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Abstract: The objective of this work was to analyze the impacts on the transmission network due to
the increase in centralized photovoltaic (PV) generators’ incorporation. A study was carried out in a
high-voltage (HV) transmission network, considering adjustments in the simulation environment
for more realistic results. ANAREDE software and the static voltage stability evaluation method
were used. The simulation was carried out in a steady state, considering an average load and the
power of the PV generators corresponding to the base case (70.6 MW), with an increase of 100% of
the predicted total (270 MW) for the future. The results showed that, under normal and contingency
conditions, small disturbances caused voltage instability. It was observed that the incorporation
of PV generators contributes to the improvement of the voltage stability in the bars close to their
insertion. However, the greater the PV distribution and generation was, the greater the influence on
the attenuations of the voltage profiles through the transmission system was.

Keywords: permanent regime; centralized photovoltaic generation; voltage variation

1. Introduction

Photovoltaic (PV) solar energy has established itself as a reality around the world
from both the technical and commercial points of view. According to data from the
International Energy Agency [1,2], by the end of 2022, there was approximately 1.2 TW of
accumulated global installed capacity of solar PV energy, with about two-thirds coming
from centralized generation. In Brazil, according to the National Electric Energy Agency [3],
the share of hydroelectric generation in the energy matrix was 52.74% in June 2023. In
the past, Brazilian hydroelectric plants represented up to 90% of the installed capacity [4].
These data highlight the growing importance of solar PV energy as an alternative and
complementary source to hydroelectric generation in the global and national energy matrix.
Brazil has excellent availability of solar energy resources [5], and, with the decline in the
costs of photovoltaic equipment, solar photovoltaic (PV) energy is leveling its deployment
costs with the prices of wind, hydroelectricity, and other renewable energy sources [6–8].
Consequently, the Brazilian government and electricity companies began to evaluate and
consider photovoltaic plants in a centralized way, as a major contributor to the efficient
diversification of the Brazilian electricity matrix.

According to the 2050 National Energy Plan, prepared by the Energy Research Com-
pany and based on MME guidelines, the total installed power of the centralized PV gen-
eration may exceed 100 GW by 2050, when considering restrictions on wind generation
and problems with the expansion of transmission lines, a situation that would reduce
generation from conventional sources [9,10]. Such considerations would estimate the share
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of centralized solar PV to be between 18% and 30% of the total installed capacity of the
system in 2050. Figure 1 shows the expansion of Brazilian electricity generation from
renewable sources, for the period 2019–2029. Solar photovoltaic energy represents more
than 30% of the total of this expansion, though little more than half is centralized [11].
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Like wind generation, solar PV is stochastic, that is, it is not possible to determine,
with certainty, the generation of energy in a future instant. So, stochastic intermittency, for
example, the passage of a cloud, causes effects on the electricity transmission parameters of
the electrical system. Another driving factor in the challenge to realize all solar PV energy
is the need to accommodate the changing net load (normal load minus variable solar source
generation) associated with high midday PV generation and the low-electricity-demand
duck curve [12–14].

Large centralized PV systems, when inserted into the transmission network, cause
phenomena and new challenges and, therefore, require specific studies [1]. For example,
replacing conventional synchronous generators with photovoltaic generators can generate
new stability problems, such as changes in voltage levels, the inversion of the standard
transmission flow, reduced reactive support in the transmission network, and the reduced
reliability of the transmission network in a contingency situation (the shutdown of a line
or system equipment). These changes in the nominal operational condition of the system
are permanent changes, that is, they are definitive in nature and need to be supported or
adjusted by other sections of the electrical system so that they do not exceed the operational
limits of the electrical network components [15,16]. These situations negatively impact the
stability and reliability of the electrical system.

Therefore, large centralized PV systems, when inserted into the transmission network,
cause phenomena and new challenges and, therefore, require specific studies, such as on
the ideal levels of penetration of these sources and on the ability to control voltage levels
when the demand is now supplied by this type of source [17].

2. Voltage Regulation Problems
2.1. Steady-State Voltage Variations

PV integration at various penetration levels can have a significant impact on trans-
mission system bus voltages. It is necessary to know the magnitude of the changes in the
steady-state voltage on electrical system buses to identify the most sensitive buses and
avoid the adverse conditions that may occur with increases in PV penetration [5,18,19].
According to [16], the integration of PV systems can be beneficial as well as harmful,
depending on their level of penetration and the point of interconnection.

Voltage stability is associated with the ability of the power system to maintain an
adequate voltage profile, both under normal operating conditions and in the event of
severe disturbances. According to [17], although the voltage instability phenomenon
is a dynamic process, static analysis based on surveys of curves (P × V) and (V × Q),
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which represent curves of active power (W) by voltage (V) and voltage (V) by reactive
power (VAr), respectively, were internationally adopted to assess voltage stability. Figure 2
presents the results of simulations that used realistic models based on public data similar
to real transmission systems, where the behavior of the voltage level for different buses
of the simulated system is represented. The complete simulated system was composed of
2000 bars or nodes, which represent electrical connection points, and was part of the Texas
region. The network consisted of three voltage levels (345/115/13.8 kV), and the system
was designed with a peak demand capacity of 49.7 GW, while the maximum load could
reach up to 28 GW.
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The voltage variations of the 115 kV bars of the simulated transmission system, with
various levels of PV penetration, are shown in Figure 2 [12]. This type of voltage behavior is
observed when more loads are being fed with the closest photovoltaic generation, leading
to a less reactive power requirement from conventional generation, which is farther from
the load centers [20]. After 40% PV penetration, the reverse flow of active energy occurs
through the lines in the opposite direction of the loads, resulting in a constant increase in
the reactive power flow and a decrease in the bus voltage magnitudes. Voltage instability is
strongly associated with deficiency in system reactive support [20].

2.2. Modeling of Electrical Parameters in a Contingency Situation

Voltage stability assessment methods can be divided into static and dynamic methods.
Static methods are based on the analysis of the systems of algebraic equations obtained from
the power flow model. Dynamic methods, in general, are based on the time solutions of
the systems of differential and algebraic equations representing the dynamic performance
of system components [14,17,21].

The phenomenon of voltage instability can be initiated in two ways: first, there are
large disturbances in the system caused, for example, by short circuits, transmission line
shutdowns, etc. In this case, voltage instability can immediately manifest itself (within a
few seconds) after the disturbance, similar to the problem of angular instability (transient
voltage instability), or some time (several minutes) after the disturbance, through a voltage-
degradation-profile slowdown (long-term voltage instability). Another reason would be
small disturbances caused by normal load variation. This type of phenomenon is normally
treated as a static voltage stability problem. Voltage instability caused by small disturbances,
in turn, is associated with the limits of the maximum power transfer in the transmission
system and insufficient reactive power generation in the affected area [16,21].
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Although the phenomenon of voltage instability is essentially dynamic, static methods
are important for their computational efficiency and for the information they produce
regarding sensitivities, degrees of instability and stability margins. Static methods are
suitable for studies related to instability caused by small disturbances, in which the main
objective is to determine the maximum limits of the power transfer and reinforcements in
the support of reactives, in order to increase these limits [14,17,21].

