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Abstract

The power industry has undergone significant recent changes due to the growing demand
for a cleaner and more sustainable energy mix. In this context, the Brazilian government
began encouraging distributed generation (DG), making photovoltaic generation a strong
trend in the country. However, the expansion of DG may cause negative impacts on the
grid, such as reverse power flow (RPF) and overvoltages, which motivates research aimed
at mitigating these effects. This study proposes strategies to mitigate RPF in distribution
networks with high penetration of photovoltaic generation and evaluates their impacts
on the electrical system. Three strategies were analyzed: a battery energy storage system
(BESS), a control mechanism using a Grid Zero inverter, and PV Curtailment. The strategies
were implemented in OpenDSS on a real distribution network located in São Paulo, Brazil.
The assessment involved analyzing power flow in critical transformers and at the substation,
as well as monitoring bus voltages and network energy losses. The quantitative results
demonstrate that BESS allocation was the superior strategy, reducing technical losses by
61.3% and fully mitigating reverse power flow under steady-state conditions. The Grid
Zero inverter eliminated power injection into the grid; however, it increased substation
dependency by 59% compared to the baseline scenario. PV curtailment, although achieving
the smallest reduction in RPF, proved to be the most effective technique for power quality,
limiting the average voltage rise to 0.7%.

Keywords: reverse power flow; photovoltaic solar generation; OpenDSS; electric power
distribution networks; simulation

1. Introduction
The energy transition stands among the most significant trends in today’s power

sector. The formulation of the Sustainable Development Goals (SDGs) by the United
Nations underscores the global concern of sustainability, understood as the ability to
meet present needs without compromising those of future generations. Among the goals
established to promote sustainability, SDG 7 is particularly notable, as it aims to ensure
universal access to clean and renewable energy [1]. The fundamental principle is that a
sustainable society must be able to meet its energy demands through sources that do not
harm the environment or intensify climate change. As a result, governments around the
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world have come under pressure from society to encourage the adoption of clean and
renewable energy sources.

Electricity generation in Brazil is predominantly based on renewable sources, as shown
in Table 1 [2]. This profile is largely attributable to long-standing public policies that have
promoted renewable energy development, reinforcing the country’s historical dependence
on hydropower while enabling the expansion of other renewable technologies, including
wind, solar, and biomass. Within this framework, and as part of broader strategies to
increase the share of sustainable sources in the national energy mix and to accelerate the
energy transition with private-sector involvement, the Brazilian government established a
regulatory framework for distributed generation (DG). This process began in 2012 with
Resolution No. 482 issued by the Brazilian National Electric Energy Agency (ANEEL) and
was later consolidated through the Legal Framework for Distributed Generation, enacted
in 2022 [3,4].

Table 1. Electricity generation sources in Brazil.

Generation Source Participation (%) Installed Capacity (MW)

Hydropower 42.6 110,238
Solar Photovoltaic 24.1 62,388

Wind 13.3 34,473
Natural Gas 7.7 19,869

Biomass and Biogas 7.0 18,022
Oil and Other Fossil Fuels 3.0 7832

Coal 1.5 3951
Nuclear 0.8 1990

Importation 3.2 8170

The attractiveness of the partial energy credit compensation system, which allows
consumers to offset their electricity bills by injecting surplus generation in the distribution
system, has driven the growth of solar photovoltaic generation, which currently predom-
inates among DG systems in Brazil. According to data from the Brazilian Photovoltaic
Solar Energy Association (ABSOLAR), between 2021 and October 2025, the installed ca-
pacity of solar photovoltaic power increased from 14,415 MW to 62,388 MW, representing
a growth of 330.6% in only four years [5]. Of this total, approximately 68% comes from
DG, which further highlights the relevance of this sector [6]. Unfortunately, the increasing
penetration of solar photovoltaic generation into the power grid may also lead to significant
technical challenges for electricity utilities. The occurrence of the so-called “duck curve”, a
phenomenon in which a period of low demand coincides with the peak generation of pho-
tovoltaic plants, is frequent in industrial environments with large distributed generation
systems and in power networks with high levels of solar energy penetration [7].

The reversal of power flow—occurring when DG units inject electricity into the dis-
tribution system as their production exceeds local demand—can lead to several technical
challenges, including bus overvoltage and transformer overloading, thereby jeopardizing
the safe and efficient operation of the electrical network [8–10].

The interest in harnessing the benefits provided by DG, together with the need to miti-
gate the adverse effects it may cause, has motivated numerous studies aimed at attenuating
reverse power flow (RPF), mitigating voltage rise issues, and improving reliability [11–13].
In the specialized literature, several studies can be found that propose strategies to mini-
mize these technical impacts. The authors of [14] showed that the optimized allocation of
BESS can effectively reduce energy losses across several benchmark distribution test sys-
tems, while simultaneously limiting RPF in distribution networks. In this case, the authors
also implement reactive control (RC); nonetheless, smart inverters (SIs) were not considered.
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In [15], the authors propose several strategies to mitigate overvoltages in a benchmark
distribution network with high photovoltaic penetration. Among these, two strategies
are shown to be effective in both controlling overvoltages and mitigating reverse power
flows: battery-based self-consumption and PV curtailment. In [16], several technologies
aimed at mitigating RPF in distribution systems are analyzed, including SIs and BESS. The
study concludes that these devices can enhance the electrical system and reduce impacts on
centralized resources, although their implementation requires significant structural modifi-
cations. The study focuses on the integration of Distributed Energy Resources (DERs) in
distribution networks; however, it does not present real-world applications and is limited
to a purely theoretical analysis.

