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HIGHLIGHTS
e An algorithm for daily power flow analysis on distribution grids was
implemented.
o Different load and generation profiles were used on power flow solutions.

e Photovoltaic Distributed Generation effects on Distribution Grids were studied.

Abstract: In Brazil, the demand for the acquisition and installation of photovoltaic
systems has grown exponentially and, with that, the importance of studies considering
their effects on the distribution grids power flow also grows. Due to the intermittent
nature of photovoltaic generation, it is important to approach the analysis in a discrete
way, taking into account the changes in the power injections during the studied period.
Thus, this article presents the daily analysis of the effects of photovoltaic generation on
the distribution system through the computational implementation of a discretized
power flow routine. The implemented routine can also analyze the effects of other
distributed generations on distribution grids, whether those grids are radial or not. The
study results show positive impacts on the voltage quality obtained by the photovoltaic
systems insertion, for a well-known distribution test system.
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INTRODUCTION

A photovoltaic generation system consists of a set of equipment used to transform
solar radiation into electricity [1].

In Brazil, the Normative Resolution No. 482 of the National Electric Energy Agency
(ANEEL) allowed the consumer units owners to purchase a particular photovoltaic
generation systems, thus characterizing the distributed generation (DG). In this sense,
the DGs are connected to the utility grid, so when there is generation excess, the
remainder power is supplied to the distribution grid [2].

According to ANEEL Technical Note No. 0056, since 2012 the acquisition of
particular generators has been growing exponentially in Brazil, with solar photovoltaic
generation as the most sought particular source in the market [3].

Therefore, with the intense insertion of distributed solar generation, it is necessary
to evaluate the distribution grids behavior aiming at planning and quality supply [4].

Knowing that the solar generation is intermittent according to weather conditions, it
is possible to have power injection fluctuations during the day [5].Therefore, the
present paper proposes an algorithm for power flow studies in distribution grids, which
allows the consideration of different discretized power injection scenarios throughout
the day, allowing to analyze different system generation topologies, such as
photovoltaic

MATERIAL AND METHODS

This paper aims to analyze the steady state behavior of electrical variables of
distribution grids, within scenarios that contemplate photovoltaic DG, considering daily
load and generation profiles.For this, we have implemented a power flow solution
algorithm that fetches the load and generation information for each discretized time
interval of study.

The computational algorithm proposed in this study was developed in MATLAB
and its implementation was made so that it can be easily translated to other
programming languages (such as C language). The proposed algorithm flowchart can
be seen in Figure 1.
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Figure 1.Proposed algorithm flowchart.

In this algorithm, the power flow solution was implemented by Gauss-Seidel,
Newton-Raphson and Backward-Forward Sweep (BFS) methods, so that the user may
choose one of these to the power flow solution. The Newton-Raphson method is
traditionally applied to transmission systems, while Gauss-Seidel and BFS methods are
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more suitable for distribution networks, due to the radial characteristics of such
systems. Details on these methods can be found respectively in [6], [7] e [8].

The following are the hypotheses and considerations taken for the development of
the implemented algorithm.

Data Entry

For the algorithm execution, it is necessary to provide the conventional data for a
power flow study, together with the normalized and discretized load and generation
profiles. It is noteworthy that, although this work has been used hourly discretization for
a single day time horizon, the algorithm is capable of treating other discretization
intervals (minutes, for example) and other analysis time horizons (weeks, months).

The input format of the discrete load and generation profiles allows the study of
different DGs (such as wind, biomass and photovoltaic generation) and load profiles
(either by region or by consumer types).

DG allocation

We have adopted that the DG insertion can be contemplated in any distribution
bus as long as its active load power is nonzero. We have also defined that the
maximum generation power installed at each distribution bus is limited by the active
demand consumed at that bus, following the requirements of ANEEL Normative
Resolution No. 482 [2]. This maximum generation power limit is here established by the
maximum active load power demand on the analysis time horizon, for each distribution
load bus.

Distribution bus modeling

Since photovoltaic generation is a non-dispatchable form of generation, the buses
to which a photovoltaic DG is connected are treated as PQ buses for the power flow
studies. The substation bus (or distribution grid root node) is treated as the reference or
slack bus, assuming the power balance.

Load and generation profiles

The used load and generation profiles were normalized with the unit value (or
100%) being the maximum system load or generation value. In this study, this value is
given by the base load of the system. Thus, the load and generation powers used for
the power flow study in each analyzed period were calculated as a percentage of the
maximum load and generation value.

As already mentioned, load curves can represent distinct classes of consumers,
such as residential, small to large commercial and industrial [10], as well as they can
represent the system loading at the regional level, as provided by the National Electric
System Operator (ONS) [11].

The generation curves represent the power injection oscillations due to the
distributed generation source used. In the case of the photovoltaic generation, the
electrical power provided by the generator is directly proportional to the incident
surface irradiance at the panels [1]. With this, the generation profile follows the climatic
variations.

RESULTS

The proposed algorithm was tested on the 33-bus distribution system (Figure 2),
since it is a well-known distribution test system. This system’s data may be easily
found,as in [12,13].
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Figure 2.33-bus distribution test system.

Allocation of photovoltaic systems was considered in all system buses with
nonzero load power. Their peak powers were set at the maximum load power values
for each distribution bus.

The adopted generation profiles are shown in Figure 3a. These profiles are directly
proportional to the incident radiance on the inclined plane of the photovoltaic
generators, for a measured day of December (DGL1 profile) and June (DG2 profile) in
Curitiba (Brazil).Such curves were obtained from the automatic stations of the National
Institute of Meteorology (INMET) [14]. These months were chosen because they have
the highest and lowest annual average of solar irradiation respectively for the
mentioned region [15].