Power flow studies are carried out to verify the behavior of the electrical network in a
steady state. According to [22], it is evaluated whether the voltage levels on the buses and
the loads on the lines, transformers, and other components of the transmission network, for
a given configuration of the electrical network and a given condition of load and generation,
meet the criteria established in the Grid Procedures of the national system operator (ONS),
in submodule 2.3. In the Brazilian system, users of the basic transmission network must
meet the requirements of the voltage ranges that are classified according to criteria defined
in the ONS Network Procedures, in submodule 2.3, through the voltage limits values that
are applied to the most different levels, at the connection point, with reference to the values
for high voltage, as expressed in Table 1.

Table 1. Admissible voltage between phases at 60 Hz. Source: the authors (2021).

Rated Operating
Voltage Normal Operating Condition Operation Condition under

Contingency

(kV) (kV) (pu) (kV) (pu)
<230 ------- 0.95 to 1.05 ------- 0.90 to 1.05
230 218 to 242 0.95 to 1.05 207 to 242 0.90 to 1.05
345 328 to 362 0.95 to 1.05 311 to 362 0.90 to 1.05
440 418 to 460 0.95 to 1.046 396 to 460 0.95 to 1.046
500 500 to 550 1.00 to 1.10 475 to 550 0.95 to 1.10
525 500 to 550 0.95 to 1.048 475 to 550 0.90 to 1.048
765 690 to 800 0.90 to 1.046 690 to 800 0.90 to 1.046

Table 1 presents the voltage limits allowed for the ideal and safe operation of the
electrical system under normal operating conditions and under contingencies, in accor-
dance with the rules proposed by the National Electrical System Operator (ONS) for the
coordination and control activities of the operation of the electrical system’s generation
and transmission of electrical energy, which are part of the National Interconnected System.
Then, according to the nominal voltage level operated at a given point in the system, upper
and lower limits would be allowed, at which the voltage could remain, in a permanent
state, without compromising the system’s operation. However, it is satisfactory that the
voltage remains in a nominal condition, so there is always a margin available for possible
changes in voltage. These changes in voltage levels occur in transmission networks due to
an excess or a deficiency of reactants in the network.

It is possible to make changes to the electrical system’s configurations, such as in-
creasing the penetration of photovoltaic generation or removing regulatory equipment
(contingencies), thus simulating small-scale disturbances. These parameter changes would
be treated as a static voltage stability problem. Through scenarios, it is possible to identify
the best conditions so that the system, even under the loss of stability, maintains satisfactory
behavior in accordance with the required criteria.

3. Electric Network Modeling
3.1. Modeling of the Photovoltaic System in ANAREDE Software

Figure 3 illustrates the graphical representation of the simulation equipment, used
to model the photovoltaic system in ANAREDE software, version 11.05.04. The photo-
voltaic plant (UFV) consists of two circuits, at 34.5 kV, for exclusive use, that connect to
a 34.5/230 kV—120 MVA collector substation, called SE Rio Alto, shared between UFV
Coremas I, UFV Coremas II, and UFV Coremas III, which connect to a 230 kV Chesf trans-
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mission line, about seven kilometers and five hundred meters long, that, in turn, connects
to the transmission system from the substation of Coremas-PB [23–25]. The PV generators
are part of the Coremas-PB PV plant and are connected to the buses (RIOALTUFV032-5315
and RIOALTUFV009-7916) [23–25]. The representation of the PV generator is accomplished
through the constant power model, that is, the model does not express the transition
dynamics of the states of high or low solar incidence. So, as the ANAREDE program
expresses the electrical system in a steady state, when it comes to the effect on the electrical
parameters caused by the variation in solar generation, it is only possible to quantify it
after each resolving interaction of the program.
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The power factor of the PV generators must be variable and follow the maximum and
minimum reactive injection criteria, as defined in item 5.2 of submodule 2.10, contained in
the ONS Grid Procedures [22,26].

A graphical representation of equipment, in the simulation, follows the standards of
Network procedures and the color of circuit sections follow the Eletrobrás Chesf standard.
The red color represents the circuit at voltage level 500 kV, the blue color represents the
circuit at 230 kV, the green color represents the 69 kV voltage level, the color brown
represents the 34.5 kV circuit and yellow represents the 1 kV circuit.

3.2. Transformer Modeling

The model used to simulate the transformer in ANAREDE, in the power flow cal-
culation, was the positive sequence equivalent. However, it is important to emphasize
that the power losses considered in this model are only reactive losses. In addition, the
under-load tap changer can have continuous or discrete performance, depending on the
specific configuration.
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In the program version used in this simulation, the phase-shifting transformers
have fixed angles, meaning there is no dynamic variation in these angles during the
simulation process.

Table 2 presents the main transformers of the electrical circuit being studied, providing
relevant information about their characteristics and parameters used in the modeling.
These transformers play an essential role in the distribution and regulation of voltage
throughout the electrical system, ensuring an adequate energy supply to the various points
of consumption.

Table 2. System transformer input data.

Transformer R (%) X (%) B (Mvar) Capacity
(Mva)

Transformation
Ratio

5408 (MILAGR-CE500)–5411
(MILAGR-CE230) 0 0.096 0 600 500/230 kV

5621 (COREMA-PB230)–5623
(COREMA-PB069) 0 13.19 0 100 230/69 kV

Source: [4].

It should be noted that the proper choice of transformers and the correct representation
of their characteristics are essential to obtain accurate and reliable results in the electrical
studies carried out using ANAREDE.

3.3. Transmission Line

Transmission lines (LT) have four parameters that play an important role in their
operation and, consequently, in the energy transport capacity. These parameters are
resistance (R), series reactance (X), conductance (G), and shunt susceptance (B) [5,14,27].
However, conductance is usually neglected, since its effect on the line is considered very
small in relation to that of the other parameters [5,17].

Table 3 presents the main transmission lines of the electrical circuit being studied,
providing relevant information about these parameters and the capacity of each line.

Table 3. Transmission line parameters.