In [17], the authors propose an approach for the optimal siting and sizing of a BESS to
mitigate RPF in a PV power plant connected to a real distribution system in Thailand. The
analysis is divided into three scenarios, each considering a different PV plant capacity. The
results show that the proposed BESS configuration effectively reduces RPF, enhances the
smoothing of the distribution load curve, and contributes to both energy loss reduction
and lower peak power demand. In [18], the authors analyze RPF caused by solar PV
integration in low-voltage network branches of a real distribution system in Ghana. Using
predictive models derived from simulation data, they estimate average levels of RPF and
line overloading at maximum PV penetration. The results further indicate that total branch
losses are minimized when PV penetration reaches its highest level. A hybrid algorithm
is proposed in [19] to monitor RPF caused by DERs in benchmark IEEE test systems. The
proposed approach combines an impedance-based method with a power balance index.
Flexible AC power flow control is proposed in [20] to mitigate RPF in distribution networks
with PV generation and BESS. The authors evaluate the proposed approach through a series
of tests conducted on a real radial distribution system derived from the electricity networks
of New South Wales, Australia. An approach to identify possible scenarios of RPF and
feasible solutions are proposed in [21]. In this case, the authors present their results using a
benchmark IEEE test system instead of a real distribution system.

Studies that assess the impacts of photovoltaic systems and propose strategies to
mitigate the adverse effects of RPF are essential for providing technical guidance to utilities
in monitoring distribution networks and preventing potential damage. As highlighted in
the literature review, most of these studies are conducted using benchmark distribution
systems. While this ensures result reproducibility due to data availability, it also limits
the demonstration of the real-world applicability of many proposed approaches. Table 2
summarizes the main features of previous studies on RPF in distribution systems, as well
as the mitigation strategies adopted, where PVC denotes photovoltaic curtailment. Note
that the proposed approach stands out for considering not only a real distribution system
but also real irradiance data. Furthermore, three different strategies are implemented to
mitigate RPF. The first strategy involves allocating BESS at the buses of the generating units,
allowing them to absorb surplus energy during periods of excess generation and discharge
it to supply consumers when demand exceeds generation. This control can be implemented
in a straightforward manner through electronic inverters in current photovoltaic systems.
The second strategy consists of directly blocking the injection of energy into the grid
through inverters that monitor the power flow at the bus and are designed to prevent flow
reversal, equipment commonly employed in Grid Zero systems. Finally, the third strategy
involves dynamically limiting the rated power of photovoltaic modules through a control
implemented in an inverter that uses the bus voltage as a reference signal.
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Table 2. Comparison of reviewed studies to mitigate RPF in distribution systems.

Ref
Real System Real Irradiance Data Strategies

Yes No Yes No BESS SI PVC RC

[14] x x x x
[15] x x x x
[16] x x x
[17] x x x
[18] x x x
[19] x x x
[20] x x x x
[21] x x x
This Study x x x x x

All simulations were carried out using OpenDSS, developed by the Electric Power
Research Institute (EPRI) [22]. The tests were applied to a distribution network in the state
of São Paulo over a two-day period, using real solar irradiance data for the modeling of
photovoltaic modules and the definition of their operating conditions.

To summarize, the main features and contributions of this research are as follows:

• The proposed approach leverages Geographic Information System (GIS) georeferenc-
ing to collect real solar irradiance data and is validated using a real distribution system
to assess its effectiveness in mitigating RPF.

• Three different strategies for mitigating reverse power flow are implemented and
compared, namely the use of BESS, smart inverters, and photovoltaic curtailment.

• All simulations are carried out using OpenDSS, a free and open-source software that
enables the modeling and analysis of distribution networks, ensuring accessibility and
reproducibility of the results for the scientific community.

2. Materials and Methods
The methodology of this work initially comprises the description of the technical data

of the network used in the simulations, including the definition of photovoltaic module
parameters and the criteria for selecting the buses for their installation. Subsequently, the
process of extracting, processing, and georeferencing irradiance data is detailed, which
serve as input variables for the modeling of photovoltaic modules. Finally, the three case
studies adopted are presented, detailing their implementation in the software and the
expected results.

The electrical network data were imported into Python 3.11.9 to generate the OpenDSS
version 10.1.0.1 scripts with their corresponding parameters. Using the geographic coordi-
nates of each network bus, the buses were associated with grid cells. The irradiance data
acquisition process consisted of creating equidistant points spaced at 500 m covering the
feeder area, for which irradiance data were downloaded. These data were then processed
in Python, linked to the corresponding grid cell of each point, and used to compute both
the overall average and the hourly average irradiance values for each bus.

