locating the disturbance.

[20] Compares the proposed methodology existing in ANEEL procedures for classifying X X Microsoft Brazil
SDVVs with NRS 048 standard from South Africa, using real data from a Brazilian Excel®
utility, and discusses benefits and limitations of each approach.

[21] Proposes a fast detection method for short-duration voltage variations in the grid to v X MATLAB- China
improve the response time of Dynamic Voltage Restorer (DVR), achieving delays under Simulink®
1 ms even with voltage distortions, and validated through simulations and experiments.

[22] Evaluates three LED lamp models under transient conditions, analyzing their resilience X X - Italy
to SDVV (sags) by varying magnitude, duration, and onset point, providing insights
into their suitability for different applications.

[23] Assesses the impact of SDVVs using Fuzzy Logic, based on the Brazilian index named X X MATLAB- Brazil
Impact Factor, from a power quality regulation standard. Simulations demonstrated the Simulink®
method’s ability to represent disturbance impacts considering uncertainties in magnitude
and duration measurements.

[24] Uses discrete wavelet transform (Daubechies 4) with multiresolution analysis and X X MATLAB- India
different criteria (Shannon, log energy, and norm entropies) to classify SDVVs in Simulink®
distribution systems, demonstrated through MATLAB-based analysis.

[25] Analyzes power quality disturbances (SDVV), specifically voltage transients, sags, v X MATLAB- India and
swells, and interruptions, using continuous wavelet transform with Morlet wavelet Simulink® Egypt
in MATLAB®. The method enables quick identification of disturbance types via
visualization of wavelet coefficients.

[26] Detects and classifies SDVV (interruption, sag, swell) using Discrete Wavelet Transform v X MATLAB- India
for feature extraction and rule-based Fuzzy Logic for classification, validated through Simulink®
simulations.

[27] This work proposes a Monte Carlo—based method to estimate the Impact Factor of v X OpenDSS Brazil
SDVV in distribution systems without extensive measurements. Validated on the IEEE
34-Bus System, it identifies critical regions, evaluates mitigation strategies, and supports
utilities in reducing SDVV impacts.

[28] This paper presents an artificial intelligence-based methodology to assess power quality v X MATLAB- Lithuanian
events, focusing on voltage transients and short-duration variations. It uses real and Simulink®
simulated data, infinite impulse response filtering, and machine learning classifiers. and Siemens

PSS°E

[29] This investigation analyzes the impact of neutral-grounding resistors on SDVVs in X X ATP-EMTP Brazil
industrial power systems. By evaluating single-phase-to-ground and two-phase-to- and
ground faults, the study shows that grounding resistance mainly affects phase-to-ground Sweden
voltages, with limited influence on phase-to-neutral or phase-to-phase voltages. The
results provide guidance on optimal neutral grounding and load connections to minimize
SDVV and equipment trips.

[30] Introduces a Critical Load Voltage Regulator (CLVR) that combines a DVR and an v X PSCAD™/ China
electric spring to protect critical loads from sags and long-term voltage fluctuations. EMTDC™
Using fast thyristor switching, the CLVR is validated through simulations and experi-
ments, showing improved performance over existing regulators.

of methodology, as well as incorporating additional feeders
with distinct characteristics and applying more computational
simulations. While the previous study focused on an only single
feeder, this work extends the analysis to the electrical circuit
designed by Ferreira et al. [9], to the IEEE 34-Bus Test System,
as well as two real feeders, ULAE714 and ULAU13, providing
a broader assessment of the proposed work across different
network configurations.

The paper is divided as follows: Primarily, Section II discusses
the methodology applied and explains the mathematical and
computational tools used, as well as elucidates the acquisition
and modeling of the electrical circuit with OpenDSS software
and Python™ language. In Section III, the results are pre-
sented and critically analyzed. The validity of this investigation
is corroborated through the testing of several aforementioned
electrical networks. Finally, Section IV concludes the study and
provides recommendations for future research.

II. METHODOLOGY

The SDV'V events are rms voltage changes, namely interrup-
tion, swell, and sags. These phenomena represent momentary

voltage variations in power systems: a sag is a temporary drop
below a specified threshold, typically caused by short circuits
or large load startups; a swell is a brief increase above the
nominal level, often due to load switching or grounding issues;
and an interruption occurs when the voltage falls below 5% of
the reference value, indicating a near or total loss of supply. The
duration is determined by the elapsed time interval in which the
signal exceeds a certain threshold value [4], [31]. Most SDVV
events are caused by short circuits [32].

According to Furse et al. [33], the most common causes of
short circuits in power grids are: faulty equipment, human error,
vehicle accidents, falling trees, strong winds, and storms. It is
observed that most of these events are temporary, either due to
the nature of the anomaly or due to protective measures, causing
a voltage sag in the network.

According to Bordalo et al. [34] and Martins [35], the fol-
lowing average values for the short-circuits occurrence were
determined by statistical analysis:

e Three-phase (LLL) short circuit: 3%;

e Double-Line-to-Ground (LLG) short circuit: 6%;

e Line-to-Line (LL) short circuit: 10% and
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e Single-Line-to-Ground (LG) short circuit: 81%.

In other words, 97% of short circuits are asymmetric. There-
fore, the analysis presented in this article to assign responsibility
for SDVV is based on the propagation of UF between the
primary and secondary sides of the transformer [9]. Unbalanced
three-phase voltages and currents can be decomposed into their
positive, negative, and zero sequence components, among other
analysis techniques. The relationship between the original com-
ponents A, B and C and the subsequent components is given by

(1).
Va

Vol x |1 a® al| =1V, (1)
Va

Once the sequence components of the voltages are obtained, the
UF can be calculated using (2) and (3).

UF%y, = “;“2 x 100% )
a
Vao

ai

The methodology is based on the evaluation of the propaga-
tion behavior of negative sequence voltage unbalance in the
transformer when a short circuit happens, and consequently a
SDVV. For the evaluation, several short circuits were applied on
the primary and secondary sides of the transformer, observing
whether the type of fault influences the results. Another variation
has been the type of connection of the primary and secondary
windings.