Transmission Line
R X B Capacity

(%) (%) (MVAr) (MVA)

5428 (QUIXAD-CE500)–5408 (MILAGR-CE500) 0.26 2.97 399.02 2070
5050 (L.GONZ-PE500)–5740 (OLINDI-BA500) 0.31 3.1 324.34 1306
5001 (P.AFONS-BA500)–5740 (OLINDI-BA500) 0.21 2.68 272.76 2165
6300 (SOBRAD-BA500)–5050 (L.GONZ-PE500) 0.29 3.99 411.44 2165
5050 (L.GONZ-PE500)–5408 (MILAGR-CE500) 0.21 2.57 343.26 2186
6500 (JUAZEI-BA500)–5050 (L.GONZ-PE500) 0.25 3.2 327.32 1732

6640 (CURRAL-PI500)–5408 (MILAGR-CE500) 0.155 2.231 356.98 1992
5570 (S.J.PI-PI500–6640 (CURRAL-PI500) 0.134 1.92 279.9 1992

5577 (SJ-SB2CAP500)–6300 (SOBRAD-BA500) 0.153 2.272 327.32 1732
6300 (SOBRAD-BA500)–6500 (JUAZEI-BA500) 0.04 0.48 47.043 2165
6500 (JUAZEI-BA500)–5050 (L.GONZ-PE500) 0.25 3.2 327.78 2165

5411 (MILAGR-CE230)–5621 (COREMA-PB230) 2.2 11.64 20.3 291
5411 (MILAGR-CE230)–5401 (BOM NOME-PE230 1.09 4.83 25.02 400

5621 (COREMA-PB230)–5958 (RIOALT-PB230) 0.1466 0.7 1.287 210
Source: [4].

The series resistance and reactance influence the active and reactive power losses
along the line, while the shunt susceptance influences the magnetization currents. These
parameters are crucial to guarantee the adequate transmission of electric energy in an
efficient and safe way [28].



Energies 2023, 16, 7310 7 of 21

It is important to emphasize that the correct modeling and consideration of the trans-
mission line parameters are essential to obtain accurate and reliable results in the electrical
studies carried out using ANAREDE, allowing for the evaluation of the performance of the
electrical system and the identification of possible critical points or needs for reinforcement
in the transmission network.

3.4. System Description

The electrical parameters of the simulated system equipment were previously pre-
sented in Sections 3.1, 3.2 and 3.3, addressing their specific characteristics. In this subsection,
the focus is on the main circuits of the northern section of the Eletrobrás-Chesf system being
studied. The electrical data from part of this system are graphically presented, aiming a
clear and simplified representation.

Figures 4 and 5 illustrate the electrical characteristics of the transmission network
modeled in the ANAREDE program through a single-line diagram. In this diagram, we can
identify the Coremas substation, together with the adjacent substations, the transmission
lines that connect them, and the conventional generators present in the studied section. It
is noteworthy that the circuit in question is composed by a total of 11 transmission lines
of 500 kV, 3 transmission lines of 230 kV, and 15 buses. Of these buses, eight have voltage
levels of 500 kV, three are 230 kV, one is 69 kV, and three are 34 kV.

Energies 2023, 16, x FOR PEER REVIEW 7 of 21 
 

5411 (MILAGR-CE230)–5401 (BOM NOME-PE230 1.09 4.83 25.02 400 
5621 (COREMA-PB230)–5958 (RIOALT-PB230) 0.1466 0.7 1.287 210 

Source: [4]. 

The series resistance and reactance influence the active and reactive power losses 
along the line, while the shunt susceptance influences the magnetization currents. These 
parameters are crucial to guarantee the adequate transmission of electric energy in an ef-
ficient and safe way [28]. 

It is important to emphasize that the correct modeling and consideration of the trans-
mission line parameters are essential to obtain accurate and reliable results in the electrical 
studies carried out using ANAREDE, allowing for the evaluation of the performance of 
the electrical system and the identification of possible critical points or needs for reinforce-
ment in the transmission network. 

3.4. System Description 
The electrical parameters of the simulated system equipment were previously pre-

sented in Sections 3.1–3.3, addressing their specific characteristics. In this subsection, the 
focus is on the main circuits of the northern section of the Eletrobrás-Chesf system being 
studied. The electrical data from part of this system are graphically presented, aiming a 
clear and simplified representation. 

Figures 4 and 5 illustrate the electrical characteristics of the transmission network 
modeled in the ANAREDE program through a single-line diagram. In this diagram, we 
can identify the Coremas substation, together with the adjacent substations, the transmis-
sion lines that connect them, and the conventional generators present in the studied sec-
tion. It is noteworthy that the circuit in question is composed by a total of 11 transmission 
lines of 500 kV, 3 transmission lines of 230 kV, and 15 buses. Of these buses, eight have 
voltage levels of 500 kV, three are 230 kV, one is 69 kV, and three are 34 kV. 

 

Figure 4. Simplified single-line diagram of the Section 1 system. Source: the authors.



Energies 2023, 16, 7310 8 of 21

Energies 2023, 16, x FOR PEER REVIEW 8 of 21 
 

Figure 4. Simplified single-line diagram of the Section 1 system. Source: the authors. 

 
Figure 5. Simplified single-line diagram of the Section 2 system. Source: the authors. 

Among the equipment present in the system, there are devices responsible for con-
trolling the power flow in the electrical network. They are three transformers with a trans-
formation ratio of 500/230 kV, three 230/69 kV transformers, a 500 kV shunt reactor, a 230 
kV static compensator, and a 230 kV shunt reactor. It is important to highlight that all 
loads connected to the electrical grid under study were modeled with constant power, and 
the photovoltaic system was modeled as a generation equivalent and was connected to 
the bus (5621 COREMAPB-230), injecting active and reactive power. 

This detailed representation of the equipment and characteristics of the electrical sys-
tem allows for a more accurate analysis of the power flow, stability, and other relevant 
aspects of this study. The correct modeling of control devices and the consideration of the 
characteristics of the loads and the photovoltaic system are essential to obtain reliable re-
sults and support decision making within the scope of the operation and the planning of 
the electrical network. 

4. Methodology 
The electrical parameters provided by ONS and loaded into the ANAREDE program, 

version 15.5.4, were used. The power flow was performed using the Newton–Raphson 
method (NEWT tool from ANAREDE). The data loaded into the program represent all the 
parameters of the system’s equipment and also the average generation and load profile 
associated with the average load level of the electrical system, for the month of January, 
2021. Electrical data for part of the northern Eletrobrás-Chesf system were graphically 
represented, as shown in Figures 4 and 5, with the aim of verifying the behavior of voltage 
levels in the bars of the high-voltage electrical system, for contingency situations. 

The generation data provided by the ONS are average data, that is, data that do not 
portray a maximum generation from the photovoltaic plant at a given time of day. For the 
simulations, PV generation data with a “maximum” power injection level at certain times 
of the day were considered; that is, instantaneous data were loaded into the program so 

Figure 5. Simplified single-line diagram of the Section 2 system. Source: the authors.