2.1. Network Data and System Modeling with Distributed Generation

The distribution network used is a real and simplified system of a feeder circuit in
the state of São Paulo. This electrical network comprises 2932 buses interconnected by
2622 distribution line segments, 335 step-down transformers, and 333 loads. The system is
three-phase, unbalanced, and operates at medium voltage (13.8 kV) and low voltage (380 V
phase-to-phase or 220 V phase-to-ground). To ensure reproducibility, all the information
used in the research is available in [23].
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2.1.1. Line Segments

The distribution line segments interconnect the buses of the electrical system and
operate at both voltage levels of the network. The information related to these lines is
presented in Table 3. In this case, the first column indicates the label of the line segments as
provided by the utility. In addition to this information, the original database also includes
conductances (G0 and G1) and susceptances (B0 and B1), both expressed in µS.

Table 3. Distribution Line Segments.

Line Phase Origin Bus Destination Bus Length (m) R0 (Ω) R1 (Ω)

2964 ABC 2963 2964 48.21 0.096 0.074
2965 ABC 2964 2965 27.46 0.054 0.042
2966 ABC 2965 2966 435.71 0.043 0.026
2967 ABC 2966 2967 37.07 0.045 0.027
2968 ABC 2967 2968 35.43 0.043 0.025
2969 ABC 2968 2969 36.55 0.044 0.026
2970 ABC 2969 2970 35.22 0.043 0.025
2971 ABC 2970 2971 33.26 0.040 0.024

...
...

...
...

... ...
...

2.1.2. Loads

The load data were organized according to the standard of Table 4. The parameters
considered relevant for modeling in OpenDSS include nominal voltage, number of phases,
apparent, active, and reactive power, as well as the power factor. The power values reported
for the loads correspond to the maximum values for each load and were obtained from the
local electric utility. Most loads in the network are three-phase, although single-phase loads
are also present. All loads operate at low voltage: three-phase loads at 380 V and single-
phase loads at 220 V. In addition, load curves were assigned to the consumption points
to enable the visualization of energy consumption variations throughout the day. These
curves were modeled using three typical profiles (residential, commercial, and industrial),
based on the study presented in [24], representing different types of consumers. The curves,
illustrated in Figure 1, were randomly distributed among the loads of the network.

Table 4. Load Data.

Node Phase kVA kW kvar PF (%)

2400 ABC 21.09 18.65 9.96 88.21
2406 ABC 18.49 16.38 8.75 88.21
2424 ABC 16.28 14.39 7.68 88.21
2438 ABC 43.54 38.48 20.55 88.21
2448 A 31.35 27.65 14.89 88.05
2452 ABC 55.38 48.97 26.15 88.21
2454 ABC 16.01 14.17 7.57 88.21
2472 ABC 28.49 25.25 13.49 88.21
2481 ABC 23.82 21.05 11.24 88.21
2518 A 0.42 0.37 0.20 88.05
2522 A 0.50 0.44 0.23 88.05
2531 A 1.30 1.15 0.62 88.05
2539 A 1.61 1.42 0.76 88.05
2544 A 0.10 0.09 0.05 88.05

...
...

...
...

...
...
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Figure 1. Load Curves.

It is important to note that the distribution network used in the study is a simpli-
fied model, which implies that each load does not represent an individual consumer, but
an aggregate consumption point connected to the secondary side of a step-down trans-
former. Therefore, no explicit power limits were considered for low voltage loads in the
modeling framework.

2.1.3. Transformers

All distribution transformers in the network are step-down units, reducing the
medium-voltage level (13.8 kV) to either 380 V or 220 V. Transformers that step down
to 380 V are three-phase, while those that step down to 220 V are single-phase. All trans-
formers are connected in a delta–wye configuration and exhibit typical apparent power
ratings ranging from 5 kVA to 300 kVA. Table 5 shows the format of the data used. In
addition to the listed information, the original database also provides the positive-sequence
impedance in per unit (p.u.).

Table 5. Presentation of Transformer Data.

From Bus To Bus Phase kVA Primary (kVLL) Secondary
(kVLL) Connection

68 69 B 15 13.8 0.22 D-Yg
73 74 ABC 112 13.8 0.38 D-Yg
59 76 ABC 112 13.8 0.38 D-Yg
...

...
...

...
... ...

...

2.1.4. PVSystem

The photovoltaic modules were installed at the 90 buses of the distribution network
that exhibited the highest power demands. The calculation of the rated power of each
module was performed using Equation (1) which was developed using a strategy analogous
to that adopted for the sizing of photovoltaic generators in [25].

Pmodule =
C(p.u.) · Pload · 30 − Tmin

0.8 · PSH · 30
(1)
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where

• C (p.u.) represents the load consumption in per unit at the same bus where the
generator is allocated. This value is obtained using the load curve assigned to the
corresponding bus.

• Pload is the rated power of the load installed at the bus, expressed in kW.
• Tmin corresponds to the energy consumption value associated with the availability

charge, in accordance with ANEEL regulations. This represents the amount that will
always be billed by the utility, even if the consumer does not consume any energy
during the billing period. For single-phase loads, the value is 30 kWh, while for
three-phase loads it is 100 kWh [26].

