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Abstract: The increasing number of renewable energy sources in power systems contributes to
overloads of power lines in emergency situations. Lines made with relatively small cross-section
cables, which in the past were designed for an operating temperature of 40 °C, are particularly
exposed to overloads. Currently, they constitute the so-called “bottlenecks” in network capacity. This
is manifested in the fact that when carrying out expert opinions aimed at examining the impact of a
source on the network, computational analyses show overloads of its elements. This article proposes
a methodology for eliminating these overloads. It involves the use of two methods at the same time,
namely optimal network reconfiguration combined with minimisation of the total power curtailment
in RE sources. The search for the optimal network configuration will also allow for minimising power
curtailment in renewable energy sources, and thus reduce the costs of this type of operation. With
such a tool, network operators will be able to achieve the effect of relieving the line load with the
lowest possible cost of redistribution. Based on the IEEE 118 bus test network, calculations were
performed that confirmed the effectiveness of the proposed approach. The operation of the proposed
methodology is presented with the example of two selected network failure states. The novelty of the
proposed solution lies in the simultaneous use of two methods of eliminating line overloads. This
streamlines the entire process and improves its effectiveness.

Keywords: overloads; curtailment; reconfiguration; optimisation; RES; metaheuristic

1. Introduction

One of the challenges facing operators of high-voltage power grids saturated with
renewable energy sources is eliminating existing overloads of power lines. Renewable
energy (RE) sources have an increasing share in the total power balance the power systems.
They are characterised by high dispersion and random generation, which is usually not
correlated with peaks in power demand. This causes power flows of significant values
from some areas towards others.

The specific operation of modern power systems is currently different from the condi-
tions that existed a dozen or several dozen years ago. In the past, the function of distribution
networks was practically only to deliver energy to consumers. These networks essentially
performed a receiving function. Transmission networks, on the other hand, were used to
transfer power from generators towards distribution networks or consumers powered by
high voltage networks. With the development of dispersed generation (including mainly
renewable energy), the number of these sources in the power grid increased rapidly. The
level of dispersion has also increased. The advantages of this type of generation include,
for example, reduced power losses, improved voltage conditions, lower environmental
impact, and lower costs. In addition to the advantages, there were also some unfavourable
phenomena, such as random generation in renewable energy sources, high uncertainty,

Energies 2024, 17, 2965. https:/ /doi.org/10.3390/en17122965

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17122965
https://doi.org/10.3390/en17122965
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3413-2258
https://orcid.org/0000-0003-4111-869X
https://orcid.org/0000-0003-1747-6235
https://orcid.org/0009-0004-9648-9580
https://orcid.org/0000-0001-6208-6290
https://doi.org/10.3390/en17122965
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17122965?type=check_update&version=1

Energies 2024, 17, 2965

2 0f 22

periodic balance problems, possible voltage excesses and overloads of existing power lines
and transformers. In networks containing lines made of relatively small cross-section
cables, e.g., 120 mm?, 185 mm? or even 240 mm?, designed for an operating temperature of
40 °C, periodic overloads of these elements may occur. This is particularly visible when
carrying out expert opinions aimed at examining the impact of renewable energy sources
on the power grid. During such analyses, it is necessary to take into account other sources
that have already issued connection conditions and constitute the so-called generational
background. Network operators use various calculation models in which they distinguish
between the type of generation technology and the need to take into account sources
with different generation factors in relation to their connection power when calculating.
However, there are emergencies that result in line overloads. Sometimes there are several
or a dozen overloads and their level varies. There are situations when the influence of the
considered source is small, e.g., a few percent, or significant, a dozen, several dozen or even
several hundred percent. When encountering such situations, current overloads should
be eliminated as soon as possible. Since high and extra-high voltage networks have a grid
structure (closed mesh), it is difficult to intuitively indicate an effective method or method-
ology that would eliminate all line overloads in any emergency. If one network element is
turned off in an emergency, others may be overloaded. Power flows in emergency states
sometimes differ significantly from those in normal conditions. As a result, some lines may
become overloaded. The operator should immediately decide what countermeasure will be
used to eliminate the resulting overloads. Currently, there are no appropriate methods to
effectively deal with such situations. It is therefore necessary to search for and use advanced
methods that will be able to effectively solve this problem not only during analysis but also
in practice. To meet these expectations, the authors of this article proposed a methodology
that is a combination of two methods, i.e., optimal reconfiguration of network operation
and minimal power curtailment in selected RE sources. Using this approach, it will be
possible to achieve the effect of relieving the line while minimising the costs associated with
the necessary redistribution of power in RESs. A modified IEEE 118 bus test network was
selected for calculations. Based on the selected emergency operating states of this network,
appropriate calculations were made to demonstrate the effectiveness and efficiency of the
proposed methodology.

The main goal of this article is to present a method for effectively eliminating power
line congestions. In addition to the main goal, there are also specific goals, such as identify-
ing the types of analyses in which the proposed solution will work best, identifying sources
responsible for overloads and minimising the costs associated with power redistribution.
Therefore, the authors tried to make the problems discussed multidimensional and the way
of solving them effective and efficient.