The used load profiles are shown in Figure3b, where the unit value corresponds to
the base load of the system, presented by [12]. The blue and orange curves
(respectively C1 and C2 profiles) were obtained from ONS [11] for the Southern region
on two different days. These chosen days were the same days for which the generation
profiles were obtained. The maximum power value recorded between these two days
(identified at 21 hours of profile C1) was assigned as unit value. The yellow curve (C3
profile) represents a generic small commercial consumer load profile [10].
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Figure 3. Adopted load and generation profiles: (a) Photovoltaic distributed generation profiles;
(b) Distribution bus load profiles.

With the defined load and generation profiles, the three study scenarios used in
this work are stated as follows.

- Scenario # 1: analysis focused on December 16, 2017, considering generation
profile DG1 and load profile C1.
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- Scenario # 2: analysis for June 1, 2018, considering the DG2 generation profile
and the C2 load profile.

- Scenario # 3: analysis aimed at the small commercial class, considering the DG2
generation profile and the C3 load profile. The DG2 curve was chosen because it
represents a scenario of lower generation insertion, considering the same loading
pattern (curve C3).

In sequence, the results obtained for each analysis scenario are presented.

Scenario #1

Figure 4a shows the results obtained for the voltage amplitude at bus 18 which is
the most critical bar, presenting the highest voltage deviation of the system. Figure 4b
shows the main feeder (distribution line that connects bus 2 to the substation bus)
loading level. Continuous line plotted curves refer to this scenario contemplating the
DG, while curves plotted in dashed line represent the system without the insertion of
distributed generation.
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Figure 4. Main results of Scenario #1: (a) Voltage profile at distribution bus 18; (b) Power
flowing through the main feeder.

Comparing this scenario with and without DG, we may note that there is an
improvement in voltage profile and a feeder load relief during periods when DG injects
power into the grid. However, at times when there is no generation by the photovoltaic
system (before 6 am and after 8 pm), there are incidences of precarious voltage,
according to the classification established by [16]. Also, it is noted that the maximum
loading value of the main feeder, which occurs at 21 hours, is the same for both cases.

Scenario #2

Similarly, Figure 5 shows the results obtained for the voltage level (Figure 5a) and
feeder loading (Figure 5b) for this scenario.

As it is a lighter loading scenario when compared to scenario # 1, the voltage at
bus 18 did not oscillate as much. However, at 18 o'clock the presented voltage level is
in the precarious range and the main feeder loading has its maximum value
unchanged, even with the insertion of the DG, since the photovoltaic injected power
value at this time is zero.
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Figure 5. Main results of Scenario #2: (a) Voltage profile at distribution bus 18; (b) Power
flowing through the main feeder.

Scenario #3

The results shown in Figure 6 represent the effect of photovoltaic generation on
distribution systems feeding small commercial loads. Figure 6a shows the critical bus
voltage profile for this scenario, while Figure 6b shows the power supplied by the main
feeder.
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Figure 6. Main results of Scenario #3: (a) Voltage profile at distribution bus 18; (b) Power
flowing through the main feeder.

In Figure 6a, we may observe that most of the precarious voltage incidences that
happened before the insertion of the DG were corrected after its consideration. In
addition, the maximum active power flowing through the main feeder is reduced by DG
allocation.

DISCUSSION

For scenarios # 1 and # 2, the insertion of distributed generation by photovoltaic
source brought benefits, however it would not be able to eliminate the occurrence of
precarious voltage nor reduce the maximum load of the main feeder. That happens due
the high load levels occurrence at times when the DG injected power is zero.

For these scenarios, the voltage adjustment to proper ranges can be done by
inserting DG by other incentivized generation sources that enable power injection when
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the system is subjected to high loading levels, or by combining photovoltaic generation
with energy storage systems, or even by inserting voltage regulation equipment at the
distribution buses, such as voltage regulators or capacitor banks.

In scenario # 3, most precarious voltage occurrences were corrected to
appropriate levels. It was also noted the reduction of the main feeder maximum loading
level, due to the insertion of DG. It is noteworthy that, this scenario contemplates a day
of reduced photovoltaic generation and, if we had considered a hypothetical scenario
counting on the DG1 generation profile along with the commercial load (C3 load
profile), all the precarious voltage incidences would be corrected.

Thus, it is clear that photovoltaic generation brings benefits to the distribution
system in both types of load, either considering a set of load classes, which is the case
of the Southern Region, or considering a specific load class (such as commercial
consumers). However, the photovoltaic systems have shown greater benefits when
connected to distribution grids feeding commercial consumers.

In future work, the effect of other distributed generation sources on the distribution
system may be analyzed. Moreover, the algorithm may be applied for islanded systems
operation, when the distribution grid operates without power feeding from the
substation. Such scenarios represent the operation characteristics of islanded
microgrids, with the possibility of active voltage bus controlling according to IEEE 1547
[17].

CONCLUSION

The developed algorithm allows the insertion of distinct forms of distributed
generation and load profiles. It also allows the insertion of other voltage regulation
equipment, thus enabling studies that propose solutions for cases on which the steady
state quality requirements are not met by the insertion of photovoltaic generation.

Moreover, by allowing the choice of the power flow method used in the solution
(Gauss-Seidel, Newton-Raphson or BFS), it enables application in both radial and
interconnected systems.

Finally, it is emphasized that the insertion of distributed generation through
photovoltaic generators brings great benefits to systems mainly with commercial load
characteristics.
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