The zero sequence UF will be not analyzed because this com-
ponent may not be present depending on the type of connection,
for example, if one of the windings is connected in a A design,
making it impossible to use (3).

A further change, compared to the proposal of Ferreira et
al. [9] is that the relationship between the UF, here denoted as
URpg, of the primary and secondary sides is evaluated for the
attribution of responsibility for the SDVV (4). The values on
the primary and secondary sides are compared qualitatively in
the reference, but no explicit factor or quantitative relationship
between these values has been defined.

UFprimary

URps =
UFsecundary

“

This work proposes that in case of a short circuit occurs on the
primary side of the substation, i.e. on the electric utility side,
regardless of its type or the number of phases involved in the
fault or the fault resistance value, the relationship defined by (4)
will be > 0.95 (threshold) and the responsibility for the SDVV
can be attributed to the electric utility. If, on the other hand,
the fault occurs on the secondary side, i.e. on, the consumer
side, the relationship defined by (4) is < 0.95, which means that
the responsibility for SDVV lies with consumer connected to
substation transformer.
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Fig. 2. IEEE 34-Bus System [39].

A. Case Studies

The test circuit from the [9] is considered in first. This
benchmark system serves as a foundation for validating the
proposed methodology. Following this, the study analyzes a
benchmark power distribution system from IEEE, as well as two
real distribution feeders, both located in the city of Uberlandia,
Minas Gerais, Brazil. Each case presents distinct characteristics
and contributes to a comprehensive evaluation of the proposed
methodology. The analyzed systems are described as follows:

e (Circuit from Ferreira et al. [9] — The test system used
in Ferreira et al. [9] consists of a simple circuit with three
transformers and two load groups, as shown in Fig. 1. The
methodology proposed in this article will initially be tested
on this electrical network, with Transformer 1 (7'1) being
the primary focus of the study.

e IEEE 34-Bus System — It models a 34-node, 24.9 kV
medium-voltage radial distribution system with unbal-
anced loads and long, high-impedance lines, making it
ideal for voltage drop and power loss studies. The sys-
tem incorporates various load types, capacitor banks, and
voltage regulators, providing a realistic representation of
real-world distribution networks. Due to its complexity,
it is extensively used in studies on voltage control, fault
analysis, and the integration of distributed generation [36],
[371, [38] (Fig. 2).
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Feeder ULAE714 region. A rice mill and a carbonated drink industry in highlight [40].

Feeder ULAE714 - Originating from the Uberlandia
7 Substation, this 13.8 kV distribution circuit supplies
electricity to consumers in the Custddio Pereira neighbor-
hood. The feeder delivers power to both medium and low
voltage consumers, encompassing residential areas, com-
mercial establishments, and industrial facilities. Among
the industrial loads connected to this feeder are a rice
processing plant and a carbonated beverage factory, both
of which contribute significantly to the feeder’s demand
due to their continuous and energy-intensive operations.
Fig. 3 illustrates the layout and coverage of this feeder
within the distribution network, highlighting the substation
transformer and the loads of interest with their respective
bus numbers (note that this numbering originates from the
database in use).

Feeder ULAU13 - Originating from the Uberlandia 1 Sub-
station, this 13.8 kV distribution circuit supplies electricity
to consumers in the Guarani and Tocantins neighborhoods.
It serves medium and low voltage loads, including resi-
dential, commercial, and institutional consumers. A key
feature of this feeder is its connection to a large-scale photo-
voltaic farm, which contributes to the local distributed gen-
eration capacity. Additionally, the feeder supplies power
to the municipal wastewater treatment plant, an essential
infrastructure facility. Fig. 4 shows the layout and area
of coverage of this feeder within the distribution system,
highlighting the substation transformer and the loads of
interest with their respective bus numbers (note that this
numbering originates from the database used).

The test circuit from the [9], along with these feeders and the
IEEE 34-Bus System, were selected to evaluate the proposed
methodology in different operational scenarios, considering
both industrial and infrastructure-critical loads, as well as a
standardized benchmark for comparison.

This approach evaluates the methodology across different
scenarios, considering load typology variations along the feeder.
Both circuits were modeled using BDGD data, a public database
with detailed electrical and geographical feeder information.
These data are processed in QGIS following Module 10 of
PRODIST, which standardizes Brazilian regulatory geographic
information, ensuring consistency in network modeling [41],
[42].

The BDGD contains comprehensive information about a vast
region served by the utility, potentially covering an entire state.
To simplify the studies, filters must be applied to delimit the
analysis area. Fig. 3 illustrates feeder ULAE714, and Fig. 4
shows feeder ULAU13, both adding a layer with a visualization
of the regions using the Google Satellite plug-in for QGIS [40].

In Figs. 3 and 4, the transmission lines responsible for
supplying electrical power to the high-voltage substation are
represented in pink. The green square indicates the substation,
where the substation transformer is located and which will be the
focus of this investigation for attributing responsibility, either
upstream or downstream, while the white line represents the
medium-voltage network. Regarding the points, red markers in-
dicate distribution transformers, whereas yellow markers denote
reclosers, which identify the connection points for consumers
supplied by the medium-voltage network. Additionally, in Fig. 3,
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Fig. 4.

the green diamond highlights the rice milling industry, while
the black diamond represents the carbonated beverage industry.
In Fig. 4, the yellow symbol marks the photovoltaic farm,
and the blue diamond corresponds to the municipal wastewater
treatment plant.

For the feeder modeling, the BDGD2DSS library, which is
already publicly available [11], has been employed. A complete
description of its design and functionalities will be presented in
future works due to space constraints. This library processes the
BDGD layers and converts them into . dss files, enabling the
complete modeling of the system, including both medium- and
low-voltage sections, as well as loads and distributed generation.
The generated files can then be simulated within the OpenDSS
environment. By automating data conversion, the library facili-
tates the integration of real-world network information into com-
putational simulations, enhancing the accuracy of this analysis.
The modeled feeders are in a public repository from GitHub,
Inc® , available by the researchers in [43].

The BDGD layers used in the modeling can be grouped
according to their function:

1) Electrical Infrastructure:

® SUB — Substations of the system;

® CTMT — Medium voltage circuits, used to identify the
feeder;

e UNTRAT — Substation transformers;

o UNTRMT — Medium voltage transformers along the
circuit.