This article consists of six points. The first one presents the problem under consider-
ation. The second contains a literature review. The third section describes the proposed
methodology. The fourth point contains a description of the test network. The fifth section
presents the results of the obtained calculations and discussion. The sixth part contains
conclusions and a summary.

2. Literature Review

The subject of this article is issues related to optimal network reconfiguration and
power reduction in renewable energy sources, and it is aimed at eliminating overloads
appearing in power lines. Overloads of existing power lines and transformers are a common
phenomenon occurring as a result of the increasing number of renewable energy sources
connected to the grid [1].

In the literature, there are attempts to solve this problem, and more and more often
there is talk about the so-called congestion management, redispatching and curtailment
power in RESs [2-12]. Another option to eliminate emerging overloads is to redistribute
power. However, this is an undesirable activity for network operators, because any curtail-
ment in power in RE sources requires them to incur quite significant costs. The possibility
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of redistributing power was introduced in 2019 as a result of a regulation of the European
Parliament and the EU Council [13].

Various methods are used to analyse the problem with overloads, such as tracking
power flows [14,15], classical or metaheuristic optimisation [16-19], and a hybrid combina-
tion of optimisation with machine learning [20,21]. The literature also includes the use of
fuzzy logic and expert systems [22-24], as well as other modern methods [25].

Eliminating overloads appearing in power lines by redistributing the power of RE
sources can be found in the literature in items [6,26-38]. For example, in [26], Fan and
Huang proposed the use of the redispatch strategy to compensate the generation of renew-
able sources based on historical data. They checked the effectiveness of their proposed
method through tests on a 39-node IEEE closed mesh. In [27], the authors proposed a
method for the optimal selection of sources whose power is to be limited, and also pro-
posed the use of the PSO algorithm to minimise deviations in the planned generator power.
The effectiveness of the proposed method was also tested on a 39-node and 118-node test
network. In [29], the authors used a novel metaheuristic Flower Pollination Algorithm
(FPA) method to redistribute power to avoid line overload for optimal power limiting in
RE sources. In [33], Verma and Mukherjee used the ant lion optimiser (ALO) algorithm for
this purpose, and in [34], the Black Hole Algorithm (BHA) was used. The metaheuristic
optimisation method was also used by Tapre, Singh and Paraskar using the Lion Algorithm
(LA) [36,37]. In [6], for this purpose, Venkaiah and Kumar proposed a method based on
Fuzzy Adaptive Bacterial Foraging (FABF), and tested their algorithm on a 30-node IEEE
test network and on a real 75-node Indian system.

An interesting method of eliminating the occurrence of current overshoots is described
in [14,15,39-41]. For this purpose, Liu and his team [14] and Jiandong with his team [15]
used the method of tracking active power flows, as a result of which they appropriately
reduced the generation of RE sources. In the works [39-41], a method based on sensitivity
analysis and power flow was used. However, in [42], Liu and his team proposed the use of
a method that involves reducing overloads by taking into account generation variability.

As mentioned earlier, congestion management plays an important role. The approach
to congestion management is based on issuing commands by the system operator [43,44].
These commands may be based, among other things, on the need to use optimisation
methods [16-18,45,46].

For example, in [45], Shandilya and his team proposed the use of optimisation to
change the generation schedule and load shedding in order to alleviate existing line con-
gestion, and they tested their proposed method, among others, on the 118-node IEEE
test network. Abrantes and his team used nonlinear optimisation in [17,18]. In [16], the
metaheuristic teaching-learning-based optimisation (TLBO) method was used. Verma
tested the operation of her proposed method on two IEEE test systems, on a 30-node system
and on a 57-node system, respectively. Balarman and his team used the metaheuristic
Particle Swarm Optimisation (PSO) method [46]. Metaheuristic methods are used more
and more often due to the very good ratio of their effectiveness to the simplicity of imple-
mentation. Various objective functions are used to eliminate overloads, such as maximising
the total power generated by RESs [47,48] and minimising the power curtailment from
such sources [49-51].

The role the distribution network must play is to provide reliable and stable power
supply to the end user [52-54]. Network reconfiguration is a method that can play an
important role in improving the operational reliability of the power system, and can also
contribute to the safe operation of the system with a high degree of RES saturation [55-57],
and it is also able to maintain permissible voltage values [58-60]. For example, in [60]
Yoshida and his team used the PSO method in their work. Network reconfiguration is
presented, among others, in [61,62], where, for example, in [61] the authors, including
Jin and his team, propose a multi-level method of relieving the transmission network by
using an active distribution network (ADN). When an overload occurs in the transmission
network, an appropriate operational scheme for ADN is selected using a multi-level method.
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The ADN then assumes the appropriate operational state through reconfiguration and thus
contributes to alleviating the existing congestion in the transmission network. In [62] Wang,
Kang and Yang also focused on the transmission network, and in their work they proposed
an optimisation scheme for the reconfiguration of the network topology in order to reduce
power losses that occur when limiting RE sources. For the optimal reconfiguration of the
network, Granelli and his team used, among others, the Genetic Algorithm [63].