Among the equipment present in the system, there are devices responsible for con-
trolling the power flow in the electrical network. They are three transformers with a
transformation ratio of 500/230 kV, three 230/69 kV transformers, a 500 kV shunt reactor, a
230 kV static compensator, and a 230 kV shunt reactor. It is important to highlight that all
loads connected to the electrical grid under study were modeled with constant power, and
the photovoltaic system was modeled as a generation equivalent and was connected to the
bus (5621 COREMAPB-230), injecting active and reactive power.

This detailed representation of the equipment and characteristics of the electrical
system allows for a more accurate analysis of the power flow, stability, and other relevant
aspects of this study. The correct modeling of control devices and the consideration of
the characteristics of the loads and the photovoltaic system are essential to obtain reliable
results and support decision making within the scope of the operation and the planning of
the electrical network.

4. Methodology

The electrical parameters provided by ONS and loaded into the ANAREDE program,
version 15.5.4, were used. The power flow was performed using the Newton–Raphson
method (NEWT tool from ANAREDE). The data loaded into the program represent all the
parameters of the system’s equipment and also the average generation and load profile
associated with the average load level of the electrical system, for the month of January,
2021. Electrical data for part of the northern Eletrobrás-Chesf system were graphically
represented, as shown in Figures 4 and 5, with the aim of verifying the behavior of voltage
levels in the bars of the high-voltage electrical system, for contingency situations.

The generation data provided by the ONS are average data, that is, data that do not
portray a maximum generation from the photovoltaic plant at a given time of day. For the
simulations, PV generation data with a “maximum” power injection level at certain times
of the day were considered; that is, instantaneous data were loaded into the program so that
it was possible to carry out the simulation with maximum generation characteristics. For
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the base case, generation data for the month of January were considered, which historically
is the month with the highest PV generation.

For the initial case, the system was simulated for a maximum active power gener-
ation value of 70.6 MW, minimum reactive power of −23 MVAr, and maximum power
of +23 MVAr, according to the criteria defined in the ONS Network Procedures, in its
submodule 2.10, which requires generation agents to connect to the basic transmission
network. The Coremas PV plant was modeled with equivalent generation directly linked
to SE-Coremas, with an active power generation of 70.6 MW. However, as already granted
by regulatory agents, an increase in total generation was approved, and, due to this, the
contribution of the PV complex was also simulated, considering an increase of 100% of the
total expected to be expanded, that is, a maximum generation of 270 MW.

4.1. Description of Scenarios and Results
4.1.1. Scenario 1 (Baseline)—Actual Transmission System with Current
Photovoltaic Generation

In this scenario, the average load level electrical system data were loaded. The base
case data were for the month of January, since historically it is the month with the highest
PV generation for the studied region. All load and generation data are average data within
the time defined for the average load level of the electrical system; therefore, an adjustment
was made to the PV generation data through SUPERVISION software, where it was possible
to reach the maximum generation in MW time of this PV plant for the month of January
2021. The graphical representation of the real system under analysis, defined as the base
case, is divided into two sections, represented in Figures 6 and 7—with the contribution of
power from the photovoltaic generators RIOALTUFV032-5315 and RIOALTUFV009-7916—
with the objective of verifying the behavior of the high-voltage electrical system, as well as
forming, through the obtained results, a reference base case for later comparisons.

Energies 2023, 16, x FOR PEER REVIEW 9 of 21 
 

that it was possible to carry out the simulation with maximum generation characteristics. 
For the base case, generation data for the month of January were considered, which his-
torically is the month with the highest PV generation. 

For the initial case, the system was simulated for a maximum active power generation 
value of 70.6 MW, minimum reactive power of −23 MVAr, and maximum power of +23 
MVAr, according to the criteria defined in the ONS Network Procedures, in its submodule 
2.10, which requires generation agents to connect to the basic transmission network. The 
Coremas PV plant was modeled with equivalent generation directly linked to SE-
Coremas, with an active power generation of 70.6 MW. However, as already granted by 
regulatory agents, an increase in total generation was approved, and, due to this, the con-
tribution of the PV complex was also simulated, considering an increase of 100% of the 
total expected to be expanded, that is, a maximum generation of 270 MW. 

4.1. Description of Scenarios and Results 
4.1.1. Scenario 1 (Baseline)—Actual Transmission System with Current Photovoltaic 
Generation 

In this scenario, the average load level electrical system data were loaded. The base 
case data were for the month of January, since historically it is the month with the highest 
PV generation for the studied region. All load and generation data are average data within 
the time defined for the average load level of the electrical system; therefore, an adjust-
ment was made to the PV generation data through SUPERVISION software, where it was 
possible to reach the maximum generation in MW time of this PV plant for the month of 
January 2021. The graphical representation of the real system under analysis, defined as 
the base case, is divided into two sections, represented in Figures 6 and 7—with the con-
tribution of power from the photovoltaic generators RIOALTUFV032-5315 and 
RIOALTUFV009-7916—with the objective of verifying the behavior of the high-voltage 
electrical system, as well as forming, through the obtained results, a reference base case 
for later comparisons. 

 
Figure 6. Excerpt 1 of the real electrical system (base) modeled and simulated in ANAREDE soft-
ware. Source: the authors. 

Figure 6. Excerpt 1 of the real electrical system (base) modeled and simulated in ANAREDE software.
Source: the authors.



Energies 2023, 16, 7310 10 of 21Energies 2023, 16, x FOR PEER REVIEW 10 of 21 
 

 
Figure 7. Section 2 of the real electrical system (base) modeled and simulated in ANAREDE soft-
ware. Source: the authors. 

To analyze the voltage levels of the selected buses, Table 4 presents the main data 
that were extracted from the output report after executing the power flow from the base 
case data proposed for scenario 1. 

Table 4. Consolidated data from the stress report for scenario 1. 

Bars 
Module Angle Generation Load Static C. Shunt 

Type Status 
(pu) (°) (MW) (MVAR) (MW) (MVAR) (MVAR) (MVAR) 

5621 (COREMA-PB230)  1.011 −7.7 0 0 0 0 0 0 PQ On 
5411 (MILAGR-CE230) 1.031 −7 0 0 0 0 −46.3 −21.3 PQ On 

5401 (BOM NOME-
PE230) 

1.019 −8.4 0 0 0 0 0 0 PQ On 

5959 (RIOALT-PB034) 1.002 −2.8 0 0 0 0 0 −1.4 PQ On 
5408 (MILAGR-CE500) 1.060 −6 0 0 0 0 0 −112.3 PQ On 
5050 (L.GONZ-PE500) 1.068 −4.1 0 0 0 0 0 0 PQ On 
5001 (P.AFON-BA500) 1.069 −3.8 0 0 0 0 0 0 PQ On 

5623 (COREMA-PB069) 1.029 −10 0 0 137.3 29.9 0 0 PQ On 
Source: the authors (2021). 