• Peak Sun Hours (PSH) refer to the number of daily hours during which solar radiation
would have an intensity equivalent to 1000 W/m2 (1 kW/m2) to generate the same to-
tal daily energy received at the site. They were empirically calculated using irradiance
data collected through GIS. The irradiance data were obtained from satellite sources
using the Python pvlib library. For the test system, this value was calculated based
on the regional irradiance data, collected from the same satellite-derived dataset, and
results in 5.18 h.

In Equation (1), a constant value of 0.8 was included to account for the energy losses of
the inverter. The power ratings of the modules calculated using Equation (1) were inserted
into the software as the maximum power point (Pmpp) of each generator. The irradiance
curves assigned to the modules were defined based on the obtained data and processed
as described in the next subsection. The irradiance curves were subsequently normalized
using a factor of 0.98 kW/m2. For the remaining technical parameters of the generators,
such as the inverter efficiency curve as a function of input power and the temperature curve,
typical values provided in the OpenDSS tutorials were adopted [27]. The photovoltaic
modules were modeled using the element PVSystem from OpenDSS and all the parameters
mentioned. Finally, the number of phases of each module was defined in accordance with
the type of load connected to the corresponding bus.

Note that the substation was configured with a per-unit voltage of 1.05 and three-phase
and single-phase short-circuit power levels of 20 MVA and 21 MVA, respectively. These
values are traditionally adopted for systems with characteristics similar to those of the
test system.

2.2. Data Extraction via GIS

This study stands out for employing irradiance data derived from a satellite-based
dataset in the modeling of photovoltaic modules, ensuring greater fidelity in the simulation
of the analyzed scenarios. The acquisition and processing of these data were carried out
using the method presented in [28], which employs the libraries pvlib, pandas, geopandas,
matplotlib and shapely in Python, in addition to Geographic Information System (GIS) tools.
Based on this procedure, daily irradiance curves were generated and subsequently assigned
to the feeder buses according to their respective geographic coordinates.

To facilitate the understanding of the method, its description is organized into
two stages: (i) data extraction and (ii) assignment of these data to the system buses.

2.2.1. Extraction of Irradiance Data

The data used in this study were obtained through the library pvlib python [29], which
accesses the databases of the PV-GIS platform (Photovoltaic Geographical Information System).
This platform is an online tool developed to provide solar irradiance data and photovoltaic
module performance information for any region of the world, with the exception of the
North and South Poles. The platform is managed by Joint Research Centre, a European
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Commission service for science and knowledge that provides independent scientific advice
to support European Union policies. The database used in this study is “PVGIS-SARAH3”.
To determine the coordinates from which the irradiance data would be collected, the
following information is indicated [28].

• The initial coordinate: The geographic coordinate [960,200, 8,142,500] was selected
as the initial coordinate and defined as a vector. This coordinate represents the first
sampling point.

• An equation to generate the new sampling points: A point is parameterized around
another point using a radius and an angle. In other words, the equation makes it
possible to obtain a new point (X2,Y2) from an initial point (X1,Y1) by shifting it in a
direction defined by the angle kπ/2 by a given distance p, as shown in Equation (2).[

X2

Y2

]
=

[
X1

Y1

]
+ p

[
sin( kπ

2 )

cos( kπ
2 )

]
(2)

In this work, the step distance p between the points was defined as 500 m, and k is a
constant that assumes integer values from 0 to 4. Using this equation, new points were
generated up to a maximum radius of 7 km, restricted to the feeder area, which has an
extension of 14 km. Figure 2 illustrates the process of creating these sampling points.
In Figure 2, Point 1, shown in green, corresponds to the point generated in the
first iteration, while point 2, shown in orange, represents the point obtained in the
second iteration, calculated from the coordinates of point 1. To facilitate visualization,
points that would originally overlap were displayed side by side. Thus, point 1 and
the point identified as “k = 3” (in orange) occupy the same position, as do point 2
and the point identified as “k = 1” (in green). However, the process does not generate
overlapping points; whenever a newly generated point coincides with an existing one,
it is simply discarded. In this work, a total of 841 points were generated, covering the
entire area occupied by the feeder.

• Irradiance data acquisition: Using the Python pvlib library, irradiance records were
obtained for the coordinates of the 841 generated points. The retrieved data correspond
to the period from 2011 to 2015 and are provided as global irradiance values for each
hour of every day within this interval. The selection of this period was based on data
availability, following the methodology adopted in [28].

• Calculation of hourly averages: After extraction, the irradiance data were stored
in a Python list, and from this data, both the average irradiance values for each
point—using records from 2011 to 2015 and disregarding null values—and the hourly
average irradiance values at each point were calculated, obtained by grouping the
measurements according to the hour of the day. The former were used to generate a
grid with different color intensities representing the irradiance level at each location,
while the latter served as the basis for constructing the irradiance curves employed in
the modeling of the photovoltaic modules.

