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Abstract: This paper proposes an expeditious methodology that provides hourly assessments of the
effect of intermittent wind and solar power generation on the electrical quantities characterizing
power systems. Currents are measured via circuit breakers to confirm the correct sizing of devices
based on their rated currents. Nodal voltage magnitudes are assessed for compliance with limits
imposed by regulatory authorities, whereas the active power produced by hydroelectrical generators
is assessed for reserve energy. The proposed methodology leverages a fuzzy extended deterministic
optimal power flow that uses in power balance equations the average hourly values of active power
generated by wind and solar sources as well as hourly energy load. The power grid is modeled at
the substation level to directly obtain power flow through circuit breakers. Uncertainties in power
system electrical quantities are assessed for an optimal solution using a Taylor series associated with
deviations from the average values of the active power produced by the wind and solar sources.
These deviations are represented using a fuzzy triangular model reflecting the approximations of
the probability density functions of these powers. The methodology takes into account a subjective
investigation that focuses on the qualitative characteristic of these energy sources’ behaviors.

Keywords: circuit breaker; network modeling; optimal power flow; wind and solar energies

1. Introduction

The challenges of the expansion and operation of Electrical Power Systems (EPS) have intensified
over time owing to the incessant increase in the complexity of these systems. Nowadays, additional
factors have been incorporated in these challenges, including uncertainties in the generation and
consumption of electric energy as dictated by the growing participation of intermittent sources of
energy, domestic electric vehicles, and energy storage systems. Because of these uncertainties, the
technical specifications of the EPS components must be assessed, especially those associated with
substations’ internal devices, as is the case with circuit breakers. Therefore, it is of fundamental
importance that the tools in development that seek to model these uncertainties are also capable of
assessing the loading of these devices in their analysis processes.

Optimal power flow (OPF) is recognized as a powerful tool for planning an operation and has
gained importance in analysis involving the incorporation of distributed generation [1–3]. OPF is able
to indicate the ideal size of these generation units to avoid compromising voltage stability [4,5]. The
uncertainties of wind and solar energy sources have been widely explored in OPFs, whether these
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were coordinated with conventional generation or in association with energy storage systems [6–8].
In this context, some works have explored the characteristics of the OPF to analyze the impact of the
expansion of distributed generation on transmission line loading [9], on the presence of domestic
electric vehicles in power grids [10,11], on high-voltage direct current connections [12,13], and in
frequency control actions [14].

The uncertainties of energy sources are often represented in an OPF by probabilistic approaches,
which are unable to incorporate qualitative information residing in human knowledge. In this case,
fuzzy logic has been used to represent qualitative, vague, or incomplete knowledge in mathematical
models in several areas of knowledge, including the OPF [15]. The literature presents the use of fuzzy
logic combined with OPF as promising for EPS analysis [16], mainly in the definition of functions with
conflicting objectives [17,18], in operational limit constraints [19,20], and in solutions that define the
date of need, location, and sizing of new energy resources [21]. Some techniques incorporate fuzzy
logic in the OPF solution through a linear relation [22], or through sensitivity analyses [23]. This allows
for the assessment of the influence of uncertainties in energy generation in the electrical quantities
of EPS.

Another promising application of the OPF has been the inclusion of switch and circuit
breaker representation, hereinafter referred to as switchable branches, in power grid modeling.
Through continuous functions, this representation has been used successfully in assessments of
system reconfiguration [24] and in restoring the maximum loads in distribution systems [25]. The
representation of these devices by integer variables is proposed in [26] to obtain the optimum dispatch
and topology of an electric network to meet static loads. In some applications, the concept of switching
transforms contingencies (criterion n − 1) into inequality constraints as a way of guaranteeing safety
in the electrical system [27]. An OPF with a switching technique has also been used to alleviate
transmission line congestion [28], in addition to improving the hosting of distributed generation
systems [29] and minimizing losses [30] through network reconfiguration.

The conventional bus-branch representation of the power grid appears in the vast majority of
OPF applications. However, developments related to the explicit representation of switches and
circuit breakers in state estimation studies [31] have been incorporated into the power flow problem
formulation [32], allowing for the processing of power grids at the substation level. In this type of
modeling, the power flows through switchable branches are incorporated into the vectors of state
variables together with the nodal complex voltages. This incorporation avoids possible numerical
problems in the search for an optimal solution, motivated by the representation of impedances with
very high or very low values. This is necessary to indicate the open and closed positions of these
devices, respectively. As a consequence, this modeling allows for the direct determination of the
power flow distribution through the components of substations, which is necessary for the analysis of
electrical device loading, especially in circuit breakers. Preliminary studies demonstrated the feasibility
of modeling at the substation level in the formulation of the OPF problem [33].