2) Electrical Network and Conductors:

® SEGCON - Detailed conductor data, including resis-
tance and reactance.

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 62, NO. 2, MARCH/APRIL 2026

(™ Wunicipal
| wastewater |
l treatment plant |

Feeder ULAU 13 region. Photovoltaic farm and a municipal wastewater treatment plant in highlight [40].

e SSDMT, SSDBT, and RAMLIG — Lengths of medium
and low voltage segments, and connection branches.

3) System Loads:

® UCMT and UCBT—Medium and low voltage consumer
units, respectively, from which the load powers are
extracted.

e PIP — Public lighting points.

® CRVCRG -Load curves associated with different types
of consumers.

4) Distributed Generation:

® UGBT and UGMT — Low and medium voltage gener-
ation units.

5) Control and Protection Equipment:

o UNSEMT and UNSEBT — Medium and low voltage
disconnect switches, essential to avoid improper inter-
ruptions in the modeling.

® EQRE and UNREMT - Voltage regulators of the net-
work.

® UNCRMT - Capacitor banks used to correct the voltage
level at certain feeder buses.

Thus, the developed model accurately represents the feeder’s
structure, ensuring that the simulation in OpenDSS properly
reflects the electrical characteristics of the studied network. The
modeling process followed the standard set by ANEEL [44],
[45], [46]. The short-circuit level at the substation input was set
to 100 MVA. The simulations were configured in daily mode,
considering a 24-hour period.

The one-line diagram presented in Fig. 5 provides a simplified
schematic representation of the feeders illustrated in Figs. 3
and 4. Transformer 7'1, which represents the one located at the



DE SOUZA et al.: ATTRIBUTION OF RESPONSIBILITY FOR SHORT-DURATION VOLTAGE VARIATIONS

\ 138kv

{ { i {

. Tn\\,\ » ,/"

NG

|

/
2\ ./ N/ T\

DG

CONSUMER1 CONSUMER2 CONSUMER3 CONSUMER n

Fig.5. Single-line diagram. Transformer 7'l connection type will be changed
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substation, has its data extracted from the UNTRAT layer and
will be the object of study in this analysis. Short-circuit tests
are conducted on both the primary and secondary windings of
this transformer, as illustrated in Fig. 5. During the simulation,
the connection type will be adjusted accordingly in order to
validate the proposed method and ensure accurate results for
each configuration.

Transformers 12, T3, T4, and Tn represent the medium-
voltage transformers from the UNTRMT layer, which may cor-
respond to both the distribution network transformers and those
of consumers supplied with medium voltage. Among these
consumers, those in feeders ULAE714 and ULAU 3, highlighted
in Figs. 3 and 4, are of particular importance. Information about
these consumers is extracted from the UCMT and UCBT layers.

The white lines represent the medium-voltage circuit, with
data extracted from the SEGCON and SSDMT layers, while the
gray lines correspond to the low-voltage circuits from the SSDBT
layer. Additionally, the presence of distributed generation (DG)
is indicated at both medium and low voltage buses, reflecting
its distribution along the circuit, as recorded in the UGMT and
UGBT layers.

B. Computational Modeling and Analysis

To validate the proposed method, computational simula-
tions of the electrical circuits have been performed using the
OpenDSS software, also utilizing an interface script written in
the Python™ language [47] with the py-dss-interface library.
This package was used to facilitate direct communication and
easy manipulation and to allow the export of data to more
suitable formats or the creation of diagrams as desired.

To better understand the simulation, a flowchart is shown in
Fig. 6. Basically, an instance is created between Python™ and

Create instance between

SIEE— Python and OpenDSS

Plot the ratios for each YES
FINISH «——— typeof fault withthe <«———
different connections

Create a list with the
faults for study

!

Have all transformer
connection schemes
been examined?

—> Read .dss archive —>
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“

No |

Define the transformer
connection scheme

|

Have all types of YES
faults been
simulated?

No |

Define the fault to be
simulated

Ratio 2 0.95
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Fig. 6. Flowchart of the proposed intelligent algorithm.

OpenDSS using the mentioned package, reading the . dss file
with the data of the circuit under study. Within the same script, a
list of the twenty four fault cases to be studied was created. The
four connection schemes of the transformer are then run through,
and the faults contained in the list of cases are simulated for each
of these schemes.

After compiling the circuit file with py-dss-interface, the
simulation is run in daily mode for one day, with short circuits
applied at noon, when solar incidence and DG contribution are
highest. The Python™! script is used to extract the data of
interest. This includes the unbalances of the negative sequence
voltages in relation to the positive sequence voltages, on the
primary and secondary sides of the transformer (supplier and
load, respectively), each one in percent. By calculating the ratio
between these unbalances, the responsibility is assigned to one
of the parties involved in the system. Subsequently, the data is
organized in a data frame using Pandas library [48] for further
analysis. In the end, when all connection schemes have been run
through, the graphs are plotted using matplotlib [49] for better
visualization by the user.

The proposed flowchart can be used for different types of
analyses related to the assignment of responsibility when SDVV
occurs. The electrical system can be modelled directly with the.
dss file. Much of the extracted data have the default settings
from OpenDSS itself, and this may be checked directly via the
manual [50], following the same standard procedures in Brazil.

The proposed script simulates 24 different fault cases, con-
sidering up to four transformer connection schemes, based
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on the most commonly used configurations in the ANEEL
database [41] and the schemes available in OpenDSS. However,
not all connection schemes are tested in every case. When all
four transformer connections are considered, the total number of
simulations reaches 96 (4 connection schemes x 24 fault cases).

For each fault type, i.e., LG, LLG, or LL, simulations are
conducted with short-circuit resistances of 0 €2, 5 €2, 10 €2, and
20 2. The inclusion of these resistance values ensures a more
comprehensive analysis, preventing extreme variations in fault
currents and aligning with numerical values used in [51].

It can be observed that the simulations in OpenDSS consider
a common reference for all elements of the circuit. Therefore,
the application of LG and LLG faults on the A transformer side,
will occur in one of the phases and the ground.