2.2.2. Allocation and Processing of Irradiance Data

Once the irradiance data were extracted, the following procedure was carried out [28]:

• Creation of Irradiance Grids: Using Equation (3), four new points are generated from
each sampled point generated in the previous procedure. The new points serve as the
vertices of the squares that make up the grid.[

X2

Y2

]
=

[
X1

Y1

]
+

p
√

2
2

[
sin( kπ

4 )

cos( kπ
4 )

]
(3)
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The above equation is applied iteratively until all 841 sampled points have been
processed. This procedure is illustrated in Figure 3.

• Assignment of Irradiance Values to the Grid: The formed grids are polygons whose
geographic coordinates have been recorded in a GeoDataFrame. After their creation, the
average irradiance values and the hourly average irradiance values were incorporated
into the GeoDataFrame of the grids.

• Irradiance Data Allocation to the Buses: For this purpose, the geographic coordinates
of the system buses were cross-referenced with those of the grids created in the
previous steps. It was necessary to load the electric grid data into the code in Python
and convert it into a GeoDataFrame containing each bus and its respective geographic
coordinate. Finally, the buses were assigned the irradiance data from the grids in
which they were spatially located.

Figure 2. Creation of the sampling points.

Figure 3. Generation of Points for Grid Formation.

The grids were plotted on a map with their respective average irradiance values, and
the network data were subsequently modeled for the creation of the map shown in Figure 4.
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Figure 4. Feeder map and irradiance intensity levels.

2.3. Case Studies

The case studies were defined by comparing the original electrical grid with the grid
incorporating DG, and evaluating its performance after applying three different strategies
to mitigate RPF.

In all cases, the simulation mode used was daily for a 48-h period (two days). This
mode was chosen to allow the observation of the effects of generation and consumption
variations throughout the day and, additionally, to enable the analysis of battery operation
under steady-state conditions. This is due to the fact that, in OpenDSS, the batteries start the
simulation fully charged, which influences their operational behavior during the first day.

2.3.1. Base Case

The electric grid was initially simulated in its normal operating state, without the
presence of photovoltaic plants. The conditions obtained under this configuration allow
for a comparison of the grid’s performance after the integration of photovoltaic plants and
after the application of the evaluated RPF mitigation strategies. Thus, the results of this
base case serve as a reference for the analysis of the other simulated scenarios.

2.3.2. DG Base Case

The electric grid was simulated considering the allocation of 90 photovoltaic solar
plants, selected among the load buses with the highest installed power. Together, these
90 buses represent approximately 66% of the feeder’s total consumption power, character-
izing a scenario of high photovoltaic solar generation penetration.

The modeling of the photovoltaic modules follows the procedure described in
Section 2.1.4. The solar plants were allocated to the 45 loads with the highest nominal
power. The evaluated strategies were applied only to these buses, as implementing them to
all solar-equipped buses would be economically unfeasible. Table 6 presents the descriptive
statistics of the 45 allocated solar plants.

Table 6. Descriptive statistics of the allocated solar plants.

Statistic Value (kVA)

Mean 43.9787
Standard deviation 15.9996
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Table 6. Cont.

Statistic Value (kVA)

Minimum 31.9115
25th percentile 35.3804
Median (50th percentile) 39.5613
75th percentile 48.7586
Maximum 133.7897

2.3.3. Case 1—Battery Storage System

This case corresponds to the electric grid of the standard scenario with distributed
generation (90 solar plants), augmented by the allocation of 45 batteries installed at the
45 buses with the highest load power. Each battery has a nominal power equal to twice
the installed power of the load at its respective bus, as well as a storage capacity equal to
eight times its own nominal power.

The sizing of these two parameters was carried out empirically, after observing that
the simulations exhibited better performance in mitigating RPF when the adopted power
was equivalent to twice the load. In comparison, adopting a power equal to the load for the
battery connected to the same bus resulted in inferior performance, even when the stored
energy was sized to be numerically equivalent to 20 times its nominal power. Power losses
and RPF levels were increased in the last case because the amount of energy that needed to
be injected to neutralize the reverse flow, at certain times, exceeded the battery’s maximum
power capacity, limiting its ability to fully mitigate RPF.

The battery’s storage capacity was sized to ensure operational autonomy for up to 8 h,
based on the understanding that continuous periods of generation surplus or demand for
energy supply do not exceed this interval.

The batteries’ charge and discharge curve was calculated to simulate the operation
of an electronic inverter capable of monitoring the power flow at the bus. The curve was
designed to mitigate RPF, absorbing excess energy and then injecting it when consumption
exceeds generation. For this calculation, DG Base Case was first simulated, and the genera-
tion curve s of the PV Systems were extracted and compared with the load curves (Load
Shapes) from the same bus. The batteries’ curves were calculated by subtracting the load
curve values for the generation curve values.

2.3.4. Case 2—Inverter of a Grid Zero System

This case considers the grid operating with an inverter capable of monitoring the
power flow and blocking the export of energy from the photovoltaic plants to the network,
thereby mitigating RPF. Since this control is not directly implemented in OpenDSS, it was
manually implemented using the element “generator” of the software. The generation curves
of the PV Systems were extracted from the DG Base Case and modified so that subsequent
generation would not exceed the bus load. Therefore, generation was kept unchanged
while consumption remained higher than it, and was only adjusted at moments when
generation would surpass consumption, at which point it was set to match it. This new
generation curve was used in the modeling of the 45 generators located at the buses with
the highest load density in the network, while the remaining 45 generators were kept
constant and identical to those in DG Base Case.