This work is inserted in this context and proposes an expeditious methodology capable of
determining, for each hour of the day, the uncertainties in EPS electrical quantities owing to the
uncertainties of wind and solar energy sources. The proposed approach consists of a Fuzzy Extended
Deterministic OPF (FED-OPF) composed by two stages, which aims to explore the subjectivity of
qualitative knowledge associated with these energy sources’ behaviors. The first stage solves a
deterministic OPF with extended formulation, referred to as ED-OPF, that is capable of processing
modeled power grids at the substation level. In this first stage, the average values of the active power
generated by wind and solar energy sources are used as input data together with the data referring to
hourly load curves. In the second stage, the uncertainties of the EPS electric quantities are determined
by the sum of the deterministic variables (determined in the first stage) with the fuzzy variables. The
fuzzy variables are determined through qualitative sensitivity analysis applied to the postprocessing
of the ED-OPF, considering maximum and minimum values for the active power of wind and solar
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energy sources. This procedure allows that the qualitative behavior of wind and solar energies sources
be incorporated to the solution.

The proposed methodology allows for the assessment, in an expeditious way, of the influence
of the uncertainties of the active power produced by wind and solar energy sources: (a) in the active
power produced by conventional generators for energy reserve analysis, (b) in the nodal voltage
magnitudes in order to comply with the limits imposed by regulatory authorities, and, mainly, (c) in
the currents through circuit breakers. These results are essential to ascertain the correct sizing of the
rated current of these devices.

2. Fuzzy Extended Deterministic Optimal Power Flow

Originating from an extension of the economic dispatch [34], the OPF allows for the determination
of the optimum point of operation in relation to a predefined objective, while it complies with the
operational limits imposed by power grids. Over the years, mainly owing to uncertainties in the
generation and consumption of electric energy, the OPF was marked by a progression in the numerical
techniques of solutions and in problem formulation. Among these techniques of solution, it is worth
mentioning the Primal Dual Interior Points Method, initially proposed for the optimal dispatch of
reactive power, which proved to be robust in solutions of large systems [35].

Based on these assumptions and considering the subjectivity of qualitative knowledge about
the wind and solar energy sources behavior, this paper proposes a fuzzy extended deterministic
optimal power flow (FED-OPF) capable of determining, for each hour of the day, the uncertainties
of EPS electrical quantities owing to the uncertainties of these energy sources. These uncertainties
are determined mainly for the currents through circuit breakers, to verify the correct sizing of these
devices by the rated current, for the active power produced by conventional generators for energy
reserve analysis and for the nodal voltage magnitudes in order to comply with the limits imposed by
the regulatory authorities. The hourly analysis via the proposed FED-OPF is composed by two stages,
as described in the following sections.

2.1. Extended Deterministic Optimal Power Flow: First Stage

In this work, the modeling of a power grid at the substation level is incorporated in the ED-OPF
formulation. This modeling allows for the explicit representation of the switches and circuit breakers
that make up the substation arrangements. This is different from bus-branch conventional modeling,
which considers these arrangements as a single bus. To illustrate substation-level modeling, Figure 1
shows a simple five-bus system (a) where bus three started to rely on this modeling, resulting in an
eleven-bus system (b).
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Figure 1.  (a) Bus-branch modeling and (b) substation level modeling. 
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Figure 1. (a) Bus-branch modeling and (b) substation level modeling.

With this new modeling, it is possible to obtain, in a direct way, information of electrical quantities
through the substation components. This includes the power flows through circuit breakers, thus
creating subsidies to confirm some technical specifications of these devices. As a consequence, this
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modeling excludes the need to use complementary analysis tools to obtain this information, as occurs
with bus-branch conventional modeling.

It should be emphasized that the modeling at the substation level is applied only to previously
selected substations, which are the substations through which it is desired to determine the power
flow distribution and the influence of wind and solar sources. This means that only a small number,
usually the substations connected to solar and wind sources, will be modeled at this level of detail.

In the following formulation, the details of the modeling of a power grid at the substation level
and of the wind and solar power sources in the ED-OPF are presented:

minC(Pg) = Pgt Q Pg + bt Pg + co (1)

subject to:
Pg + Pgwin + Pgsol − Pd = real

{
diag(V).(YV)∗

}
+ tfl (2)

Qg + Bs−Qd = imag
{

diag(V).(YV)∗
}
+ ufl (3)

f
(
θij, tij

)Pθ
= 0 (4)

f
(
Vij, uij

)QV
= 0 (5)

Pgmin ≤ Pg ≤ Pgmax (6)

Qgmin ≤ Qg ≤ Qgmax (7)

Vmin ≤ V ≤ Vmax (8)

amin ≤ a ≤ amax (9)

bmin ≤ Bs ≤ bmax (10)

ϕmin ≤ ϕ ≤ ϕmax (11)

flmin ≤ fl ≤ flmax (12)

Equation (1) represents the conventional objective function that minimizes the costs of active
power generation Pg by conventional generators, where Q is the diagonal matrix with quadratic cost
coefficients, b is the vector of linear cost coefficients and co is the constant cost vector. Equations (6)
and (7) represent the minimum and maximum limit constraints of the active and reactive powers
Pg and Qg produced by these generators, respectively. Equations (8) to (12) represent these limit
constraints for the nodal voltage magnitudes V, taps of the transformers a, powers injected by static
compensators Bs, angles of the shift transformers ϕ, and the active power flows on transmission lines
fl, respectively.