III. RESULTS AND DISCUSSIONS

The simulations provide the desired data, with the most
relevant being the ratio URpg between the UF on the pri-
mary (supplier) and secondary (consumer) sides of Transformer
T'1 during the fault, as defined by (4). This ratio determines
which side is responsible for the SDV'V, validating the proposed
methodology. Voltage plots are not presented since the studies
are conducted in DSS, a frequency-domain simulation engine
specifically designed for power distribution systems.

The tests were carried out on the circuit from [9], the IEEE
34-Bus System, and the feeders ULAE714 and ULAUI3. In the
IEEE 34-Bus System, different transformer connection config-
urations were tested to assess their influence on the proposed
methodology. For the first feeder, all possible configurations
of the substation transformer (Transformer 7'1) were analyzed,
applying various types of short circuits to both the primary and
secondary sides of the transformer while considering different
short-circuit resistance values, as previously described. For the
second feeder, an additional analysis was conducted to evaluate
the impact of distributed generation (DG) by comparing sce-
narios with and without its presence. This comparison aimed to
determine whether the introduction of DG affects the method-
ology’s effectiveness.

A. Case I - Circuit From [9]

Table II presents the single-phase voltages at both the primary
and secondary sides of transformer T1 (A-Y},), corresponding
to buses B1 and B2 in the circuit. Five scenarios are considered:

1) Pre-fault single-phase voltages at buses B1 and B2;

2) Single-phase voltages during LG fault at bus B1 (primary

side of the transformer) with R = 0 €2;

3) Single-phase voltages during LG fault at bus B2 (sec-

ondary side of the transformer) with Ry, = 0 €2;

4) Single-phase voltages during LL fault at bus B1 (primary

side) with R = 20 €2 and;

5) Single-phase voltages during LL fault at bus B2 (sec-

ondary side) with Ry, = 20 €.

From these values, the unbalanced three-phase system is
decomposed into three balanced sequence components (posi-
tive, negative, and zero sequence) using (1). Subsequently, the
unbalance factors for both the primary and secondary sides
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TABLE II
PRE-FAULT AND FAULT VOLTAGES AND ANGLES FOR THE CIRCUIT IN [9]
(TRANSFORMER: A-Y7,)

Bus [ Vi(pu) 61 () [ Va(pu) 62 (°) [ Vs (pu) 65(°)
Pre-fault

B1 | 0.99859 -0.1 0.99859 -120.1 | 0.99859 1199

B2 | 098381 -31.0 | 0.98381 -151.0 | 0.98381 89.0
LG fault (R = 0 Q) at Bl

B1 | 0.00018 -78.8 | 0.92604 -119.3 | 1.02580 116.0

B2 | 0.58358 -64.9 | 0.52690 -120.2 | 0.98397 89.0
LG fault (R = 0 Q) at B2

B1 | 094110 1.3 0.99862 -120.1 | 0.95062 117.6

B2 | 0.00011 -102.6 | 0.96902 -149.5 | 0.96947 87.4
LL fault (Rgyu = 20 Q) at Bl

B1 1.0077 -1.5 0.98237 -121.3 | 0.99859 119.9

B2 | 099501 -31.6 | 0.97921 -152.7 | 0.97017  88.7
LL fault (Rgue = 20 Q) at B2

B1 | 0.99762 -0.4 0.99643 -120.2 | 1.0003 119.8

B2 | 099043 -33.2 | 0.95543 -152.4 | 0.98383 89.0

are determined using (2) and (3). Finally, (4) is applied to
compute the ratio between the primary and secondary unbalance
factors, enabling the assessment of unbalance propagation. It
is important to note that Table II presents results only for the
short-circuit conditions corresponding to cases 1, 5, 20 and 24
of Table III, due to limitation of space.

Building upon this initial analysis for the A-Y;, configuration,
the study extends to evaluate transformer 7'1 under four different
possible winding connections: A-Y,,, A-A, Y,-Y,,, and Y,,-A.
Additionally, different short-circuit resistances are applied to
both the primary and secondary windings to assess their influ-
ence on system behavior. The results, presented in Table III,
illustrate how variations in transformer connections and fault
conditions impact the propagation of unbalances and voltage
deviations within the network.

Analyzing Table III, there is minimal variation due to trans-
former winding configurations or the applied short-circuit resis-
tance. This indicates that, in a smaller, simplified, and controlled
circuit, such changes do not significantly affect the results.

As a final point, the same Table III shows that primary-side
faults yield an unbalance ratio near 1, while secondary-side
faults cause a significant drop below 0.95. According to Fig. 6,
this threshold distinguishes responsibility attribution. These re-
sults confirm that the unbalance ratio reliably indicates whether
voltage disturbance originates on the primary or secondary side.

B. Case 2 - IEEE 34-Bus System

Table IV presents the pre-fault and during-fault voltages for
a LG short circuit, as well as for a LL fault applied to both the
primary and secondary sides of the transformer (SourceBus and
Bus 800), with a fault resistance of 20 2. As in the previous
case, these single-phase voltage values are used to calculate the
unbalance factors and analyze their propagation throughout the
system. It is important to note that Table IV includes only cases
1, 5, 20 and 24 from Table V.
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TABLE III
SIMULATION RESULTS FOR DIFFERENT CONNECTIONS T1 IN CIRCUIT FROM [9]