The reconfiguration of a network operating in a closed system can be found in the
works [64-70]. In [65], Li and his team proposed a loop reconfiguration optimisation model
to reduce line congestion. In [66], changing the network topology was used to mitigate
power system failure states. The authors proposed a method of sequential switching of lines
depending on their impact on alleviating congestion. They checked the effectiveness of their
method on two test systems, namely on the 24-node and 118-node IEEE closed test network.
Shao and Vittal [67] also focused on the order of switches performed. They developed an
algorithm to find the best line and busbar switching actions to alleviate congestion. They
checked the results of their simulation on the 179-node WECC test network, and the results
obtained show that this method can be successfully used to relieve line load. Ref. [68]
presents an algorithm aimed at switching lines in order to reduce the overload that occurs
as a result of line failure. Arya tested the proposed model on a 25-node test network. Also,
in [69], Arya and team focused on alleviating the overloads that occur as a result of the
disappearance of one of the lines. In [71], the decision to reconfigure the network is made
based on an analysis of the N-1 criterion. Saharuddin and his team tested the effectiveness
of their method on a 118-node IEEE network.

To sum up, there is a constant need to look for new methods to eliminate overloads
occurring in the power system at the lowest possible costs for the operators and users.
Occurring threats and dangers require a quick response to eliminate them. Taking all these
aspects into account, it is reasonable to use more and more advanced methods and develop
them in order to search for more and more optimal solutions to emerging problems. Table 1
presents a comparative summary of the advantages and disadvantages of the methods
described in selected literature items.

Table 1. Comparison table.

Advantages and Disadvantages of Individual Methods References

Pros

e Including only those sources that are

responsible for line congestion; [1,6,27,30,32,34]

° Combination of several methods which

. . [1,6,30,34,72,73]
increases computational accuracy;

° Research carried out on test networks of
various sizes, which allows to better determine [16,17,27,32-34,46,55]
the effectiveness of the method;

e  Using available optimisation methods to
determine the minimum operating point of the

generator so that its output power can be (301
quickly increased;

e  Comparison of several optimisation techniques [2,33,37]
in order to select the most effective one; Y

e  Taking into account random factors such as [42]
wind, sun, storms;

e  Using Artificial Intelligence to speed up [16,46,72,73]

computing time;

° The simplicity of the method; [7,15,17,35,42,72]
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Table 1. Cont.

Advantages and Disadvantages of Individual Methods References

Cons

. Long calculation time; [1,6,27,32-34,55]

e  Avoiding the problem of system size—tests

only on small networks; [15,16,26,30,37,42,46]

e  Taking into account all sources for power
curtailment, even those that do not have a [8,16-18,35,42,49]
significant impact on line congestion;

° High cost of implementing the method. [17,18,35,42,72,73]

3. Calculation Methodology
3.1. General Description

High-voltage power networks usually operate in a closed configuration (Figure 1). If
a line is overloaded, the operator should take appropriate steps to relieve it. One way to
relieve the line load may be a minimal power curtailment in the sources that are responsible
for their occurrence. Therefore, this action consists in the so-called redistributing (or
redispatching) of power generation in RESs and conventional sources ensuring the meeting
of the power balance condition. This topic was considered by the authors, e.g., in [1]. In
practice, however, the power curtailment in RESs should be minimal, so other methods
should be sought that will allow for even smaller power curtailments in RESs. The solution
may be based on the change of the structure of the network by disconnecting an appropriate
number of lines or connectors located in switchboards (system connectors). These actions
change the network configuration. Some overloaded lines may respond relatively poorly
to changes in the level of power generated in selected network sources. This may be due
to their specific location in the power system topology. Relieving the load on these lines
may sometimes require a significant curtailment in generation in RESs. In such a case, it
becomes necessary to use more ad hoc methods, e.g., turning off lines or system switches.
To further increase the effectiveness of the line relief process, both methods (i.e., power
curtailment in RESs and changing the network configuration) can be combined. Figure 1
shows a schematic diagram of a high-voltage network operating in a closed configuration.
Overloaded lines are marked in red. The sources responsible for line overloads are marked
in blue. Blue marks the lines that should be turned off so that the load shedding process is
effective with minimal power curtailment in RESs.

The proposed methodology consists in searching for the optimal network operation
configuration in such a way that the power limitation in RESs is minimal. A block diagram
of the proposed methodology is shown in Figure 2. First, the computational model of the
network is loaded. Sources responsible for fulfilling the power balance are selected. They
are for the main conventional source. Then contingency analysis (N-1 states) is performed.
This analysis involves switching off subsequent branches and checking whether there are
any overloads. In a given emergency state (one element switched off), overloaded lines
are identified. If overloads do not occur, the next failure state is analysed, i.e., another
shutdown. If overloads occur, the number of possible outages of k lines out of all # lines
is determined. The number of possible switchings is determined as a combination with
repetitions. Then, the sources responsible for line overloads and at the same time subject to
the process of power redistribution are selected. In the next step, optimisation calculations
are performed using the selected metaheuristic method. This process is repeated until the
N-1 states are exhausted.
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The following sections briefly describe the AIG algorithm, the optimisation issue and
the computational programs used.
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3.2. Description of the AIG Algorithm