The necessary adaptations in the ED-OPF formulation for the processing of power grids at the
substation level are performed by extending the state vector so as to include the active (t) and reactive
(u) power flow through each switchable branch along with the conventional nodal complex voltages.
This procedure avoids the use of atypical values to represent the open and closed position of switchable
branches in the problem formulation, eliminating the numeric problem such values would cause in
the optimal solution search.

Equations (2) and (3) represents, respectively, the active and reactive bus power balance (or bus
injected power), that is, the difference between the generated power and the demand at each bus.
Please notice that, as a consequence of the current Kirchhoff law, the injected power at bus “k” is equal
to the sum of the power flow through all adjacent branches of bus “k”. When the substation level
modeling is applied to the network, as proposed in this article, the sum of the power flow through
adjacent branches must consider the set of adjacent conventional branches (transmission lines and
transformers) as well as the set of adjacent switchable branches. Power flow through conventional
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branches are determined as usually, that is, as a function of the complex voltage. However, power flow
through switchable branches are written directly as a function of the new state variables (t and u).

To incorporate the power flows through switchable branches in power balance equations (2) and
(3) of the ED-OPF, the bus-switchable branches incidence matrix Abb is defined. With the number of
rows equal to the number of buses of the system and the number of columns equal to the number of
switchable branches, the element i-j of Abb is defined as

• −1 if the switchable branch j is connected to bus i and the flow is oriented to enter in bus i.
• 1 if the switchable branch j is connected to bus i and the flow is oriented outward from bus i.
• 0 if switchable branch j is not connected to bus i.

In (2), tfl represents the vector of the sum of the switchable branches active power flow in the
buses. It can be written using the incidence matrix Abb as indicated in (13):

tfl = Abb.t (13)

Similarly, in (3), ufl represents the contribution, that is, the sum of the reactive power flows
through switchable branches to the system buses, and can be written as:

ufl = Abb.u (14)

where t and u are the new state variable vectors referring to the active and reactive power flows in
switchable branches, respectively.

Equation (4) represents the active operational constraints that model the closed and open positions
of the switches and circuit breakers. These constraints can be reformulated in function of specific
incidence matrices for this purpose, as presented in (15):

f(θ, t)Pθ =

[
Ac 0
0 Ao

]
.

[
θ

t

]
=

[
Ac.θ
Ao.t

]
(15)

The incidence matrix Ac has a number of lines equal to the number of closed circuit breakers
and a number of columns equal to the number of total buses of the system. This matrix represents
the operational constraints of closed circuit breakers of the type θi − θj = 0, where θ is the angle of
the complex voltages. Thus, the values of this matrix are equal to 1 in column “i” and equal to -1 in
column “j” of the line corresponding to the closed circuit breaker i-j.

The incidence matrix Ao has a number of lines equal to the number of open circuit breakers and a
number of columns equal to the total number of circuit breakers. This matrix represents the operational
constraints of open circuit breakers of type tij = 0. The values of this matrix will only be different from
zero and are necessarily equal to 1 in the line corresponding to open circuit breaker i-j and the column
corresponding to the state variable (active power flow) associated with this circuit breaker.

A similar reformulation can be performed on the reactive operating restrictions of (5), as shown
in (16):

f(V, u)QV =

[
Ac 0
0 Ao

]
.

[
V
u

]
=

[
Ac.V
Ao.u

]
(16)

From (16), it is possible to obtain the operational restrictions of the closed circuit breakers of type
Vi −Vj = 0, in addition to the operational restrictions of the open circuit breakers of type uij = 0.

Regarding the representation of alternative sources of energy, (2) considers in the balance of the
active power the average values of the active power produced by wind and solar energy sources Pgwin
and Pgsol, respectively. The average values can be determined from real historic data, as discussed in
the Section 3.
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The solution of the proposed extended deterministic optimal power flow is achieved by the Primal
Dual Interior Points Method [35] as associated with the Lagrange technique, the conditions of Karush
Kuhn Tucker, and the Newton Method.

This solution defines the deterministic variables of EPS electrical quantities as function of average
values of the active power produced by wind and solar energy sources and demands the traditional
expensive computational time of solutions involving OPFs.

2.2. Electrical Quantity Uncertainties of EPS: Second Stage

The information regarding the uncertainties of generation and consumption of electric energy in the
OPF is usually represented by probabilistic approaches through probability density functions [4,36,37].
However, these approaches based on quantitative information are not capable of representing the
qualitative information that resides in human knowledge. With the fuzzy technique, the incomplete,
vague, and qualitative knowledge present in human beings began to be represented by mathematical
models in several areas of knowledge, including in OPFs [15].

In addition to not considering qualitative information, usually the processing of probabilistic data
in the OPF demands a high computational effort. However, in several practical situations, expeditious
and even approximate responses of the electric quantities of the power systems are enough for the
analysts of these systems. An example of such situations is the investigation of the necessity of
replacing circuit breakers with equipment that has a greater rated current capacity, usually common in
expansions and changes in EPS.