Case [ Fault Type [ RFault (Q) [ URPS (A-Yn) [ URPS (KL-A) [ URPS (A-A) [ URPS (Yn-Yn)
1 LG Primary 0 1.0003 1.0003 1.0003 1.0003
2 LG Primary 5 1.0005 1.0005 1.0005 1.0005
3 LG Primary 10 1.0005 1.0005 1.0005 1.0005
4 LG Primary 20 1.0005 1.0005 1.0005 1.0005
5 LG Secondary 0 0.0712 0.1043 0.1037 0.0723
6 LG Secondary 5 0.1023 0.1043 0.1037 0.1023
7 LG Secondary 10 0.1036 0.1043 0.1037 0.1036
8 LG Secondary 20 0.1041 0.1043 0.1037 0.1041
9 LLG Primary 0 1.0000 1.0000 1.0000 1.0000
10 LLG Primary 5 1.0005 1.0005 1.0005 1.0005
11 LLG Primary 10 1.0005 1.0005 1.0005 1.0005
12 LLG Primary 20 1.0005 1.0005 1.0005 1.0005
13 LLG Secondary 0 0.0363 0.0552 0.0552 0.0375
14 LLG Secondary 5 0.1002 0.1012 0.1012 0.1002
15 LLG Secondary 10 0.1026 0.1031 0.1031 0.1026
16 LLG Secondary 20 0.1036 0.1039 0.1039 0.1036
17 LL Primary 0 1.0000 1.0000 1.0000 1.0000
18 LL Primary 5 1.0006 1.0006 1.0005 1.0005
19 LL Primary 10 1.0005 1.0005 1.0005 1.0005
20 LL Primary 20 1.0005 1.0005 1.0005 1.0005
21 LL Secondary 0 0.0552 0.0552 0.0552 0.0552
22 LL Secondary 5 0.1012 0.1012 0.1012 0.1012
23 LL Secondary 10 0.1031 0.1031 0.1031 0.1031
24 LL Secondary 20 0.1039 0.1039 0.1039 0.1039
TABLE IV TABLE V
PRE-FAULT AND FAULT VOLTAGES AND ANGLES FOR THE CASE IEEE 34-Bus SIMULATION RESULTS FOR DIFFERENT FAULT TYPES CASE IEEE 34-Bus
SYSTEM (TRANSFORMER: A-Y;,) SYSTEM
Bus [ Vi 6O [Valpu 6 ) [ Vspu 65 () URPps URps
o~ Case Fault Type Rpaut (2) (Y,-Y,) (A-Y,,)
SourceBus | 1.05 30.0 105 -90.0 | 105  150.0 1 LG Primary 0 1.0000 0.9998
800 1.05 0.0 1.05 -120.0 1.05 120.0 2 LG Primary 3 0.9987 0.9997
826 Loior  -123 0 0 0 0 3 LG Primary 10 0.9982 0.9996
848 1.0436  -34 | 10351 -124.5| 1.0367 1159 3 LG Primary 0 0.9974 0.9993
S B 4 féEG of';u“ (ﬁag[ | ? g(;sz;t Soulrlcg 8B v 1.8095 179.8 > LG Secondary 0 0.5543 04255
ourcebus . ~ -41. . - . . .
800 10447 02 | 1.0443 -1198 | 105 1200 6 | LG Secondary > 0.5538 0.5558
326 10102 -122.9 0 0 0 0 7 LG Secondary 10 0.5558 0.5558
848 10426 3.7 | 10352 1244 | 10368 116 8 | LG Secondary 20 0.5558 0.5558
LG fault (R = 0 ) at 800 9 LLG Primary 0 1.0000 1.0000
SourceBus | 0.74128 478 | 105  -90.0 | 0.70676 134.8 10 LLG Primary 5 0.9995 1.0003
800 0.023002  -793 | 0.96686 -107.3 | 0.94066 107.8 11 LLG Primary 10 0.9995 1.0006
826 0.96132 -111.4 0 0 0 0 12 LLG Primary 20 0.9993 1.0012
848 0.034897 141.6 | 0.99296 -113.7 | 1.031  104.1 13 | LLG Secondary 0 0.3848 0.2296
LL fault (Rpuy = 20 Q) at Source Bus 14 LLG Secondary 5 0.5558 0.5558
SourceBus | 1.0503 299 | 1.0492 -90.0 | 1.05 150 15 | LLG Secondary 10 0.5558 0.5558
800 1.0504 0 1.0497  -120.1 | 1.0494 120 16 LLG Secondary 20 0.5558 0.5558
826 1.0098  -123 0 0 0 0 17 LL Primary 0 1.0000 1.0000
848 10434 -35 | 1.0348 -1246 | 1036 1159 18 LT Primary 3 0.9999 10002
SourceBus | 1 osLL faulg(;Rmh 1: 0329(1) at98(§) 8 1.0501 150 19 LL Primary 10 09998 1.0004
800 1.0501 0 | 10498 -120 | 105 120 20 LL Primary 20 0.9997 1.0008
26 101 123 0 0 0 0 21 LL Secondary 0 0.3855 0.3855
848 10437 35 | 10349 1246 | 10367 1159 22 | LL Secondary 5 05558 | 0.5558
23 LL Secondary 10 0.5558 0.5558
24 LL Secondary 20 0.5558 0.5558

In the IEEE 34-Bus System, the propagation of unbalance was
analyzed considering two different configurations for the supply
transformer, originally connected in A-Y;, at bus 800 in Fig. 2. Y,,-Y,, to assess the impact of this change on the propagation
Initially, tests were conducted with the original configuration, of unbalance throughout the system. The results obtained for
and subsequently, the transformer connection was modified to  both configurations are presented in Table V, highlighting the
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TABLE VI
PRE-FAULT AND FAULT VOLTAGES AND ANGLES FOR THE ULAE714 FEEDER
(TRANSFORMER: A-Y7,)

Bus [ Viow 6O [ Valw 6, () [ Vs(pu) 65 ()
Pre-fault
SourceBus 1.0369 -1.4 1.0373  -121.4 | 1.0371 118.6
126355009 1.0376 -32.0 1.0378  -151.9 | 1.0382 88.0
150345630 1.0258 -33.8 1.0263  -153.8 | 1.0269 86.2
150347944 1.0255 -33.8 1.026  -153.8 | 1.0267 86.2
LG fault (Rgu = 0 2) at SourceBus
SourceBus | 545E-07  -75.0 1.0217  -122.1 | 1.0516 118.1
126355009 | 0.60719 -62.5 0.5902  -122.7 | 1.0359 87.9
150345630 | 0.59853 -64.4 | 0.58268 -124.7 | 1.0218 85.9
150347944 | 0.59838 -64.4 | 0.58254 -124.7 | 1.0215 85.9
LG fault (R = 0 ) at 126355009
SourceBus 0.65586 27.7 1.0370  -121.4 | 0.58136 94.0
126355009 | 5.13E-05 -109.9 | 0.94572 -133.8 | 0.89311  70.6
150345630 | 0.0046874 -134.5 | 0.93934 -135.7 | 0.87886  68.8
150347944 | 0.0047199 -134.7 | 0.93916 -135.7 | 0.87864  68.8
LL fault (R = 20 Q) at SourceBus
SourceBus 0.60461 -58.3 | 043420 -65.8 1.0367 118.6
126355009 | 0.94780 -60.9 | 0.10563 139.1 | 0.84925 116.7
150345630 | 0.93641 -62.8 | 0.10388 137 0.83941 114.8
150347944 | 0.93618 -62.8 | 0.10385 137 0.83921 114.8
LL fault (R = 20 Q) at 126355009
SourceBus 1.00280 -6.4 | 098925 -121.7 | 1.0658 116.6
126355009 1.06360 -38.1 | 095195 -156.4 | 1.0371 88.0
150345630 1.0521 -39.9 | 0.94085 -158.4 | 1.0247 86.2
150347944 1.0519 -40 0.94063 -158.4 | 1.0245 86.2