In this article, as part of the metaheuristic method, the Algorithm of the Innovative
Gunner (AIG) [74], created by the authors of this article, was used. The use of a metaheuris-
tic algorithm results from the specific nature of the optimisation task. During the calculation
process, the task of determining power flows is solved, which includes non-linear equations.
A divergent iterative process may occur during the computation. The objective function,
described by Equation (4), contains two criteria characterised by the fact that the decision
variables are both integer (number of switched off lines) and continuous (power generated
in RESs). Charting the objective function on a three-dimensional graph is a difficult task
due to the nature of the process of determining power flows and the different nature of
decision variables. It is therefore difficult to say whether this function has one optimum or
more. Taking this into account, classical methods are not suitable for this type of issue. For
this reason, it was decided to use the metaheuristic method.

The operation of the AIG algorithm is briefly described below. This algorithm is
distinguished by the fact that the method of generating new solutions in subsequent
iterations (k + 1) is based on the relationship [74]:

R TR 1(9, (1)

The AIG algorithm proposes the function g;(&) = /1(&1) - €12(&2) - - - - &1p (&) Two
multipliers were assumed (p = 2). This means that the next solution depends on the product
of two functions g;; and g;», which have the same specific form:

xz(kﬂ) = xz(k) -811(61) - 812(82) 2)
where xl(k+1) means new solution, xl(k) means the solution from the previous iteration, k
means the iteration number, [ means the number of the next solution vector taken from
the considered population (the size of the population should be assumed at the beginning
of the calculations),g;1 (&1) = cosa, when a < 0 and gj1 (1) = (cosa) !, when « > 0 and
g12(&2) = cos B, when B <0 and g»(&) = (cosp) ', when >0, a and B are correction
angles drawn from the variable interval (—&max, &max) and (—PBmax, Pmax) using the normal
distribution. The values of the angles amax and Bmax should be taken at the beginning of
the calculations (the default value is 90°).

This method of generating subsequent solutions involves multiplicative modifications
of solutions from previous iterations.

In most algorithms found in the literature (e.g., [75-79]), generating subsequent solutions
involves an additive modification of the previous solution, according to the relationship:

D = x4 A 3)
where Axl(k) is a general, symbolic designation of the modification of the next solution,
appropriate for a given metaheuristic algorithm.

The operation of the AIG algorithm consists in creating new solutions in subsequent
iterations, according to relationship (2), and then searching for the minimum of the objective
function, described in the next section. Figure 3 shows the flow of the AIG algorithm.

The analyses performed in the works [74,80-82] prove the high effectiveness of the
AIG algorithm. This algorithm was tested using objective functions from various scientific
fields, e.g., mathematics, mechanics, electrical power engineering. The results obtained
during test calculations allow us to claim that this algorithm can be successfully used to
solve difficult problems occurring in the power system.
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Figure 3. General flowchart of the AIG algorithm [74].

3.3. Description of the Optimisation Task

The optimisation problem under consideration is classified as a Special Optimal
Power Flow (SOPF) type of task due to the form of the objective function Fgp,;, which
includes two criteria taking into account the power curtailment in RESs and the change in
network configuration:

Fopj(x) = w1 - F +wy - B 4)

The individual criterion functions F; and F; are described by the following relationships:

421 Pgj
Fi(x) = ;7 (5)
D PGmaX]
j=1
z
Ll
j=1
B(x) =1- - (6)
An optimisation task that can be written in the form:
Fopj(x) — max (7)

consists in searching for a vector x that provides the maximum of the function F,;, with
equality constraints g(x, y, z) = 0 and inequality constraints h(x, y, z) = 0, where:

x = [PG1,..., Pgj, Ih,. .. li]—vector of active powers generated by the considered RES
sources, for which the sum of powers is to be maximum and the number of outages, i.e.,
the number of operations related to the network reconfigurations configuration (vector of
variables decision-making);

y =I[Pr1,..., Pri, Qr1,- - -, Qi PGni1,- - .» PGnn]—Vector of loads and generated powers
not subject to control (vector of independent variables);
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z=[Uy,..., U, 01,...6i, PGr1,. . ., Par]—vVector of phasors of nodal voltages and power
generated in nodes ensuring system balancing (vector of dependent variables);

w1, wp—weights whose values were assumed at the level (w; = 1.0, w, =0), (w1 = 0.9,
wy =0.1), (wg = 0.8, wp =0.2), (w1 =0.1, wy = 0.9), which is explained later;

N—number of RESs where power curtailment is taken into account;

z—number of possible outages in the network (the article assumes that z = 4, which is
consistent with the operators’ practice);

li—number of different lines switched off in a given iteration.