2.3.5. Case 3—PV Curtailment

In this case, the electric grid was simulated with a control that limits the energy
generation of the PV Systems using the bus voltage as a reference. The proposed control was
implemented using the “InvControl” element, which performs inverter control in OpenDSS
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controlling the injection of active or reactive power based on an analyzed parameter, such
as the bus voltage.

Given the characteristic of the software’s native control OpenDSS, which prioritizes
nodal variables over the direct monitoring of power flow in the branches, the adopted
strategy was based on the direct physical correlation between the occurrence of RPF and
the rise in voltage levels [15]. Thus, the control function (Volt–Watt), native to OpenDSS
was parameterized to act in the joint mitigation of RPF at the transformer and overvoltages
at the buses, and was applied to the 45 buses with the highest loads.

The inverter control followed the relationship defined in Figure 5, limiting the active
power (Pmpp) in per unit according to the voltage recorded at the bus. Additionally, the
OpenDSS inverter parameter “delta P” was set to 0.3, defining the maximum allowed
variation in output power between consecutive control intervals.

Figure 5. Power Injection vs. Bus Voltage.

3. Tests and Results
System performance was assessed by analyzing bus voltage profiles, technical energy

losses, substation energy demand, and RPF measured at selected points within the network.
This comprehensive evaluation enables a clear comparison of the benefits and limitations
associated with each strategy, thereby supporting informed conclusions regarding their
practical feasibility, operational suitability, and the potential adaptations required for real-
world implementation.

3.1. Reverse Power Flow
3.1.1. Base Case

To enhance the objectivity of the analysis, attention was focused on the two transform-
ers exhibiting the most severe RPF conditions, namely those with the highest magnitudes of
injected power, as well as on the substation output to assess the overall system behavior. For
comparison purposes, Figures 6–8 present the power flow profiles of these elements under
the Base Case scenario, which represents the distribution network without photovoltaic
generation. In all cases, the reported power flows correspond to three-phase values.

Note that the power flow profiles of Transformers 28 and 70 follow the residential
and industrial load curves, respectively, as these are the only load types connected to the
secondary sides of the corresponding transformers. The monitoring and recording of the
power flow of these elements were performed using the “Monitor” element of OpenDSS.
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Figure 6. Power Flow of Transformer 28 in the Base Case.

Figure 7. Power Flow of Transformer 70 in the Base Case.

Figure 8. Power Flow at the Substation Output in the Base Case.
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3.1.2. DG Base Case

Figures 9–11 are also included as reference cases for comparison with the three mit-
igation strategies evaluated in this work. The corresponding scenario is generically re-
ferred to as the “DG Base Case,” representing the distribution network with the inte-
gration of 90 photovoltaic plants. For completeness, the Base Case curves for the same
elements—corresponding to the network without photovoltaic generation—are also dis-
played in the figures. A simple analysis reveals a pronounced pattern of RPF in both the
transformers and at the substation output, indicating a concerning scenario for the network
in question.

The two transformers selected for the analysis (28 and 70), are three-phase transformers
with nominal powers of 225 kVA and 112.5 kVA, respectively. Therefore, transformer 70 is
overloaded, as the RPF recorded reached peaks of 125 kW. This also represents a critical
scenario for this study case.

Figure 9. Power Flow of Transformer 28 in DG Base Case.

Figure 10. Power Flow of Transformer 70 in DG Base Case.
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Figure 11. Power Flow at the Substation Output in DG Base Case.

3.1.3. Case 1—Battery Storage System

The results for Case 1 are presented in Figures 12–14. In this scenario, 45 BESS were
allocated at the buses with the highest nominal load levels. The results show an almost
complete attenuation of RPF on the second day of the simulation, that is, after the initial
24 h period. The behavior observed during the first day reflects the transient operation
associated with the batteries starting at a 100% state of charge, which limits their ability
to absorb all excess energy during this interval. For validation purposes, the system
performance on the second day is considered representative of cyclic steady-state operation,
during which the batteries fully absorb surplus generation and effectively mitigate RPF.

3.1.4. Case 2—Inverter of a Grid Zero System

The simulation results for Case 2 are illustrated in Figures 15–17, which correspond to
the transformers and the substation input analyzed in this study, as well as to the remaining
network elements affected by the proposed method.

Figure 12. Power Flow of Transformer 28 in Case 1 (Batteries).
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Figure 13. Power Flow of Transformer 70 in Case 1 (Batteries).

Figure 14. Power Flow at the Substation Output in Case 1 (Batteries).

Figure 15. Power Flow of Transformer 28 in Case 2 (Grid Zero).
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Figure 16. Power Flow of Transformer 70 in Case 2 (Grid Zero).

Figure 17. Power Flow at the Substation Output in Case 2 (Grid Zero).

Case 2 represents the operation of electronic inverters that restrict energy injection into
the grid by manually shaping the generation output curve. As expected, the results exhibit
an almost complete suppression of reverse power flow at the two analyzed transformers.