variations in voltages and unbalances recorded at different points
in the electrical network.

Analyzing the results in Table V, it is clear that for faults
on the primary side, the UR pg values remain close to lin both
transformer configurations. The greatest variation occurs in case
12. In this scenario, the UR pg value changes from 0.9993 in the
Y,,-Y,, configuration to 1.0012 in the A-Y;, configuration.

The absolute difference between these values is 0.0019, while
the relative difference, considering the Y,,-Y,, configuration as
a reference, is approximately 0.19%. This indicates that the
impact of the transformer connection on the fault response on
the primary side is minimal, with variations that are practically
negligible in most practical applications.

On the other hands, for faults on the secondary side, it is
observed that the unbalance ratio does not remain close to 1,
indicating that the unbalance does not propagate in the same way
as when the fault occurs on the primary side. As ratio < 0.95,
the responsibility is assigned to the consumer according to Fig. 6.

Therefore, these outcomes support the methodology’s
premise that, when the SDVV occurs on the primary side, the
unbalance ratio between the primary and secondary is close to
1. And it will be otherwise, in case the SDVV occurs on the
secondary side.

C. Case 3 - Feeder ULAE714

Table VI presents the pre-fault and during-fault voltages for
a LG short circuit, as well as for a line-to-line fault with a fault
resistance of 20 €2 applied to both primary and secondary sides of
the transformer (SourceBus and Bus 126355009). Repeating the
previous process, these single-phase voltage values are used to
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calculate the unbalance factors and analyze their propagation
throughout the system. It is important to note that Table VI
includes only cases 1, 5, 20 and 24 from Table VII.

Table VII presents the simulation results for the four trans-
former connection schemes: A-Y,,,Y,,-A, A-A,and Y,,-Y,,. The
results include different short circuit resistance values and the
U R pg ratios obtained for each configuration. It is observed that
the variation in resistance has little influence on the U R pg ratio
when comparing cases with the same transformer and fault type.
The most significant difference occurs in the A-Y;, connection
for an LG fault on the secondary side (cases 5 and 6), showing
an absolute variation of 0.1202. However, this variation does
not significantly impact the overall analysis, as the U Rpg ratio
remains far from unity in all cases.

When comparing different connection schemes, the results
remain consistent across configurations. Even with variations
in transformer connection, the U R pg ratio stays close to unity
when the fault occurs on the primary side. The largest observed
difference appears in an LG fault on the secondary side, consid-
ering a fault resistance of 0 §2, for the A-Y,, and A-A connec-
tions, resulting in a value of 0.2442. However, this difference
does not affect the final conclusions, as the URpg ratio re-
mains far from unity, reinforcing the robustness of the proposed
methodology.

Thus, the study concludes that, in these cases, the URpg
ratio is minimally influenced by the type of transformer winding
connection, regardless of the presence or absence of a nonzero
fault resistance. This finding is crucial for the assignment of
responsibility in the occurrence of a SDVYV, as the U Rpg ratio
provides an objective criterion: when it exceeds a defined thresh-
old, the fault is attributed to the primary side of the transformer
(supplier). Given that the lowest observed value was 0.9985 and
the highest was 1.0006, the established threshold of 0.95, as
defined in the script according to Fig. 6, proves to be not only
appropriate but could potentially be set even more restrictively,
reinforcing the robustness of the methodology.

It is important to highlight that when a fault occurs on the sec-
ondary side, where the consumer is connected, the measurement
of the UF at this location has minimal influence on the observed
value at the primary side. Conversely, when the fault occurs on
the primary side, the resulting unbalance directly impacts the UF
on both sides, causing their values to become nearly identical.

D. Case 4 - Feeder ULAU13

Table VIII presents the pre-fault and during-fault voltages for
a LG short circuit, as well as for a LL fault with a fault resis-
tance of 20 2, applied to both primary and secondary sides of
the transformer (SourceBus and Bus 126438617). Additionally,
Table VIII shows the voltage behavior at the bus (179454784) of
the photovoltaic farm. Following the same procedure as before,
these voltages serve as the basis for calculating unbalance indi-
cators and analyzing their propagation throughout the system.
Note that only cases 1, 5, 20, and 24 from Table IX are included
in Table VIII.

Observe that Table IX presents the values of the unbalance
ratio URpg for the feeder, considering scenarios with and
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TABLE VII
SIMULATION RESULTS FOR DIFFERENT CONNECTIONS FEDDER ULAE714