The limitations in the optimisation process are:

e Limitations of the vector of decision variables x, which are the minimum and maximum
values of power generated in RESs and a finite number of possible cases of network
configuration changes;

e Limitations of the vector of dependent variables z, which are the permissible voltage
values in the network nodes;

e  Equality constraints, which constitute the nodal power flow equations and the need to
meet the power balance in the network;

e Inequality equations that constitute the permissible capacities of power lines and
transformers, as well as the value of exchange power with neighboring areas.

As mentioned earlier, the objective function is maximised. This means that a state is
sought in which the total power re-education in RESs and the number of on/off operations
will be minimal. It may turn out that eliminating existing branch overloads will be possible
by reducing the power in the RESs and using various operational activities, but with a
different number of changes, enabling the selected network configuration to be achieved.
Therefore, the expected effect of this method is to find a real and practically applicable
solution that will require minimum power limitation in the RESs and a minimum number
of changes in the network (minimum number of branches switched off).

In each computational state of the optimisation process, the load flow (LF) task is
solved using the Newton—-Raphson method in order to clearly determine the values of the
components of the vector of dependent variables z, i.e., the values of voltage modules and
their angles. This is done in accordance with the general power flow equation:

0=fir(xy, 2) (®)

In general, it can be said that the power balance should be met in each node of
the network.

3.4. Description of the Environment and Organisation of the Computational Process

Calculations were performed using PowerWorld Simulator Version 22 and Matlab
Version 2023R. The PowerWorld Simulator program is used to determine power flows. It
also includes the SimAuto add-on, which allows remote connection to external applications,
e.g., Matlab, in order to change the parameters of individual network elements (e.g.,
power values generated in RESs, turning off lines) or download power flow results (e.g.,
current values in lines, voltage values at nodes, etc.). The Matlab program allows one to
create a script enabling one to solve the optimisation problem in question and use various
mathematical functions contained in many toolboxes. The main script was written in
Matlab. This script contains both an optimisation module and a module that makes it
possible to connect to the PowerWorld program to exchange information on power flow
results and optimisation results. Flow calculations are performed in PowerWorld Simulator,
and optimisation calculations are performed in Matlab. During the optimisation process,
appropriate data are exchanged between these applications in order to find the optimal
value of the objective function described by the relationship (4). Figure 4 shows a block
diagram of the computational process.
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Optimisation
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Y

Implementation
of the AIG algorithm

Figure 4. General block diagram of the computational process.

Using the possibility of combining two programs with each other significantly im-
proves and speeds up obtaining results. The user can then focus only on the issue at hand
and not on additional activities, such as creating software to determine power flows or
creating their own mathematical functions.

4. Test Network

For calculations, a modified IEEE 118 bus test network [83] was used, which is pre-
sented in Figure 5. The basic IEEE network was modified in order to adapt its parameters
to the parameters of networks operating in Poland. The voltage levels were adjusted to
400 kV, 220 kV and 110 kV, the number of generators was limited, and the cross-sections
and load capacities of the line wires were changed (Table 2). The total network load value
was adjusted to the load that occurs in the Polish power system.

Table 2. Permissible long-term load capacity of overhead line cables used in the IEEE-118 bus network.

Line Design Temperature °C

+40 °C +60 °C +80 °C
C Caé)let' Summer Winter Summer Winter Summer Winter
“’Si'mf; 100 Period Period Period Period Period Period
A A A A A A

120 205 405 350 475 410 475

185 270 535 455 630 535 630

240 325 625 550 735 645 735

525 515 1030 875 1220 1030 1220

2x525 1030 2060 1750 2440 2060 2440
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Figure 5. Modified IEEE-118 bus test network [83].

In the presented network, there are 11 lines with a voltage of 400 kV marked in red in
Figure 5 with a total length of 575 km, 8 lines with a voltage of 220 kV marked in green
and a total length of 386 km, as well as 159 lines with a voltage of 110 kV and a total
length of 3153 km. Most of the lines shown in Figure 5 were designed for a temperature
of 40 °C. Some of them are adapted to higher temperatures, i.e., 60 °C or up to 80 °C.
The load capacity of the line divided into wire cross-sections in winter and summer is
presented in Table 1. The test network shown in Figure 5, after the described modification,
corresponds to the specific operation of the network in Poland in terms of structure, load,
voltage levels and length of line sections. On its basis, one of the problems that occurs in
reality is described, namely overloading of power lines as a result of possible emergency
states in a high-voltage power grid saturated with RES sources.

5. Calculations

The calculations considered two different emergency states in which several power
lines were overloaded. The analysis of calculation cases is presented in Sections 5.1 and 5.2.

5.1. First State of Emergency

In the first state of emergency, the 400 kV line between node 8 and node 30 was
switched off as a result of the failure (marked with a dashed line in Figure 6). The considered
computational scheme is shown in Figure 6.



Energies 2024, 17, 2965 12 of 22

110 kV lines 400 kV lines 220 kV lines
G-1 ——120mm?  ——2x525mm? —525 mm?
185 mm? G-55
7 ——240 mm? ®

15 33 G-37 3

—

5 G;18\(G;19; G:34
+60°C) I 34 /I
17

4

84y

86 85/ 88 89

0
G-87 G-85 G890 | g”
G-90 G-91

Figure 6. First state of emergency—IEEE 118 network illustration.