Based on the above discussion, this work proposes an hourly evaluation of the electrical quantities
of the electric system in relation to the intermittent behavior of wind and solar energy sources, based on
the association illustrated in the Figure 2. In this illustration the area delimited by the mean and +/−3
standard deviations of the Probability Density Function (PDF) normal distribution of the active power
produced by wind and solar energy sources is associated with the area delimited by the membership
function of a fuzzy triangular model. This approach allows composing, through fuzzy variables and
a real brief historical data about these energy sources, an hourly qualitative knowledge about the
average, minimum, and maximum values of powers produced by these sources. Section 3 exemplifies
the composition of this qualitative knowledge.
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Figure 2. Probability Density Function (PDF) and fuzzy triangular model for wind and solar
energy sources.

The Figure 2 shows the Probability Density Function (PDF) (in black), where: f (Pgwin): probability
density function of the active power produced by wind energy sources; Pgwin: hourly average values
of the active power produced by wind energy sources; σ: standard deviation of the active power
produced by wind energy sources.

For the fuzzy triangular model (in blue), the Figure 2 shows: µ(Pgwin): membership function
of the active power produced by wind energy sources; ∆Pgwin: hourly variations in relation to the
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average values of the active power produced by wind energy sources, here called fuzzy variables. For
the solar energy sources, we can use the same definition, changing the subscript “win” to “sol”.

As the qualitative average values of the active power produced by these sources Pgwin and
Pgsol were considered in the optimal solution of the ED-OPF of the first stage (Equation (2)), it is
possible to define the fuzzy variables of the other system electrical quantities as a function of the fuzzy
variables ∆Pgwin. and ∆Pgsol. For this purpose, let us consider the Lagrangian function of the problem
formulation (1)–(12). The first derivative (or gradient) of this function in the optimal solution must
be null, in order to comply with the optimality conditions of Karush Kuhn Tucker. This gradient is
represented by (17):

ρ
(
Pg, Pgwin, Pgsol, V, t, y

)
= 0 (17)

where, Pg is the vector of the active power produced by conventional generators; Pgwin and Pgsol are
the vectors of the qualitative average values of the active power produced by wind and solar energy
sources, respectively; V is the vector of the nodal voltage magnitudes; t is the vector of the active
power flows through circuit breakers; and y is the vector of the other electrical quantities of the system,
including the dual variables.

Based on this, the expansion of (17) in Taylor series, in the directions of fuzzy variables ∆Pgwin
and ∆Pgsol, still in the optimal solution, can be formulated by:

ρ
(
Pg + ∆Pg, Pgwin + ∆Pgwin, Pgsol + ∆Pgsol, V + ∆V, t + ∆t, y + ∆y

)
= ρ

(
Pg, Pgwin, Pgsol, V, t, y

)
+ ∂p

∂Pg ∆Pg + ∂p
∂Pgwin

∆Pgwin + ∂p
∂Pgsol

∆Pgsol +
∂p
∂V ∆V + ∂p

∂t ∆t + ∂p
∂y ∆y

(18)

This relationship implies that:

[
∂p

∂Pg
∂p
∂V

∂p
∂t

∂p
∂y

]
∆Pg
∆V
∆t
∆y

 = − ∂p
∂Pgwin

∆Pgwin −
∂p

∂Pgsol
∆Pgsol (19)

Or that:

W
′


∆Pg
∆V
∆t
∆y

 = − ∂p
∂Pgwin

∆Pgwin −
∂p

∂Pgsol
∆Pgsol (20)

Defining W as a Hessian matrix, the equation can be rewritten as:
∆Pg
∆V
∆t
∆y

 = W−1
(
− ∂p

∂Pgwin
∆Pgwin −

∂p
∂Pgsol

∆Pgsol

)
(21)

Equation (21) defines the fuzzy variables of the active power produced by conventional generators
∆Pg, of the nodal voltage magnitudes ∆V, of the active power flows through switches and circuit
breakers ∆t, and of the other system quantities ∆y. With these fuzzy variables, it is possible to
determine the uncertainties of the electrical quantities of the EPS. These uncertainties result from the
sum of the deterministic variables calculated in the optimal ED-OPF solution as determined in the first
stage, with the fuzzy variables determined in this stage, as shown below:

Pguncertain = Pg + ∆Pg (22)

Vuncertain = V + ∆V (23)
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tuncertain = t + ∆t (24)

yuncertain = y + ∆y (25)

where Pguncertain are the uncertainties regarding the active power produced by conventional generators,
necessary for energy reserve analysis; Vuncertain are the uncertainties regarding the nodal voltage
magnitudes, necessary to analyze the accomplishment of the limits imposed by the regulatory
authorities; tuncertain are the uncertainties regarding the active power flows through circuit breakers,
necessary to verify the correct sizing of these devices by the rated current; and yuncertain are the
uncertainties regarding the other electrical quantities that can be used according to necessity.

In summary, the uncertainties of EPS electrical quantities are determined, in the second stage,
by the sum of deterministic variables (determined in the first stage) and fuzzy variables. The
fuzzy variables are determined through qualitative sensitivity analysis (Equations (17)–(21)) applied
to the postprocessing of the ED-OPF optimal solution, as function of variation (maximum and
minimum values) of the active power of wind and solar energy sources, always considering an
hourly based analysis.