The operating state with some parameters of the bars selected for analysis, obtained 
from the output report generated in the load flow solution for the first case, can be seen in 
Table 4. The automatic TAP controls (voltage regulation) of two groups of transformers 
were inhibited in order to emphasize the PV contribution, so there could be a better com-
parison between the simulation scenarios. 

4.1.2. Scenario 2—Actual Transmission System with Photovoltaic Generation with 50% 
of the Expected Increase in Active Power Generation 

In this scenario, the same electrical data as the base case were considered, and a 50% 
increase was made in the total generation expected to come into operation in the photo-
voltaic system, which has a capacity of 270 MW, as detailed in Section 4. For scenario 2, a 
new active generation (MW) value for the photovoltaic complex was defined, which was 

Figure 7. Section 2 of the real electrical system (base) modeled and simulated in ANAREDE software.
Source: the authors.

To analyze the voltage levels of the selected buses, Table 4 presents the main data that
were extracted from the output report after executing the power flow from the base case
data proposed for scenario 1.

Table 4. Consolidated data from the stress report for scenario 1.

Bars
Module Angle Generation Load Static C. Shunt

Type Status
(pu) (◦) (MW) (MVAR) (MW) (MVAR) (MVAR) (MVAR)

5621 (COREMA-PB230) 1.011 −7.7 0 0 0 0 0 0 PQ On
5411 (MILAGR-CE230) 1.031 −7 0 0 0 0 −46.3 −21.3 PQ On

5401 (BOM NOME-PE230) 1.019 −8.4 0 0 0 0 0 0 PQ On
5959 (RIOALT-PB034) 1.002 −2.8 0 0 0 0 0 −1.4 PQ On

5408 (MILAGR-CE500) 1.060 −6 0 0 0 0 0 −112.3 PQ On
5050 (L.GONZ-PE500) 1.068 −4.1 0 0 0 0 0 0 PQ On
5001 (P.AFON-BA500) 1.069 −3.8 0 0 0 0 0 0 PQ On

5623 (COREMA-PB069) 1.029 −10 0 0 137.3 29.9 0 0 PQ On

Source: the authors (2021).

The operating state with some parameters of the bars selected for analysis, obtained
from the output report generated in the load flow solution for the first case, can be seen in
Table 4. The automatic TAP controls (voltage regulation) of two groups of transformers were
inhibited in order to emphasize the PV contribution, so there could be a better comparison
between the simulation scenarios.

4.1.2. Scenario 2—Actual Transmission System with Photovoltaic Generation with 50% of
the Expected Increase in Active Power Generation

In this scenario, the same electrical data as the base case were considered, and a
50% increase was made in the total generation expected to come into operation in the
photovoltaic system, which has a capacity of 270 MW, as detailed in Section 4. For scenario
2, a new active generation (MW) value for the photovoltaic complex was defined, which
was adjusted to 170 MWac. Furthermore, the reactive power insertion limit (MVAr) of the
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photovoltaic complex was adjusted to 55 MVAr. This PV generation value was defined as an
intermediate value between the minimum generation (already in operation) and maximum
generation (total generation expected to come into operation and already granted). With
scenario 2, it is possible to evaluate the behavior of the parameters being studied on an
intermediate PV insertion scale.

This change in the reactive power limit was carried out with the objective of main-
taining the power factor of the photovoltaic plant within the range of 0.95, both inductive
and capacitive, as established in submodule 3.2 of the Grid Procedures. This restriction
aims to ensure that bus 5959 (RIOALT-PB034), to which the photovoltaic plant is connected,
maintains a nominal voltage close to 1 pu (unit per unit).

As part of this adjustment, the automatic TAP controls (voltage regulation) of two
groups of transformers were inhibited. This decision aimed to highlight the contribution of
the new configuration, with the increase in photovoltaic generation to maintain stability
and an adequate level of voltage in the electrical grid.

By carrying out these modifications and adjustments, it is possible to evaluate the
resulting impacts on the electrical system, analyze voltage stability, verify power flow,
ensure compliance with established operational and regulatory requirements, and verify
the possible contribution of PV systems in reducing operational regimes of regulation
equipment. These considerations are essential for the correct integration and operation of
the photovoltaic complex in the context of the electrical grid under study.

â 5408 (MILAGR-CE500)—5411 (MILAGR-CE230),
â 5621 (COREMA-PB230)—5623 (COREMA-PB069).

The data analyzed were the change in bus voltage levels on the following buses:

â 5621 (COREMA-PB230);
â 5411 (MILAGR-CE230);
â 5401 (BOM NOME-PE230);
â 5959 (RIOALT-PB034);
â 5623 (COREMA-PB069);
â 5408 (MILAGR-CE500), which are buses close to the PV connection and in the buses;
â 5050 (L.GONZ-PE500) and 5001 (P.AFON-BA500), which are buses close to the con-

ventional generation (hydroelectric).

According to data extracted from the program’s output report, after the adaptations
foreseen for scenario 2, some parameters can be extracted from the bars selected for analysis.
The operating status of the buses for scenario 2 can be seen in Table 5.

Table 5. Consolidated data from the stress report of scenario 2.

Buses and PV Generators
Module Angle Generation Load Shunt

Type Status
(pu) (◦) (MW) (MVAR) (MW) (MVAR) (MVAR)

5621 (COREMA-PB230) 1.09 −11.3 0 0 0 0 0 PQ On
5411 (MILAGR-CE230) 1.032 −13.9 0 0 0 0 −21.3 PQ On

5401 (BOM NOME-PE230) 1.020 −15.7 0 0 0 0 0 PQ On
5959 (RIOALT-PB034) 0.994 0.6 0 0 0 0 −1.4 PQ On

5408 (MILAGR-CE500) 1.061 −13 0 0 0 0 −112.3 PQ On
5050 (L.GONZ-PE500) 1.074 −12.3 0 0 0 0 0 PQ On
5001 (P.AFON-BA500) 1.073 −11.9 0 0 0 0 0 PQ On

5623 (COREMA-PB069) 1.027 −13.6 0 0 137.3 29.9 0 PQ On

Source: the authors (2021).

After analyzing the results of scenario 2, some conclusions can be observed regarding
the effects of photovoltaic (PV) generation on the bus voltages of the electrical system
under study.

In the buses closest to the PV plant, such as buses 5621 (COREMA-PB230), 5623
(COREMA-PB69), and 5959 (RIOALT-PB034), a small reduction in voltage levels was
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identified when compared to scenario 1. This reduction can be attributed to the insertion of
PV generation in the grid, which causes an impact on the voltage of the closest bars.