Case [ Fault Type [ RFault (Q) [ URPS (A-Yn) [ URPS (Yn-A) [ URPS (A-A) [ URPS (Yn-Yn)
1 LG Primary 0 1.0003 1.0002 0.9997 0.9997
2 LG Primary 5 1.0004 1.0003 0.9993 0.9993
3 LG Primary 10 1.0005 1.0003 0.9990 0.9990
4 LG Primary 20 1.0006 1.0005 0.9985 0.9985
5 LG Secondary 0 0.5868 0.7171 0.7171 0.6278
6 LG Secondary 5 0.707 0.7171 0.7171 0.7049
7 LG Secondary 10 0.7138 0.7171 0.7171 0.7130
8 LG Secondary 20 0.7159 0.7171 0.7171 0.7157
9 LLG Primary 0 1.0000 1.0001 1.0001 1.0001
10 LLG Primary 5 1.0001 1.0000 1.0001 1.0001
11 LLG Primary 10 1.0001 1.0000 1.0001 1.0001
12 LLG Primary 20 1.0001 1.0000 1.0001 1.0001
13 LLG Secondary 0 0.3137 0.5579 0.5579 0.4566
14 LLG Secondary 5 0.7018 0.7001 0.7001 0.6981
15 LLG Secondary 10 0.7118 0.7114 0.7114 0.7108
16 LLG Secondary 20 0.7151 0.7152 0.7152 0.7148
17 LL Primary 0 1.0007 1.0007 1.0002 1.0002
18 LL Primary 5 1.0003 1.0003 1.0002 1.0002
19 LL Primary 10 1.0005 1.0005 1.0002 1.0002
20 LL Primary 20 1.0006 1.0006 1.0004 1.0004
21 LL Secondary 0 0.5579 0.5579 0.5579 0.5579
22 LL Secondary 5 0.7001 0.7001 0.7001 0.7001
23 LL Secondary 10 0.7114 0.7114 0.7114 0.7114
24 LL Secondary 20 0.7152 0.7152 0.7152 0.7152

TABLE VIII

PRE-FAULT AND FAULT VOLTAGES AND ANGLES FOR THE ULAU13 FEEDER
(TRANSFORMER: A-Y},)

Bus, | Vipw 0, ) [ Vatpu) 6 C) [ Va w65 ()
Pre-fault
SourceBus 1.042 0.5 1.0407 -119.5 | 1.0403 120.5
126438617 1.0412 -29.2 1.0418  -149.3 | 1.0393 90.7
179454784 1.0426 -29.1 1.0431  -149.2 | 1.0403 90.8
3012258 1.0398 -59.1 1.0429  -179.2 | 1.0401 60.7
LG fault (Rp = 0 ) at SourceBus
SourceBus | 5.46E-07 -74.3 1.0157 -120.3 | 1.0663 119.7
126438617 | 0.61515 -60 0.58661 -120.1 | 1.0406 90.7
179454784 | 0.61584  -59.9 | 0.58759 -119.9 1.042 90.9
3012258 0.92679  -784 | 0.34761 177.8 | 0.90848  79.8
LG fault (Rgue = 0 Q) at 126438617
SourceBus 0.6467 29.6 1.0421  -118.9 | 0.59592 95.7
126438617 | 5.13E-05 -109.5 | 0.93897 -130.4 | 0.90692 74
179454784 | 0.000599  53.9 | 0.94007 -130.2 | 0.90912 74.2
3012258 0.5248  -105.7 | 0.54327  -130 1.0441 62
LL fault (R = 20 ) at SourceBus
SourceBus 0.6087 -56.3 | 0.43468 -62.9 1.0417  121.0
126438617 | 0.95217 -57.6 | 0.10649 140.3 | 0.85154 120.2
179454784 | 0.95381 -57.4 | 0.10687 140.7 | 0.85292 1204
3012258 1.0428 -58.3 | 0.60983  124.5 | 043482 117.7
LL fault (R = 20 Q) at 126438617
SourceBus 1.0088 -4.4 0.99748 -119.7 | 1.0726 118.4
126438617 1.0677 -35.4 | 095816 -153.5 | 1.0457 90.7
179454784 1.0683 -35.2 | 095953 -153.3 | 1.0476 90.9
3012258 1.0877 -61.9 1.0027 174 0.98281  60.4

without DG, as well as variations in the transformer winding
connection (A-Y,, and Y,,-Y,,) and short circuit resistance.

The analysis of Table IX confirms that both the variation in
short circuit resistance and the configuration of the transformer

windings do not significantly influence the unbalance ratios, as
observed in Case 1 and 2, leading to the same decisions.

Furthermore, when comparing the results with and without
the presence of DG, the largest absolute difference observed
was 0.0021 for the A-Y,, connection in a line-to-line fault
on the primary side with Rpqq = 0 €, corresponding to a
relative variation of approximately 0.21%. This minimal impact
confirms that the presence of DG has a negligible effect on
the URpg ratios and, consequently, does not influence the
assignment of responsibility in a SDVV.

It is again confirmed, in another feeder, that when the SDVV
occurs on the transformer’s primary side, the ratio U Rpg is
close to a unit value, while this is not the case on the sec-
ondary side. Thus, if URpg is close to 1, the responsibility
lies with the supplier; otherwise, the responsibility is with the
consumer.