The fuzzy variables participate only in the postprocessing stage of the OPF and avoid the
incorporation of these uncertainties into the iterative process of the OPF solution. The result is a
significant reduction in the computational time when compared with the first stage. The second stage
provides rapid and authentic responses (as discussed in next section) for a general analysis of the
electrical quantities of the system as a function of the variation of wind and solar energy sources.

3. Test System Data

To implement the proposed methodology, a real power network composed of 139 buses that
comprises the northeast Brazilian coastal region was used. The system contains buses at different
voltage levels ranging from 13.8 kV to 500 kV. In addition, the available data includes real hourly load
curves, static compensators, capacitor banks, bus and line reactors, previously selected substations
modeled at the substation level, and large hydroelectric power plants: Sobradinho (1.00 GW), Xingó
(3.6 GW), Luiz Gonzaga (1.5 GW), and Paulo Afonso Complex (2.4 GW). The power system has
approximately 400 MW of thermoelectric power plants.

Additionally, the power system has 19 wind farms that represent approximately 2 GW of installed
power. Figure 3 illustrates the daily variation of active power produced by these wind farms in the
period between June 2016 and July 2017. All of this information corresponds to daily real data properly
processed and grouped to subsidize the analysis of the proposed tool in the most realistic way possible.
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To illustrate the proposed qualitative definition of maximum, average, and minimum of active
power of the renewable energy sources, the Brisa Potiguar wind farm (BP) were chosen. Figure 4
presents the active power average values Pgwin of BP for each hour of the day, which was determined
from the available real historic data.Energies 2019, 12, x FOR PEER REVIEW 9 of 18 
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These values were used in the first stage (Section 2.1—Equation (2)) of the proposal methodology,
in order to define the deterministic variables of EPS electrical quantities.

According to real historical data, the maximum and minimum values of active power of BP are
defined for each hour of the day. These values correspond to the variation of +/−30% of the average
values of these powers, which are represented the fuzzy variables ∆Pgwin(see Figure 2). These values
are used in the second stage (Section 2.2—Equations (17)–(21)) of the proposal methodology, in order to
determine the fuzzy variables of EPS electrical quantities. The uncertainties of EPS electrical quantities
are then computed by the sum of deterministic variables, determined in the first stage, and fuzzy
variables, determined in the second stage, as discussed in Section 2.2—Equations (22–25).

In summary, the average values of active power of wind and solar energy sources are determined
through the brief real historic data. The maximum and minimum values of these active powers are
defined by the hourly variation of +/−30% of the average value. It should be emphasized that the
whole proposed strategy assumes an hourly based analysis, such that fuzzy triangular model (based in
the normal PDF) is used to model the hourly variation of the wind and solar generators in the second
stage of the proposed methodology.

The same methodology is applied to active power produced by solar energy sources, which are
randomly distributed in six of the 69 kV buses. The solar energy participates in the formulation of the
problem only in the period of solar incidence between 6–18 h, and the average value of these powers
Pgsol is dimensioned in 10% of the active power demanded in these buses. The fuzzy variables ∆Pgsol,
related to the active power produced by solar energy sources are also defined by values equivalent to
+/−30% of the average values.

4. Simulations and Results

The developments presented in this work were carried out using the MATLAB computational
tool. The first and most important result consists of authenticating the proposed methodology. In
order to validate the proposed approach, exhaustive solutions of conventional OPF considering each
increase/decrease variation for wind and solar sources, were used.

Figure 5 illustrates this validation for the active power of the hydroelectric plant of Xingó.
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The "Original" trace of Figure 5 represents the deterministic values of the active power of the
hydroelectric plant of Xingó, obtained with the ED-OPF solution, as described in Section 2.1. In this
case, the qualitative average values of the active power of the wind and solar energy sources were used
in the power balance equations. The "Wind and Solar Increment" trace represents the uncertainties of
the active power of the hydroelectric plant of Xingó. These uncertainties are determined by the sum
of determinist values (“Original” trace) with fuzzy values. In this case, according to the technique
described in Section 2.2, the fuzzy values were determined through qualitative sensitivity analysis
applied to the postprocessing of the ED-OPF, as function of 30% (maximum values) increase in the
active power of wind and solar energy sources. The "Wind and Solar Decrement" trace also represents
the uncertainties of the active power of the hydroelectric plant of Xingó, but now considering a decrease
of 30% (minimum values) in the active power of these energy sources.

Simulations were performed in a conventional OPF to authenticate the proposed methodology.
The "Original Validation" trace represents the values obtained in the solution of a conventional OPF
that considers in the power balance equations the qualitative average values of the active power of
the wind and solar energy sources. The "Wind and Solar Increment Validation" trace represents the
values obtained in the conventional OPF that considers in the active power balance equations the
qualitative average values of the active power of these energy sources increased by 30%, while the
"Wind and Solar Decrement Validation" trace represents the values obtained in the conventional OPF
when in these equations the qualitative average values of the active power of these energy sources is
reduced in 30%. The adherence of the results indicates the effectiveness of the proposed methodology
in obtaining the desired results in an expeditious way, as proposed.