After the 400 kV line was switched off, the following 110 kV lines were overloaded
(marked with bold lines in Figure 6):

Between node 16 and node 17 by 36% above the permissible load capacity;
Between node 100 and node 103 by 35% above the permissible load capacity;
Between node 17 and node 113 by 26% above the permissible load capacity;
Between node 23 and node 24 by 10% above the permissible load capacity;
Between node 14 and node 15 by 4% above the permissible load capacity;
Between node 13 and node 15 by 3% above the permissible load capacity.

The lines mentioned are overloaded to varying degrees, from several to several dozen
percent. Network operators in Poland believe that even a few percent line overload is
significant and should be eliminated. It should also be noted that the indicated lines are
located in different areas of the analysed IEEE-118 bus test network, which makes it much
more difficult to eliminate their overloads. As part of the preliminary calculations, those
sources were selected that were most responsible for the line overload. For this purpose,
the method of tracking active power flows was used, which allows to determine those
sources on which the load of overloaded lines depends most. These sources are detailed
in Figure 6. They are connected at 110 kV nodes (G-24, G-72, G-19, G-17, G-25, G-113,
G-103). The authors described this methodology, among others, in [1]; therefore, it will not
be described in this article. The power generated in these sources, before optimisation, is
presented in Table 3.
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Table 3. Power generated in RESs (before optimisation in MW), which has the greatest impact on
overloaded lines.

RES Description
G-24 G-72 G-19 G-17 G-25 G-113 G-103
50 50 60 50 100 70 90

According to Equation (5), the number of sources N included in the optimisation task
is 7. According to Equation (6), the maximum number of branches z, which can be turned
off in the considered network state, included in the optimisation task is 4. The number of
all network branches is 178. Excluding radial lines, transmission lines and lines turned off
in an emergency state from this set, the total number of lines that can be turned off is 154.
The number of possible combinations with repetitions for turning off 4 lines out of 154 can
be determined from the following relationship:

—k  (n+k-1)! 154!

" k(n—1)0  41(154 —4)!

= 24,359,335 )

To sum up, the optimisation problem under consideration is characterised by the pres-
ence of continuous (7) and integer (4) decision variables. In the optimisation calculations,
values of active power in the sources were sought to ensure that the limitations on their
generation were as small as possible. By limiting the power in the RESs, it was necessary to
increase the generation in the sources responsible for the power balance in the network.
The sources that were responsible for meeting the power balance conditions were G-08,
G-100, G-26, G125, G-65, G-64, G-38, G-99, G-49, G-59 and G-116. Power is distributed to
individual sources in relation to their maximum values.

Three calculation cases were considered as part of the calculations:

e  Case 1—the weights w; and w,, appearing in Equation (4), were set at the level wy =1
and w; = 0, respectively. This means that only the minimisation of power limitations
in RES plays an important role. However, the number of switched off branches
(maximum 4) does not matter, because the term at F2 is then equal to zero.

o  Case 2—weights w; and w,, appearing in Equation (4), were set at the level w; = 0.9
and wy = 0.1, respectively. This means that both minimising power constraints in the
RES and the number of switched off branches play an important role.

e Case 3—weights wy and wy, appearing in Equation (4), were set at w; = 0.8 and
wy = 0.2, respectively. This also means that both the minimisation of power constraints
in the RES and the number of switched off branches play an important role, with the
weight value w, increased and w; decreased.

In the first calculation case (case 1), it turns out that the number of switched off
branches is 4. These are 110 kV lines between nodes 11-12, 34-43, 23-32 and 25-27. The
power in RES after optimisation is presented in Table 4.

Table 4. Optimal values of power generated in 7 selected sources (case 1).

Generator Node Pg before Pg after Curtailment

Lp. Generator Voltage, Optimisation, Optimisation, APg

kv MW MW MW
1 G-24 110 50 50 0
2 G-72 110 50 50 0
3 G-19 110 60 60 0
4 G-17 110 50 0 50
5 G-25 110 100 100 0
6 G-113 110 70 10 60
7 G-103 110 90 46 44
Total 470 316 154
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In the second calculation case (case 2), it turns out that the number of switched off
branches is 2. These are 110 kV lines between nodes 4-11 and 11-12. The power in RES
after optimisation is presented in Table 5.

Table 5. Optimal values of power generated in 7 selected sources (case 2).