In contrast, in buses located at a greater distance from the PV generation, which are
separated by long transmission lines, such as buses 5411 (MILAGR-CE230), 5401 (BOM
NOME-PE230), and 5408 (MILAGR-CE500), there was practically no significant variation
in voltage. This is because the influence of PV generation decreases as the distance be-
tween the bus and the PV plant increases. As for buses 5050 (L.GONZ-PE500) and 5001
(P.AFON-BA500), which are closer to conventional generation, an increase in voltage levels
was observed. This rise was more pronounced as the bar approaches conventional genera-
tion. This behavior is the result of the combination of the effects of PV and conventional
generation on the power grid.

To graphically visualize these effects, Figure 8 presents a graph that illustrates the
voltage variations in the bars of the analyzed section. The bars are organized from top to
bottom, in order of proximity to the PV plant, allowing for a clear visualization of voltage
variations along the network.
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This information is essential to understand the impact of photovoltaic generation on
the electrical system, assess voltage stability, and take appropriate measures to ensure
the good performance and safe operation of the system. The analysis of the effects of
PV generation on bus voltages provides important insights for the efficient planning and
operation of the electrical grid.

Figure 8 graphically shows the PV effect in the analyzed section, in relation to voltage
variation. The data shown in Figure 8 illustrates the voltage variations in bars, organized
top to bottom, in order, from closest to furthest to the PV plant.

With the increase in photovoltaic (PV) generation defined for scenario 2, a voltage
drop was observed in the buses close to the PV plant. This voltage reduction in the buses is
caused by the increase in the reactive flow in this region, due to the increase in the active
power generated by the PV plant. To control this increase in reactive power and mitigate
voltage drops, PV generators began to supply reactive power, reducing the flow of reactive
power from other parts of the system that could cause greater voltage drops.
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In contrast, other buses closer to the traditional generation showed a slight increase in
voltage, even with the decrease in the active power supplied by this conventional gener-
ation, since there was effective control of the reactive power flow from the synchronous
generators. Bus 5959 (RIOALT-PB034), where the PV plant is connected and which has a
voltage level of 34 kV, is worth highlighting. A more significant initial voltage drop was
observed in this bus. This occurs due to the fact that lower-rated voltage transmission
lines have a low susceptance (shunt parameter), making them very sensitive to the flow of
active power. In this case, the additional contribution of active power from PV generation
more intensely impacted voltages. However, the PV system can mitigate this voltage drop
effect by controlling the reactive power in the bus, seeking to maintain the voltage close to
appropriate levels.

As in scenario 1, no extrapolations of voltage limits were identified in scenario 2. It
was possible to obtain more favorable voltage profiles, close to 1 pu (per unit), which
indicates proper operation of the electrical system and better power quality for the energy
supply. These analysis and observations make it possible to understand the effects of PV
generation on bus voltages, identify critical points, and take measures to ensure the stability
and proper performance of the electrical system. It is essential to consider these aspects
when planning and operating systems with high penetration of photovoltaic generation,
aiming at optimizing and securing the electrical network.

4.1.3. Scenario 3—Actual Transmission System with Photovoltaic Generation with 100% of
the Expected Increase in Active Power Generation

In this scenario, a 100% increment of the total PV generation expected to come on
stream is added to the base case. The new input value for active generation (MW) of the
PV plant is 270 MWac. As accomplished in scenario 2, the reactive power insertion limit
(MVAr) of the PV plant was also adjusted to a value of 80 MVAr. The change in the reactive
power limit must be made to keep the power factor of the PV plant within the range of 0.95,
inductive or capacitive, as defined in submodule 3.2 of the Grid Procedures.

As in scenario 2, the automatic tap controls of two groups of transformers were
also frozen:

â 5408 (MILAGR-CE500)—5411 (MILAGR-CE230),
â 5621 (COREMA-PB230)—5623 (COREMA-PB069).

The same subcases that were analyzed in scenario 2 were analyzed, though with the
new value of active and reactive power generation of the PV plant. According to the output
report, generated from the new configuration defined for scenario 3, some parameters can
be extracted from the buses selected for analysis. The operating status of the buses for
scenario 3 can be seen in Table 6.

Table 6. Consolidated data from scenario 3 stress report.

Buses
Module Angle Generation Load Shunt

Type Status
(pu) (◦) (MW) (MVAR) (MW) (MVAR) (MVAR)

5621 (COREMA-PB230) 0.991 −4.7 0 0 0 0 0 PQ On
5411 (MILAGR-CE230) 1.028 −10.9 0 0 0 0 −21.1 PQ On

5401 (BOM NOME-PE230) 1.017 −12.8 0 0 0 0 0 PQ On
5959 (RIOALT-PB034) 0.972 15.3 0 0 0 0 −1.3 PQ On

5408 (MILAGR-CE500) 1.059 −10.2 0 0 0 0 0 PQ On
5050 (L.GONZ-PE500) 1.074 −9.9 0 0 0 0 0 PQ On
5001 (P.AFON-BA500) 1.073 −9.4 0 0 0 0 0 PQ On

5623 (COREMA-PB069) 1.008 −7.1 0 0 137.3 29.9 0 PQ On

Source: the authors (2021).

When comparing with scenario 3, it is possible to draw some conclusions regarding
scenario 1. In the buses where the photovoltaic plant is closer, such as buses 5621 (COREMA-
PB230), 5623 (COREMA-PB69), and 5959 (RIOALT- PB034), an even greater reduction in
voltage levels was observed compared to scenario 2. This more pronounced reduction was a
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result of the increase in photovoltaic generation at these points. On the other hand, in buses
closer to photovoltaic generation, but separated by long transmission lines, such as buses
5411 (MILAGR-CE230), 5401 (BOM NOME-PE230), and 5408 (MILAGR-CE500), contrary to
scenario 2, an increase in tension levels was observed. This change occurred due to several
factors, such as the configuration of the electrical network and the distribution of reactive
power flow from photovoltaic generators. In the case of buses 5050 (L.GONZ-PE500) and
5001 (P.AFON-BA500), which are closer to conventional generation, an increase in voltage
levels was evidenced in comparison with the base case. However, regarding scenario 2
(with a 50% increase in PV generation), there were no significant changes.

For a clear visualization of these variations, Figure 9 presents the data of voltage
variations in the buses, organized top to bottom in increasing order of proximity to the
photovoltaic plant. These data allow for comparison among the three studied scenarios,
providing valuable information about the effects of PV generation on the grid voltages.
These comparative analyses are important to assess the impacts of photovoltaic generation
in different scenarios and to identify the challenges and opportunities associated with the
integration of this type of generation into the electrical grid. This information is essential
for the efficient planning and operation of the electrical system, seeking to guarantee the
stability, quality, and reliability of the energy supply.
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In scenario 3, which showed a greater increase in photovoltaic generation compared
to scenario 2, a more significant drop was observed in the voltages of the buses closer to
the photovoltaic plant. This voltage reduction on the buses was caused by the increase in
the reactive power flow consumed by the series reactance of the transmission lines in this
region, due to the increase in the active power generated by the PV plant in greater quantity.