This authentication is also successfully achieved for the other electrical quantities of the system.
The following sections present the definition of the uncertainties of the power flows through circuit
breakers, of the active power produced by conventional generators, and of the nodal voltage
magnitudes as a function of the uncertainties of the active power produced by wind and solar energy
sources. These analyses are academic and have no intention of interfering with the operation or
expansion of the actual system.

Similar proposals, that reach solution with reduced computational time as proposed in our paper,
and that simultaneously contemplates in the OPF, renewable energies, switching (substation model
level), and qualitative information, were not found in the literature. These characteristics make us
confident that the proposed approach presents innovative ideas and presents itself as a promising tool
for analyzing the impact of intermittent energy sources in the electrical quantities of the power systems.

4.1. Power Flows through Circuit Breakers

The verification of the correct sizing of the rated current of circuit breakers, often motivated by
expansions or alterations in power systems, has attracted the attention of analysts of these systems



Energies 2019, 12, 1135 11 of 18

in different parts of the world. In these analyses, the representation of the substation of interest at
the substation level, as proposed in this paper, allows for the assessment in a direct way of the power
flows through these devices. As most analytical tools consider bus-branch modeling, this analysis
requires the adoption of additional procedures that overload the area professionals and hamper this
task. The incorporation of network modeling at the substation level in the OPF eliminates this step,
thus facilitating and more effectively subsidizing the analysis work by these professionals.

To illustrate the effectiveness of this attribute of the proposed methodology, the Sobradinho 230
kV substation was chosen for modeling at the substation level owing to its connections with wind and
solar power sources, as well as sheltering an important hydroelectric plant of the same name with 1.05
GW of installed power. Figure 6 illustrates the configuration of this substation, including the most
common directions of power flows through the circuit breakers of this installation.
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Figure 6. Power flow distribution at Sobradinho 230 kV substation.

Table 1 presents the most relevant results related to this analysis involving the Sobradinho 230 kV
substation. Column 1 indicates the hour at which the variation was assessed (corresponding to the
solar incidence period), while the second to fifth columns show the variations in the active power
flows through the indicated circuit breaker when the active power produced by wind and solar sources
varied from +/−30% (always in relation to the average values according to Section 2.1).

Table 1. Active Power Flow Variations (MW) Through Circuit Breakers of Sobradinho 230
kV Substation.

Hour

Circuit Breaker (CB) 164 CB 159 CB 160

Wind Variation
(MW)

Solar Variation
(MW)

Wind Variation
(MW)

Solar Variation
(MW)

30% −30% 30% −30% 30% −30% 30% −30%

06 26.5 −26.5 0.67 −0.66 39.8 −39.8 2.0 −2.0
07 26.4 −26.4 0.70 −0.69 39.6 −39.6 2.1 −2.1
08 25.3 −25.3 0.74 −0.76 38.0 −38.0 2.2 −2.3
09 22.8 −22.8 0.79 −0.80 34.2 −34.2 2.4 −2.4
10 19.1 −19.1 0.82 −0.81 28.7 −28.7 2.4 −2.4
11 15.8 −15.8 0.82 −0.81 23.8 −23.8 2.4 −2.5
12 13.6 −13.6 0.81 −0.80 20.4 −20.4 2.4 −2.4
13 11.9 −11.9 0.82 −0.82 17.9 −17.9 2.5 −2.5
14 11.3 −11.3 0.83 −0.83 17.0 −17.0 2.5 −2.5
15 11.4 −11.4 0.83 −0.84 17.2 −17.2 2.5 −2.5
16 12.3 −12.3 0.81 −0.81 18.4 −18.4 2.4 −2.4
17 13.0 −13.0 0.79 −0.80 19.5 −19.5 2.4 −2.4
18 14.7 −14.7 0.84 −0.82 22.1 −22.1 2.5 −2.5
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The results indicate that the active power flows through the circuit breakers of this substation
were influenced by the simultaneous generation of wind and solar energy sources. The exception
was with the active power flows through circuit breaker 159, which were influenced only by the wind
energy source since this device was connected to the Pedra Branca 230 kV wind farm. Similar analyses
can be performed for the active power flows through circuit breakers 160 and 163, which connect the
solar source, and therefore were influenced only by this source of energy.

Once the power flows through the circuit breakers of the Sobradinho 230 kV substation were
determined, the maximum currents through these devices were calculated as a function of the apparent
powers. From this calculation, it was observed that the maximum ratio between these currents and the
rated current was 22.2% for circuit breaker 159, ensuring the correct dimensioning of these devices by
the rated current.

The João Câmara II 138 kV bus was also modeled at the substation level owing to the connection
of approximately 700 MW of installed power by wind farms. Figure 7 shows the bus configuration and
indicates the most common orientation of power flows through the circuit breakers of this substation.
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Table 2 lists the maximum current values through the main circuit breakers of this substation, as
well as the proportion of these values in relation to their rated values. These analyses are performed
for the original condition, that is, without the variation of the average values of the active power of the
wind sources, and with a variation of +/−30% in relation to these values.

Table 2. Maximum Currents (A) Through Circuit Breakers of João Câmara II 138 kV Substation.