Generator Node Pg before Pg after Curtailment
Lp. Generator Voltage, Optimisation, Optimisation, APg
kV MW MW MW
1 G-24 110 50 18 32
2 G-72 110 50 50 0
3 G-19 110 60 58 2
4 G-17 110 50 43 7
5 G-25 110 100 79 21
6 G-113 110 70 11 59
7 G-103 110 90 40 50
Total 470 299 171
In the third computational case (case 3), it turns out that the number of switched off
branches is 0. The power in RES after optimisation is presented in Table 6.
Table 6. Optimal values of power generated in 7 selected sources (case 3).
Generator Node Pg before Pg after Curtailment
Lp. Generator Voltage, Optimisation, Optimisation, APg
kV MW MW MW
1 G-24 110 50 17 33
2 G-72 110 50 47 3
3 G-19 110 60 60 0
4 G-17 110 50 0 50
5 G-25 110 100 87 13
6 G-113 110 70 2 68
7 G-103 110 90 46 44
Total 470 259 211

The assumed weight values correspond to various situations, but by changing the
weight w, to 0.2 or higher, the calculation results indicated the number of excluded branches
was equal to zero. This means that only power maximisation in RESs was taken into account
(with no switched off lines). The results differed only at lower values of weight w, and
higher values of weight w;. If only function F; is taken into account as the objective
function, then there is no solution. This means that changing the network structure is not
sufficient to eliminate line congestion. Therefore, the search for the number of switched off
branches should be combined with power curtailment in the RES. If the weights w; and w,
take the value wy = 0 and w, = 1.0, respectively, then the result is the number of switched
off branches equal to zero, but this does not mean a minimal curtailment in the power
generated in RESs. Therefore, the value of the weight w; should be different from zero.

Figure 7 shows the optimal values of power generated in RESs for individual calcula-
tion cases (case 1, case 2, case 3).

Figure 8 shows the values of power limited in RESs for individual calculation cases
(case 1, case 2, case 3).

In case 1 and case 2, in addition to limiting the power in the sources, the optimisation
also results in a different number of switched off 110 kV lines. It should be noted that,
depending on the weight values, either four lines (case 1) or two (case 2) are switched off.
It is worth pointing out that the line 11-12 was indicated in both cases.

In case 3, due to the dominant role of the objective function F1 (formula (4)), the
optimisation result is only limited power in RESs. No line is switched off in this case.
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Figure 8. Curtailed generation in RESs for the three calculation cases considered.

Figure 9 shows the course of the best values of the objective function (in individual
iterations) for the considered computational cases (case 1, case 2, case 3).
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Figure 9. The course of the best values of the objective function for the three considered computational
cases, (a) case 1, (b) case 2, (c) case 3.
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Based on Figure 9, it can be seen that despite the very large number of possible
solutions, the algorithm finds a solution after approximately 3000 iterations.

5.2. Second State of Emergency

In the second state of emergency, the 400 kV line between node 38 and node 30 was
switched off as a result of failure (marked with a dashed line in Figure 10). The considered
computational scheme is shown in Figure 10.

110 kV lines 400 kV lines 220 kV lines

G-1 ——120mm?> —2x525 mm? —525 mm?
o 185 mm

87
it 0
G-87 G-85 G89 [ g"
G-90 G-91

Figure 10. Second state of emergency—IEEE 118 network illustration.

After the 400 kV line between node 38 and node 30 was switched off, the following
110 kV lines were overloaded (marked with bold lines in Figure 10):

Between node 23 and node 24 by 55% above the permissible load capacity;
Between node 17 and node 113 by 21% above the permissible load capacity;
Between node 33 and node 37 by 19% above the permissible load capacity;
Between node 15 and node 33 by 8% above the permissible load capacity;
Between node 94 and node 95 by 8% above the permissible load capacity.

Using the power flow tracking method, the sources responsible for line overloads
were identified. These sources are marked in Figure 10. They are connected at nodes 110 kV
(G-24, G-72, G-37, G-113, G-103). As in the previous emergency state, the sources that were
responsible for meeting the power balance were G-08, G-100, G-26, G125, G-65, G-64, G-38,
G-99, G-49, G-59 and G-116.

Two cases were considered as part of the calculations:
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e Case 1—weights w1 and wy, appearing in Equation (4), were set at w; = 0.9 and
wy = 0.1, respectively. This means that both the minimisation of power limitations in
the RES and the number of switched off branches play an important role.

o  Case 2—weights wy and wy, appearing in Equation (4), were setat w; = 0.1 and w, = 0.9.
This also means that both the minimisation of power constraints in the RES and the
number of switched off branches play an important role.

In the first calculation case (case 1), it turns out that the number of switched off
branches is equal to 4. These are 110 kV lines between nodes 15-33, 24-72, 24-70 and
94-100. The power in RES after optimisation is presented in Table 7.

Table 7. Optimal values of power generated in the seven selected sources (case 1).

Generator Node Pg before Pg after Curtailment
Lp. Generator Voltage, Optimisation, Optimisation, APg
kV MW MW MW
1 G-24 110 50 50 0
2 G-72 110 50 50 0
3 G-37 110 150 150 0
4 G-103 110 90 90 0
5 G-113 110 70 56 14
Total 410 396 14
In the second calculation case (case 2), it turns out that the number of disabled branches
is 1. These are 110 kV lines between node 40 and node 42. The power in RES after
optimisation is presented in Table 8.
Table 8. Optimal values of power generated in 7 selected sources (case 2).
Generator Node Pg before Pg after Curtailment
Lp. Generator Voltage, Optimisation, Optimisation, APg
kv MW MW MW
1 G-24 110 50 1 49
2 G-72 110 50 43 7
3 G-37 110 150 15 135
4 G-103 110 90 0 90
5 G-113 110 70 48 22
Total 410 107 303

The assumed weight values for individual criteria result from the fact that taking
into account only one criterion does not eliminate line overloading. If only network re-
configuration is used, overloads on all lines cannot be eliminated. The situation is similar
when only power redistribution is used. In order for overloads to be effectively eliminated,
both reconfiguration and power limiting must be applied to the RES. In case 1 and case 2,
in addition to limiting the power in the sources, the optimisation also results in a different
number of disabled 110 kV lines. It is worth noting that no line is repeated.