As in scenario 2, the need for reactive power in this region of the system was largely
met by photovoltaic generators, which began to supply reactive power and reduce the flow
of reactive power from other parts of the system, avoiding more pronounced voltage drops.

In contrast, unlike what happened in scenario 2, other buses closer to the traditional
generation showed a reduction in voltage, even with an even greater decrease in the active
power supplied by this conventional generation. This occurred due to the significant
increase in generation from the photovoltaic plant, which generates a reverse flow of active
energy through the lines in the opposite direction to the closest loads, resulting in a constant
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increase in the flow of reactive power consumed by the series reactance of the lines and in
the reduction in the voltage magnitude on the buses.

Regarding the buses closer to traditional generation, such as hydroelectric plants, the
voltage level of scenario 2 was maintained, even with the significant increase in photovoltaic
generation. This stability can be explained by the effective control of reactive power
performed by conventional generators, which maintain voltage levels to avoid significant
drops in the buses due to the reduction in active power transport, being locally compensated
by photovoltaic generators.

Another highlight in the initial comparison is bus 5959 (RIOALT-PB034), which has a
voltage level of 34 kV and is where the photovoltaic plant is connected. A more relevant
voltage drop was observed in this scenario compared to scenario 2. This can again be
explained by the model of lower voltage transmission lines, such as those of 34 kV, which
showed a more significant increase in active power when connecting the photovoltaic plant
at bus 5959 (RIOALT-PB034). As in scenarios 1 and 2, no extrapolations of voltage limits
were identified in this scenario.

These comparative analyses provide valuable insights into the effects of photovoltaic
generation on the bus voltages of the electrical system, allowing for a deeper understanding
of system behavior and assisting in planning and operating decisions. It is essential to con-
sider these aspects to guarantee the stability, security, and quality of the electricity supply.

4.1.4. Scenario 4—Contingency Analysis with Minimum PV Generation

For scenario 4, the steady-state contribution of the PV system was simulated within the
limits of current electricity generation (maximum injection of 70.6 MW of active power and
23 MVar of reactive power), under normal operating conditions and in contingency. The
contingency occurred with the shutdown of shunt reactor 5408 (MILAGR-CE500), which
is connected to the 500 kV miracle bus, and static compensator 5410 (MILAGRCER230),
which is connected to the 230 kV miracle bus. The single-line diagram represented by
Figure 10 shows the system equipment that is turned off, which is highlighted in green,
and also the PV generators, which are highlighted in yellow.
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As previously mentioned, the removal of the shunt reactor of 5411 (MILAGR-CE230)
and the static compensator of 5410 (MILAGRCER230) was simulated. These two pieces of
equipment control a good part of the reactor in the section where the PV plant under study
is directly inserted. For the first scenario, the influence of PV generation on the energy
parameters in the base case condition was analyzed, that is, in the current generation
condition before and after the described contingencies. For each proposed scenario, it was
possible to verify and analyze changes in the voltage levels of the following buses:

â 5621 (COREMA-PB230);
â 5411 (MILAGR-CE230);
â 5401 (BOM NOME-PE230);
â 5959 (RIOALT-PB034);
â 5623 (COREMA-PB069);
â 5408 (MILAGR-CE500), which are buses closer to the PV connection; and on the bars:
â 5050 (L.GONZ-PE500) and 5001 (P.AFON-BA500), which are buses closer to conven-

tional hydroelectric generation.

Voltage levels were compared in the selected buses for non-contingency conditions
(with the regulation equipment connected to the system) and the contingency situation
(loss of regulation equipment). Figure 11 presents a comparative graph of voltage growth in
all buses verified in this study, with emphasis on the two COREMAS buses (5621 and 5623).
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It is possible to verify that there was an increase in the voltage levels in the buses
related to the scenario without contingency, caused by the removal of the reactive control
equipment. There was a significant increase in the voltage levels of buses 5621 (COREMA-
PB230) and 5623 (COREMA-PB069), increasing the voltage from 1011 pu to 1028 pu and
from 1029 pu to 1044 pu, respectively. These two buses make up SE-COREMAS, to which
the PV plant is connected, where there was a significant increase in voltage, which has a
normative upper limit of 1.05 pu.

All buses had an increase in voltage level when the system lost the two control
devices. At points furthest from the control elements and closer to traditional generation
(hydroelectric), such as buses 5050 (L.GONZ-PE500) and 5001 (P.AFON-BA500), there
was virtually no voltage variation. At the points closest to the reactive control elements
and away from the generators, such as bus 5408 (MILAGR-CE500), there was a significant
voltage variation, changing from 1.06 pu to 1074 pu. This voltage increase was expected due
to the removal of the shunt reactor of 5411 (MILAGR-CE230) and the static compensator of
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5410 (MILAGRCER230), which are reactive control elements in the transmission system
and reactants are absorbed in the simulated condition.

The reactive absorption results in a steady-state voltage drop, since it increases the
reactive flow along the LTS. In the transmission system, the electrical voltage is very
sensitive to the flow of reactive power. Then, an increase in reactive transport causes a
voltage drop across the LTS terminals. Another highlight would be bus 5959 (RIOALT-
PB034), which has a voltage level of 34 kV and is where the PV plant is connected. This bus
had a small voltage variation in steady state, changing from 1002 pu to 1005 pu. We can
attribute these voltage increases in the buses furthest from the traditional generation to the
reactive flow through the LTS that interconnect the referred buses, which decreased with
the removal of equipment that absorbs reactives in the system.

Another factor would be the characteristic of LTS when carrying active power below
its transmission capacity, which is the case of the lines that connect the bus closer to the PV
generation to the system, contributing to the supply of reactive to the system and reducing
the flow of reactive coming from the network, which results in an increase in bus voltage.
This contribution is due to the LTS model with high voltage levels such as 230 kV and 500
kV, presenting high susceptance values in their shunt parameter.

So, if the flow of reactive from the generation towards the bus is lower, there is an
increase in the voltage on these buses. If the bus is very closer to generation, which it
reactively controls, its voltage modules have smaller variations in steady state, as is the
case with buses 5050 (L.GONZ-PE500) and 5001 (P.AFON-BA500). Despite the 5959 bus
(RIOALT-PB034) having a voltage level of 34 kV, it is also sensitive to the variation in the
reactive flow coming from the LTS that connects it to the system; it presents a small voltage
variation, since it is connected to the PV plant that controls the reactive.