System
Circuit Breakers

181 186 188 191 194

Original (A) 789.6 491.2 442.9 300.3 1134.9
Wind Energy Increment (A) 1012.1 606.5 562.7 390.8 1431.7
Wind Energy Decrement (A) 579.2 396.9 331.0 209.9 866.3

Circuit Breaker Rated Current (A) 2000 2000 2000 2000 2000
Original Current/Rated current (%) 39.5 24.6 22.1 15.0 56.7

(Maximum Current with Wind
and/or Solar) /Rated Current (%) 50.6 30.3 28.1 19.5 71.6

The results indicate that the effect of the wind power sources was very significant, taking the
maximum current values through these devices near the rated values. For example, the maximum
current through circuit breaker 194 reached 71.6% of its rated current value when exposed to the
uncertainties of the active power produced by the wind farms connected to the bus under study. The
effect of the solar energy sources in this substation was negligible.



Energies 2019, 12, 1135 13 of 18

It should be noted that this case considers a normal operating condition. Logically, under
conditions of contingency (criterion n− 1) or expansions in the system considered, the currents passing
through these circuit breakers could be closer to the nominal values and may even exceed them. This
type of analysis can be carried out by the proposed methodology and allows for the assessment of the
necessity of replacing these devices with equipment that has a greater rated current capacity.

4.2. Active Power: Conventional Generators

Another relevant issue associated with the uncertainties of the active power generated by wind
and solar energy sources is related to the analysis of their impact on the established powers for
conventional generators. Although it is not advisable to ignore the importance of intermittent sources
in reducing the rotating reserve, a careful analysis is also needed to avoid compromising the energy
supply to consumers in conditions of unexpected reductions of the share of these energy sources in the
energy matrix.

Table 3 lists, for some hours of the day, the variation in megawatts from the average values of the
active power produced by the Paulo Afonso IV hydroelectric power plant. These values were obtained
as a function of the variation of +/−30% from the average values of the active power generated by
wind and solar energy sources.

Table 3. Variations (MW) at the Paulo Afonso IV Hydroelectric Power Plant.

Hour
Wind Variation (MW) Solar Variation (MW)

+30% −30% +30% −30%

10 −90.3 90.3 54.2 −54.2
11 −99.2 99.2 2.5 −2.5
12 −35.6 35.6 −0.8 0.8
13 −97.1 97.1 59.1 −59.1
14 −102.8 102.8 63.3 −63.3
15 −100.1 100.1 59.9 −59.9
16 −37.6 37.6 −0.6 0.6
17 −36.5 36.5 −0.7 0.7
18 −106.0 106.0 −13.8 13.8

These and other results obtained (omitted because of lack of space) show that all conventional
generators of the system were sensitized by both the solar and wind energy uncertainties except for
the generators of the thermoelectric plants that were not dispatched owing to high cost.

In this context, Table 4 shows the influence of the uncertainties of wind and solar energy on the
energy reserve of these conventional generators.

Table 4. Available Powers: Conventional Generators.

Conventional
Generators

Active Power Reactive Power

Limits (MW) Original (%) Impact Wind
and Solar (%) Limits (MVar) Original (%) Impact Wind

and Solar (%)

Sobradinho 1005 79 73 −272~388 75 74
Luiz Gonzaga 1480 4 0 −210~210 45 10
Paulo Afonso 2400 79 77 −920~820 67 66

Xingó 3600 46 44 −860~519 79 76

The results presented show a slight reduction in the available powers of generators, which was
necessary to increase energy production to supply the reduction in the share of wind and solar sources.
The Luiz Gonzaga hydroelectric power plant reached its active power limit with a reduction of 30% in
the share of these energy sources. The system under analysis contemplates an installed capacity of
approximately 20 GW distributed between the hydroelectric and thermoelectric plants and equivalent
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generators, in addition to the hourly demand of around 7 GW. Considering energy generation planning
based on an operational reserve equivalent to 5% of the demand, the variations of +/−30% of the
active power of the wind and solar energy sources guarantee an operational reserve of 350 MW.

4.3. Nodal Voltage Magnitudes

Voltage control is one of the main concerns when there are expansions and changes in energy
systems, as it must comply with the limits imposed by regulatory authorities. Thus, for the test system
of this work, the uncertainties of the nodal voltage magnitudes were determined as a function of the
uncertainty of +/−30% in relation to the average value of the active power of the wind and solar
energy sources. Figure 8 illustrates the behavior throughout the day of the nodal voltage magnitudes
in the 500 kV Pau de Ferro substation, an important transmission trunk of the system, owing to the
combination of the uncertainties of wind and solar energy sources.
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Figure 8. Uncertainties in nodal voltage magnitudes of 500 kV bus of Pau de Ferro substation.

The values obtained for the nodal voltage magnitudes of all buses of the test system are within the
limits established by the Brazilian regulatory authority, according to Table 5 [38]. These results show
once again the relevance of the proposed methodology that allows for the inference of questions of
this order without the need to carry out studies and exhaustive simulations involving the intermittent
sources of energy.

Table 5. Voltage magnitude admissible limits in the Brazilian electrical system.