However, applying this control strategy to only 45 buses proved insufficient to fully
eliminate reverse power flow at the substation output. Similar to the PV Curtailment
approach, this outcome highlights the main economic trade-off associated with the method:
network protection is achieved through aggressive generation curtailment, which directly
affects the photovoltaic system’s payback by discarding available energy.

3.1.5. Case 3—PV Curtailment

Figures 18–20 illustrate the power flows of the sampled elements for Case 3, in which
the PV Curtailment was applied. A more irregular behavior can be observed, as RPF was not
eliminated in transformer 70, and in transformer 28, the attenuation of the flow led to the
return of consumption predominance over generation, even during peak solar incidence
periods. Therefore, the strategy was less effective in mitigating the RPF of transformer
70 compared to the strategies in Case 1 and Case 2.
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Figure 18. Power Flow of Transformer 28 in Case 3 (PV Curtailment).

Figure 19. Power Flow of Transformer 70 in Case 3 (PV Curtailment).

Figure 20. Power Flow at the Substation Output in Case 3 (PV Curtailment).
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The reduced effectiveness of PV Curtailment in mitigating RPF is primarily attributed
to the physical characteristics of the network. In low-impedance (strong) circuits, substan-
tial power injections may occur without inducing significant voltage deviations, rendering
Volt–Watt control schemes largely insensitive to reverse current flow at the point of con-
nection. Nevertheless, despite this limitation at the local level, the strategy achieved a
noticeable reduction in RPF at the substation output, effectively attenuating upstream
reverse flows and improving overall system performance.

3.2. Energy Injected into the Network

In a more general scenario, the power flows of all 335 transformers were compu-
tationally analyzed to calculate the total amount of energy injected into the grid by the
photovoltaic modules in each case. The transformer power flows were exported to CSV
(Excel) files, whose data were read and managed via Python for the total sum of all negative
instantaneous powers. As a result of this procedure, it was concluded that there was an
injection of 47,737.24 kWh in DG Base Case; 23,925.45 kWh in Case 1; 17,105.15 kWh in
Case 2; and 21,074 kWh in Case 3. All cases reduced the amount of energy injected, with
Case 2 showing the largest reduction and Case 1 the smallest. However, some observations
should be noted:

(1) Case 2 presents the results of an ideal inverter operation, simulated through a
manually designed generation curve and assigned to a generator.

(2) Case 1 was influenced by the initial state of the battery, since the battery starts the
simulation fully charged due to the configuration of OpenDSS. Therefore, it cannot absorb
all the excess energy to mitigate the RPF on the first day, as already observed in the figures
showing the power flow of transformers 70 and 28. As a result, the energy injected ended
up being higher for this case.

3.3. Voltage Levels

The evaluation of bus voltage levels was performed using the “Monitor” element
of OpenDSS, which can be configured to record hourly values of voltage, current, and
instantaneous power for a specific network element. A total of 333 monitors were deployed
to track the voltage at the output terminals of all loads in the system. The recorded bus
voltages were compared against those obtained in the Base Case, and the differences were
computed to quantify voltage rises or drops across the network.

To ensure a more objective presentation of the results, the average percentage voltage
rise was computed for each study case by considering all buses in the network. In addition,
the maximum percentage voltage rise observed in each scenario was also determined.
These metrics are summarized in Table 7.

Table 7. Voltage Levels at Network Buses.

Study Cases Average Percentage Rise (%) Maximum Percentage Rise (%)

DG Base Case 1.1210 5.2416
Case 1 1.2319 4.3721
Case 2 1.0347 5.0665
Case 3 0.7005 3.1257

From the results, it was observed that Case 3, the PV Curtailment, showed the greatest
reduction in voltage rise among the three proposed cases, likely because it synchronized
the reduction of energy injection with the voltage peaks. Case 1 exhibited the highest
average voltage rise, while Case 2 presented the highest individual voltage peak among the
three cases. Despite differing efficiencies in reducing voltage rises, all three cases achieved
better results than DG Base Case, which showed the highest voltage increase levels.
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3.4. Energy Losses and Energy Supplied by the Substation

The analysis of energy losses was carried out using the element “Energymeter”, from
OpenDSS, which is associated with an element and is capable of obtaining energy losses,
maximum power demand, and the energy flow recorded in the network downstream of the
element to which the meter is assigned (Energymeter). The meter in question was installed
on the distribution line segment connected to the system substation and was used to record
energy losses, as well as the energy supplied by the substation in each of the cases. The
results are illustrated in Figure 21.

Figure 21. Network Technical Losses in Each Case.

The two cases with the highest energy losses were the Base Case and the DG Base
Case, with losses of 3077 kWh and 2312 kWh, respectively. Thus, it can be observed that
the three evaluated strategies provided technical improvements to the electrical network in
this regard.

It is worth noting that, when allocating 30 photovoltaic plants to the buses with the
highest load density of Base Case—following the same modeling and bus selection criteria
as in DG Base Case—the network presented losses of 2143 kWh, a value lower than that
of DG Base Case (2312 kWh), in which 90 photovoltaic modules were installed. This
result indicates that, in DG Base Case, the electrical network may already be operating
near or beyond its accommodation capacity, as the increase in photovoltaic generation
ended up increasing losses compared to the case with fewer modules, thereby reducing
operational efficiency.