For better visualization, the script produces a scatter plot as
presented in Fig. 7, showing the ratio between primary and
secondary UF for each case considering the two connection
schemes. The data used corresponds to the values presented
in Table IX. To enhance interpretation, different markers are
used to distinguish between faults occurring on the primary
and secondary sides of the transformer. Visually, there is little
difference between the points of the two connection cases. There
is a noticeable distance between the cases where responsibility
lies with the supplier and those one where the consumer is
responsible. This observation further confirms the earlier find-
ing regarding the minimal impact of the type of transformer
connection. The threshold used for attribution is indicated in the
figure and proves to be satisfactory for distinguishing between
responsibilities.
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TABLE IX
SIMULATION RESULTS FOR DIFFERENT CONNECTIONS FEDDER ULAU13 WITH AND WITHOUT DGS
Case Fault Type Rypaurr (2) URps (Yn-Yr) URps (Yn-Yr) URps (A-Y,) URps (A-Y;,) with
without DGs with DGs without DGs DGs
1 LG Primary 0 1.0001 0.9984 0.9996 1.0000
2 LG Primary 5 1.0000 0.9981 0.9996 1.0000
3 LG Primary 10 1.0000 0.9978 0.9995 1.0001
4 LG Primary 20 1.0000 0.9972 0.9995 1.0001
5 LG Secondary 0 0.6264 0.6265 0.5852 0.5855
6 LG Secondary 5 0.7031 0.7036 0.7052 0.7058
7 LG Secondary 10 0.7113 0.7117 0.7121 0.7125
8 LG Secondary 20 0.7142 0.7144 0.7144 0.7146
9 LLG Primary 0 0.9998 1.0003 0.9996 0.9996
10 LLG Primary 5 0.9998 1.0002 0.9996 0.9996
11 LLG Primary 10 0.9998 1.0001 0.9997 0.9996
12 LLG Primary 20 0.9997 0.9999 0.9997 0.9997
13 LLG Secondary 0 0.4555 0.4558 0.3132 0.3132
14 LLG Secondary 5 0.6966 0.6971 0.7002 0.7008
15 LLG Secondary 10 0.7091 0.7096 0.7101 0.7106
16 LLG Secondary 20 0.7133 0.7136 0.7135 0.7138
17 LL Primary 0 0.9997 0.9999 0.9996 1.0015
18 LL Primary 5 0.9997 0.9999 0.9996 1.0009
19 LL Primary 10 0.9997 0.9999 0.9996 1.0006
20 LL Primary 20 0.9997 1.0002 0.9996 1.0009
21 LL Secondary 0 0.5565 0.5568 0.5565 0.5568
22 LL Secondary 5 0.6987 0.6989 0.6987 0.6989
23 LL Secondary 10 0.7099 0.7102 0.7099 0.7102
24 LL Secondary 20 0.7136 0.7139 0.7136 0.7139
Lo mmmn ATATATA nonn 10 Pro (version 22H2, 64-bit), with Python™ version 3.11.0
----------------------------------------------- and installed OpenDSS version 9.6.1.3. The simulation time for
0.9 - feeder ULAE714 was 793,33 seconds, while for feeder ULAU 3,
it was 1275,97 seconds. Meanwhile, the IEEE 34-Bus System
081 simulation took less than 10 seconds.
(%)
a
07 =EE L N
1 IV. CONCLUSION
0.6 [l Primary - without DG .
1 B secondary - without DG - This paper demonstrates that the methodology proposed by
Primary - with DG Ferreira et al. [9], initially applied to simplified circuits, can
0.54 A Secondary - with DG
“Z~ Threshold (0.95) n also be successfully extended to complete and complex real
5 : o e " > dlStl‘lbutl.O.n feeders. By implementing the approach in bot.h
Case Yn-¥n actual utility networks and the IEEE 34-Bus Test System, this
RN ATAAlA] ATATALA RTATATA] study confirms its applicability in more realistic and opera-
——————————————————————————————————————————————— tionally relevant scenarios. The use of OpenDSS, combined with
091 PythonTM, enhances the simulation and analysis process, while
084 offering an accessible and open-source alternative to commercial
o p—_— =nm —mm tools. Additionally, the 1ntegrat1'on of real netwqu .d.ata from
S - the BDGD strengthens the practical value and reliability of the
-4 .
> 0.6 i improved methodology.
o] W Primary - ithout DG u . This study contributes Fo the ﬁeld of responsibility gttribu-
B Secondary - without DG tion for SDVV by analyzing various factors that may impact
] Primary - with DG . . . . .
041 4 secondary - with DG unbglance propag.atlon, mcll.ldl'ng trat?sformer .wm.dmg conﬁg—
03 = Threshold (0.95) = urations, fault resistance variations, different circuit types with
0 M 10 15 20 25 diverse load compositions, and the presence of DG. The re-
Case AYn sults indicate that when the ratio between unbalance factors
Fig. 7. Connection schemes with UF ratios between primary and secondary is below 0.95, the respon51b111ty is attributed to the consumer

sides of transformer in cases of SDVV.

This study was conducted using a computer with the following
specifications: an Intel(R) Core(TM) i5-8500 CPU @ 3.00 GHz
processor, 8 GB of RAM, a 500 GB SSD, running Windows

side, highlighting this threshold as a key indicator. Conversely,
values equal to or greater than 0.95 suggest that the disturbance
originated on the supplier side. The analysis also revealed that
regardless of minor variations introduced by transformer con-
nections and fault resistances, the overall trend remained con-
sistent. Furthermore, despite the rapid expansion of distributed
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generation (DG) in modern distribution networks, the proposed
methodology remains robust and unaffected. The evaluation
of multiple circuit configurations with varying load conditions
further confirms its reliability and adaptability.

It is important to note that this work does not aim to pinpoint
the exact physical location of the event within the network or to
numerically allocate responsibility for it, which is a limitation
of the study and could be addressed in future research. Instead,
its purpose is to determine whether the disturbance occurred
upstream or downstream of the analysis point, providing a
methodology for responsibility attribution.

Thus, the proposed methodology contributes to regulatory
standards for events such as SDVYV, relying on widely acces-
sible software and real data from electric utilities. The data
were obtained from a public repository. However, it should be
emphasized that computational simulations may not fully reflect
the current state of the grid, as the utility company frequently
makes unannounced updates to the database.

One of the main challenges faced during the research was
the accurate modeling of the circuit and the development of the
simulation code using Python™. The first difficulty has been
the limited availability of modeling tools, which was overcome
through the use of a custom library developed by two of the
authors and released to the public, available in [11]. This library
will be described in detail in future works. The second challenge
involved to create a script capable of simulating various types
of faults, which was greatly facilitated by the py-dss-interface
library [19]. Another significant difficulty was the potential
presence of incorrect or incomplete information in the publicly
available BDGD data, which required careful verification during
the modeling process.

The current results offer significant contributions to the en-
ergy transformation sector, providing a method that combines
computational analysis with relevant power system data to
evaluate recurring power quality events in the electrical grid.
Future work will aim to incorporate battery banks and addi-
tional consumers, refining the responsibility attribution to in-
dividual consumers or groups, rather than just identifying the
responsible side. Additionally, future investigations involving
Neural Networks [52], [53], [54], [55], [56], [57], [58] may
be explored as a means to enhance classification accuracy
and automate the attribution process, enabling more adaptive
and intelligent analysis of complex power quality patterns in
modern distribution networks. For this objective, computational
techniques such as deep models, multilayer perceptrons, or
radial basis functions may be used for training and validation.
Moreover, future studies may also include sensitivity analyses
and statistical evaluations to expand and validate the robust-
ness of the results under varying grid conditions and parameter
uncertainties.
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