Rated Operating Voltage Normal Operating Condition Emergency Operating Condition

(kV) (pu) (pu)

≤138 0.95 to 1.05 0.90 to 1.05
230 0.95 to 1.05 0.90 to 1.05
345 0.95 to 1.05 0.90 to 1.05
440 0.95 to 1.046 0.90 to 1.046
500 1.00 to 1.10 0.95 to 1.10
525 0.95 to 1.05 0.90 to 1.05
765 0.90 to 1.046 0.90 to 1.046

4.4. Computational Time

Table 6 presents the computational times demanded in the execution of first and second stages of
the proposed methodology.
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Table 6. Computational time (seconds).

Hour
First Second

Hour
First Second

Hour
First Second

Stage Stage Stage Stage Stage Stage

0 27.6 0.94 8 20.8 0.90 16 19.3 0.98
1 23.3 1.01 9 21.3 0.94 17 22.6 0.99
2 28.8 0.98 10 26.3 0.84 18 24.2 0.94
3 24.7 0.95 11 25.2 1.01 19 56.0 0.90
4 22.8 0.90 12 22.9 0.92 20 25.2 0.95
5 22.7 0.87 13 22.4 0.81 21 24.6 0.87
6 40.8 1.03 14 22.5 0.95 22 26.6 0.90
7 20.4 0.92 15 27.4 0.90 23 20.8 0.92

According to the results presented in Table 6 it is possible to verify the significant computational
time reduction in the second stage.

Based on the subjectivity of the qualitative knowledge about the wind and solar energy sources
behavior, the second stage of the proposal methodology provides for the analysts fast answers and
with good authenticity about electrical quantities of these systems, as indicated in Figure 5.

5. Conclusions

The combination of fuzzy logic with a Taylor series in the postprocessing of the Extended
Deterministic Optimum Power Flow allows for the assessment of the impact of the active power
uncertainties produced by the wind and solar energy sources in the electrical quantities of energy
systems, for each hour of the day. In an expeditious way, based in a subjective investigation that focuses
on the qualitative character of these energy sources’ behaviors, the proposed methodology allows for
the assessment of the impact of these uncertainties on the active power produced by conventional
generators. This makes it possible to conduct energy reserve analyses. These impacts are also assessed
on the nodal voltage magnitudes. Thus, it is possible to verify if the limits reached comply with the
limits of the voltages imposed by the regulatory authorities.

In addition, a representation of the power grid at the substation level made it possible to identify
the impact of the variations of the wind and solar energy sources on the distribution of power flows
and consequently of the currents through the circuit breakers of substations. This model allows for
the evaluation of the technical specifications of such devices, such as rated currents. In face of this
new reality of intermittent energy generation systems, this topic has attracted the attention of systems
analysts from various parts of the world owing to the need for expansions and changes in EPS.

The results presented highlight the importance of energy reserve analyses and of correct technical
specifications of circuit breakers in addition of voltages control, as a function of the forecasted growth
of wind and solar energy sources in energy matrices. These results reinforce the relevance of analytical
tools that provide professionals the ability to perform these tasks, in an expeditious way, as in the case
of the methodology proposed in this work. Future studies are under investigation to assess the impact
of such approach in contingencies analysis, including wind farm groups contingencies.

6. Article Contribution

The main contribution of this article is to offer power systems analysts a tool that allows the rapid
assessment of the hourly behavior of the electrical quantities of these systems as a function of the
variation of wind and solar energy sources. It is not a tool that involves data accuracy, but rather a
tool that provides enough and rapid responses to decision making by those analysts. The proposed
tool is original and suitable mainly for analysis of currents through circuit breakers, a theme that has
attracted the attention of analysts from various parts of the world, due to the need for expansions and
topology changes in power systems. The variations in the power injected by these energy sources
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can increase the value of the currents through the circuit breakers, resulting in an alert to the analysts
about the need for replacement with equipment with higher nominal current value.

The assessment of the impact of the variation of the wind and solar energy sources not only on the
currents through the circuit breakers, but also on the reserve energy and the nodal voltage magnitudes
is reached through the solution of fuzzy extended deterministic optimal power flow, composed of
two stages.

As discussed before, in the first stage, the extended deterministic OPF (ED-OPF) solution provides
the deterministic variables of the power system electrical quantities. For this stage, we would like
to emphasize that the formulation of ED-OPF contemplates an original modeling at the substation
level, which enables the direct assessment of the currents through the circuit breakers. In addition,
this formulation contemplates the hourly average values of the active powers of wind and solar
energy sources in the active power balance equations. The first stage solution demands the traditional
expensive computational time of solutions involving OPFs.

In the second stage, the uncertainties of the power system electrical quantities are obtained
considering an hourly based analysis. These uncertainties are determined by the sum of determinist
variables (first stage) with fuzzy variables. The fuzzy variables are obtained when the maximum and
minimum values of these energy sources (corresponding to +/−30 % of average values of these energy
sources) are applied to the ED-OPF solution, through a qualitative sensitivity analysis. The second
stage presents lower computational time when compared to the first stage.

With the proposed tool, power system analysts can run ED-OPF once, which demands longer
computational time and work more frequently with the second stage, which demands lower
computational time. The second stage provides rapid and authentic responses for a general analysis of
the electrical quantities of the system as a function of the variation of wind and solar energy sources.
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