Regarding Cases 1, 2, and 3, the adoption of the strategies allowed a reduction in
energy losses from the Base Case by 61.36% in Case 1, 44.72% in Case 2, and 37.73% in
Case 3. In comparison, DG Base Case reduced losses by only 24.86%. The allocation of
batteries to mitigate RPF, a strategy tested in Case 1, produced the best results regarding
losses, followed by Cases 2 and 3, respectively.

This result can be explained by the fact that the allocation of batteries favors local
energy storage within the system, reducing losses related to transportation through the
distribution lines and energy conversion in the transformers.

It is important to highlight that the results of Case 1 were superior, despite the fact
that the allocated batteries could not mitigate part of the RPF on the first day due to the
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initial configuration. In other words, it is possible that the steady-state operation of the
batteries could produce even better results.

Finally, the energy supply analysis yielded the results shown in Table 8, which presents
the overall results of the simulation involving the most important operational parameters of
the network. According to this analysis, Cases 1, 2, and 3 reduced the amount of energy the
substation had to supply to the network compared to the Base Case; however, only Case 1
achieved a lower substation demand than the DG Base Case. The substation supplied the
network with 42,781 MWh in Case 1, 51,038 MWh in DG Base Case, 81,164 MWh in Case 2,
and 81,806 MWh in Case 3.

The logical conclusion is that, although the allocation of photovoltaic modules reduced
the amount of energy the substation had to supply—which was 140,694 MWh in the Base
Case—the implementation of inverters that limit energy injection into the network, as in
Cases 2 and 3, increased the distribution network’s demand for energy from the substation.
This indicates that Case 1 provided benefits, while Cases 2 and 3 caused detriment to the
network compared to DG Base Case, since reducing the amount of energy that needs to
be supplied by large central power plants is one of the main objectives of government
incentives for the solar energy sector.

Table 8. Electrical Network Operation Parameters.

Study Cases Energy Supplied by
the Substation (kWh) Energy Losses (kWh) Maximum Voltage

Rise (%)
Energy Injected into
the Network (kWh)

Base Case 140,694 3077 0% 0
DG Base Case 51,038 2312 5.2416% 47,737.24

Case 1 42,781 1189 4.3721% 23,925.45
Case 2 81,164 1701 5.0665% 17,105.15
Case 3 81,806 1916 3.1257% 21,074.21

It was observed that the strategy of allocating batteries to the buses with the highest
power injections—adopted in Case 1—was the one that provided the greatest reduction in
both the energy demand from the substation and the technical losses in the network.

The strategy of PV Curtailment (Case 3), which consisted of controlling the power
injected by the photovoltaic modules based on the bus voltage, proved to be the most
effective in mitigating voltage rise, and is therefore the most efficient approach for
preventing overvoltage.

On the other hand, Case 2, which simulated the ideal performance of inverters capable
of monitoring the bus power flow to control energy injection, presented the best results
in reducing the energy injected into the network. It is worth noting, however, that the
performance of Case 1 in this regard was limited by the initial configuration of the battery.

The analysis of power flow in transformers 70 and 28 indicated greater suppression of
RPF in Case 1, considering only the period in which the battery operated properly on the
second day. Regarding the flow at the substation output, the three cases showed similar
results, in which they attenuated a large part of the 2 MW three-phase reverse flow.

The fact that none of the strategies managed to fully mitigate this flow raises questions
about the scale of investments that would need to be made if a scenario similar to this were
encountered in practice.

4. Conclusions
The analysis conducted in this study shows that RPF represents a significant impact

associated with the increasing penetration of photovoltaic generation in distribution net-
works. To address this issue, three mitigation strategies are proposed: (i) the allocation
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of battery energy storage systems; (ii) the use of inverters operating under a Grid Zero
scheme, which prevent power injection into the network by monitoring the power flow
at the connection bus; and (iii) the implementation of inverters that regulate the power
injected by photovoltaic modules as a function of the bus voltage.

Among the three evaluated scenarios, the battery allocation strategy achieved the
best overall performance. It demonstrated high effectiveness in suppressing RPF, reducing
technical losses, and significantly lowering the demand for energy supplied by the sub-
station. This reduction in substation demand also translates into decreased reliance on
energy generated by large centralized power plants, thereby aligning with public policies
that promote the integration of distributed generation.

It is concluded that no universal solution exists, as the results obtained for the test sys-
tem indicate distinct trade-offs among the evaluated strategies. The BESS-based approach
exhibits superior technical performance, effectively eliminating RPF and reducing power
losses, albeit at the expense of higher investment costs. In contrast, curtailment-based
strategies (Grid Zero and Volt–Watt) shift the burden toward operational inefficiency and
are therefore viable mainly in scenarios where utilities impose penalties for RPF or enforce
strict injection limits. Additionally, the PV curtailment strategy shows further potential
for application in distribution systems experiencing overvoltage issues, yielding positive
results in mitigating this condition. Future work will incorporate real-world inverter
constraints to provide a more realistic and comprehensive assessment.
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