Figure 11 shows the course of the best values of the objective function (in individual
iterations) for the considered computational cases (case 1, case 2).

Based on Figure 11, it can be seen that despite the very large number of possible
solutions, the algorithm finds a solution after approximately 3000 iterations.

The duration of the calculations depends on the number of decision variables, the
number of iterations, the size of the population, the size of the analysed network model
and the computing capabilities of the computer. In the first approach, the assumed number
of algorithm iterations was 10,000 and the population size was 16 (twice the number of
decision variables). This gives a total of 160,000 possible results. However, it turned out
that the algorithm finds a solution faster, i.e., after about 3000 iterations. Therefore, in
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the final version it was assumed that the maximum number of iterations will be 5000 and
the population size will be 16. The time to obtain the result in the case of the IEEE 118
bus network is on average about one hour. Therefore, it is reasonable to look for other
methods that will significantly shorten this time and enable the proposed methodology to
be used online. The calculations were performed on a computer with a 13th Gen Intel Core
i9 3.0 GHz processor, 64 GB RAM.
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& 0.6 t:; 0.5
2 05 2 04
5 04 8 03
2 03 3
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Figure 11. Changes of the best values of the objective function for the two considered computational
cases, (a) case 1, (b) case 2.

The most important conclusions from the analyses performed are as follows:

e The combination of two different activities, such as network reconfiguration and
redistribution of source power, allows for reduced power reduction in renewable
energy sources. Smaller reduction of power in renewable energy sources means
smaller financial compensation for investors resulting from redistribution. From the
point of view of both network operators and investors, this is very beneficial.

e  The use of optimisation (especially metaheuristic) increases the efficiency of the entire
computational process.

e  The use of an original, two-criteria objective function allows for flexible change of the
meaning/importance of individual criteria. Depending on which action is important
for the operator, the weight values may be changed accordingly.

e  The number of possible network configurations and the method of indicating sources
responsible for line overloads can be freely changed.

e  Searching for new methods of eliminating line overloads and their implementation in
practice contributes to avoiding overdimensioning of the network.

e  The proposed method can be activated as a result of network development and using
power to connect new sources to the power grid.

In general, it can be said that the more possibilities of network reconfiguration there
are, the smaller the total power limitation in RES. Each calculation case is different. This
means that each emergency condition must be considered individually. Weights should be
selected depending on the importance of a given criterion. The proposed method can be
used when examining the impact of RES on the power grid.

6. Conclusions

The problem of congestion of high-voltage power lines appears especially in those
networks in which large numbers and significant total power are planned to be connected.
This article proposes a method for eliminating these overloads by simultaneously limiting
the power in RESs and changing the network configuration. Both the curtailment of power
generated in RESs and the change of network configuration are used in practice. Using these
methods, the operator can deal with problems related to line overloads and maintaining
power balance in the power grid. Optimal use of these methods allows for even greater
effectiveness in practice. With such a tool, the grid operator will be able to constantly
monitor the network operation and eliminate the previously mentioned problems with
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minimal power curtailment of RESs. This will also translate into minimising the costs of
power redistribution

The novelty of this article is the method used for solving the problem of congestions
caused by RES generation. The method combines two types of variables in the optimisation
process. Therefore, the congestion reduction method can be defined as a multi-criteria
method. This allows us to maximise the total power generated in the RESs selected for
optimisation, while changing the network configuration. The power flow tracking method
was used to identify sources responsible for line overloads. The combination of several
advanced mathematical methods made it possible to solve one of the important problems
of modern power engineering.

The article shows that classical methods and optimisation should rather be used
when planning the development of the power system or when examining the impact of
new sources on the power grid. The computation time is then of no importance. If we
take emergency situations into account, methods should be used that will allow for quick
response and immediate removal of the threat (eliminating line overloads). Therefore, it
is necessary to look for other methods that will significantly shorten the time to obtain a
solution. The authors intend to use selected methods based on artificial intelligence, e.g.,
machine learning, in future research. Perhaps a properly trained machine will be able to
provide a solution very quickly. It will be possible to apply it to the on line analysis.

In future research, the authors intend to propose an extensive, comprehensive method-
ology, also taking into account a change in the method of typing RES for optimisation in
each iteration. Additionally, various ways of dividing the power loss (in the optimisation
process) into sources responsible for maintaining the power balance in the power system
will be considered. Existing or planned energy-storage facilities will also be taken into ac-
count during the calculations. A broader approach to the problem under consideration will
further increase the effectiveness of eliminating power line overloads and will contribute
to increasing the flexibility of the network.
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