4.1.5. Scenario 5—Contingency Analysis with PV Generation under Conditions of 100% PV
Generation Increment

For scenario 5, the contingency was analyzed in the section of the studied system,
where the steady-state contribution of the PV system was simulated within the electrical
generation limits defined for a condition of 100% of the PV generation increase predicted
for the PV complex, i.e., the PV contribution was considerably increased in the system
section. The system model was the same as that inserted in the simulation of previous
cases, but with the necessary adjustments corresponding to scenario 5. Thus, PV generation
started to provide 270 MW of active power. The insertion limit of reactive power (MVAr)
of the PV plant was also adjusted to a value of 55 MVAr. The change in the reactive power
limit was performed to keep the power factor of the PV plant in the range of 0.95 inductive
or capacitive, as defined in submodule 3.2 of the Grid Procedures. As in the first case, the
shutdown of shunt reactor of 5408 (MILAGR-CE500), which is connected to the 500 kV
miracle bus, and static compensator 5410 (MILAGRCER230) connected to the 230 kV
miracle bus was also considered as a contingency situation.

Then, changes in the voltage levels of the same buses defined for scenario 4 were
analyzed, through the new PV configuration, for situations with and without contingency.
The steady-state variations of the voltages in the selected buses were determined under
non-contingency conditions (with regulation equipment connected to the system) and
contingency conditions (loss of regulation equipment).

Initially, when scenario 5 and scenario 3 are compared, still under normal operating
conditions, it is possible to observe a decrease in the voltages of the buses closer to the PV
generation. This happens because, as the generation from the PV plant (related to scenario
2) considerably increased, it generated a reverse flow of active energy through the lines in
the opposite direction of the loads, resulting in a constant increase in the flow of reactive
power (consumed by the LTS series reactance) and decrease in bus voltage magnitudes.
Other buses closer to the traditional generation (distant from the PV generation and close
to the traditional generation) had a slight increase in voltage, even with a decrease in active
power (supplied by the PV generation), since they had effective control of the reactive
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power flow accomplished by synchronous generators. Another highlight in the initial
comparison would be bus 5959 (RIOALT-PB034), whose voltage level is 34 kV and which
is where the PV plant is connected. We can observe that there was a more relevant initial
voltage drop, due to the fact that this bus is connected to the system through LTS with
lower nominal voltages; therefore, they have low susceptance (shunt parameter), so they
are very sensitive to the active power flow, which in this case was generated by increasing
the PV contribution. However, the PV system manages to attenuate this voltage drop effect,
through the reactive control in the bus.

In relation to the comparative analysis of the voltage levels in the bars in the normal
condition, in the condition of maximum penetration (scenario 3) and in the contingency
condition defined for scenario 5, despite having an increase in the voltage levels of bars
5621 (COREMA- PB230) and 5623 (COREMA-PB069), rising from 0.991 pu to 1.002 pu and
from 1.008 pu to 1.019 pu, respectively, there was a smaller variation than evidenced with
little PV generation in the contingency situation (scenario 4). This small variation ensured
that the voltage profile was kept away from the upper limits of 1.05 pu. Figure 12 brings a
comparison of voltage growth in all buses verified in this study, with emphasis on the two
COREMAS buses, in which the PV generation is connected.
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Analyzing the graph in Figure 12 as well as scenario 4, it is possible to infer that all
buses had an increase in voltage level when the system lost the two control devices. At
points furthest from the control elements and close to traditional (hydroelectric) generation,
such as buses 5050 (L.GONZ-PE500) and 5001 (P.AFON-BA500), once again, there was
virtually no voltage variation. At the points closest to the reactive control elements that
were turned off and far from the PV plant, such as bus 5408 (MILAGR-CE500), a significant
voltage variation was observed, going from 1059 pu to 1072 pu; however, there was a
variation smaller than what occurred in scenario 4 (with little PV generation). All buses
closer to the PV plant had variations in minor stress levels compared to the first case. This
smaller variation was the result of the decrease in reactive from PV generation (reactive
control), causing the flow of reactive in nearby buses to increase again and offset the
decrease in reactive, due to the removal of reactive absorption equipment.

5. Conclusions

The study carried out in this article made it possible to analyze the impacts of the
gradual and increasing insertion of centralized photovoltaic systems into a high-voltage
electrical transmission network. Using real data from the northern section of the Eletrobrás-
Chesf transmission system, focusing on the Coremas-PB substation, simulations were
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carried out on the transmission system, based on various scenarios, to identify and observe
voltage levels in bars close to the insertion PV, separated by long lines and close to the
traditional generators of the section of the network with a significant increase in solar
photovoltaic generation.

The comparative analysis was performed considering different levels of photovoltaic
insertion in the transmission system. Three scenarios were defined: the first representing
the current operating condition with 70 MW of photovoltaic generation; the second with
the insertion of 50% of the nominal power of the photovoltaic plant (170 MW); the third
with the complete insertion of the foreseen capacity (270 MW). Two contingency scenarios
were also analyzed: scenario 4, with the current PV insertion (70 MW) and the shutdown
of two pieces of equipment, and scenario 5, with the total PV insertion expected to come
into operation and the loss of the same equipment simulated in scenario 4.

Under normal operating conditions, it was evident that with the increase in the PV in-
sertion in the simulated conditions, there was a more significant drop in bus voltages close
to the photovoltaic complex. Regarding the decrease in voltage profiles, there was a satis-
factory approximation of 1 pu per module, in accordance with the electrical transmission
quality criteria.

In this study of the contingency situation, in which the equipment that absorbs system
reactants was turned off, scenario 4, which compared the bus voltage levels in the con-
tingency and normal operating situations, showed a significant difference in the voltage
modules (increase voltage) in the bars close to the photovoltaic generators but maintained
levels within the maximum permissible limits. In scenario 5, the variations in voltage levels
were considerably smaller than in scenario 4. This difference was the result of the effective
contribution of the increase in PV generation, reducing the final voltages of the buses after
the contingencies. No scenario showed significant differences evident in bars closer to
conventional generation. Therefore, it was evident that, in the contingency condition being
studied, the increase in photovoltaic insertion contributed to the stability of the voltage
profiles in the bars.

These results are of great relevance for the planning and operation of an electrical
system, as they provide valuable information on the impacts of inserting photovoltaic
generation into a high-voltage transmission network. Studies on the Brazilian transmission
network with PV insertion still need to be expanded, as they provide technical security
for future expansions of this type of generation in the transmission system. It was also
possible to infer from the results that the contribution of PV generation reduced the number
of maneuvers and the use of regulation equipment, such as transformer switches, reactors,
capacitor banks, and synchronous and static compensators, within a horizon of operations.

Based on these analyses, it is possible to adequately plan for the insertion of large
levels of PV generation into the transmission network to guarantee the stability, quality,
and reliability of the electrical energy supply, considering both normal operation and
contingency situations. An analysis of the spatial distribution of PV insertion in the system
would also be relevant.
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