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Abstract: Operation of distribution networks involves a series of criteria that should be met, aiming
for the correct and optimal behavior of such systems. Some of the major drawbacks found when
studying these networks is the real losses related to them. To overcome this problem, distribution
network reconfiguration (DNR) is an efficient tool due to the low costs involved in its implementation.
The majority of studies regarding this subject treat the problem by considering networks only
as three-phase balanced, modeled as single-phase grids with fixed power demand, which is far
from representing the characteristics of real networks (e.g., unbalanced loads, variable power and
unbalance indexes). Due to the combinatorial nature of the problem, metaheuristic techniques are
powerful tools for the inclusion of such characteristics. In this sense, this paper proposes a study of
DNR considering balanced and unbalanced systems with variable power demand. An analysis of the
direct influence of voltage unbalance index (VUI) and current unbalance index (CUI) is carried out for
unbalanced cases. To solve the DNR problem, a selective bio-inspired metaheuristic based on micro
bats’ behavior named the selective bat algorithm (SBAT) is used together with the EPRI-OpenDSS
software (California, US, EPRI). Tests are initially conducted on balanced systems, aiming to validate
the technique proposed for both demands and state their differences, and then they are conducted on
unbalanced systems to study the influence of VUI and CUI in the DNR solution.

Keywords: unbalanced distribution systems; distribution network reconfiguration; current unbal-
ance index; voltage unbalance index; variable demand

1. Introduction
1.1. Motivation and Incitement

Distribution systems are the final third of electric power systems’ traditional structure
of generation, transmission and distribution, being responsible for delivering energy to
consumers and needing reliable operation. When considering the medium voltage primary
distribution networks, one of the main concerns is related to real losses through lines.

To treat and reduce these impacts, a number of solutions can be applied, such as:
changing the infrastructure of the network (e.g., installing distributed generation in specific
points), which may be financially or physically infeasible, or modifying the topology of
the system through the operation of disconnect switches [1]. This second option, namely,
distribution network reconfiguration (DNR), ends up being the most favorable due to
the low costs involved in its implementation and the effective results achieved, not only
reducing losses through lines but also improving the voltage limits.

Due to the combinatorial nature of the problem, determined by the 2" relation, where
n is the number of switches that may or not be open, and its characteristic of a mixed inte-
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ger nonlinear problem (MINLP), deterministic approaches become practically unfeasible.
Hence, to solve the problem, heuristics and metaheuristics are often used, as, although
not guaranteeing finding the global optimum, they present good solutions and are almost
straightforward when applied to optimization problems, as opposed to numerical and
mathematical methods that may increase the difficulty of modeling the studied problem [2].
This tendency is seen in studies presented for the solution of the DNR problem in the last
30 years [2].

Although advances in the techniques to solve the DNR problem have been presented
throughout the years, the majority of papers consider all networks as three-phase balanced,
without taking into consideration particularities of real distribution systems, such as load
unbalancing, voltage and current unbalance indexes and variable demand. Based on these
arguments, the paper presented here aims to cover all these matters, proposing to model the
network as three-phase unbalanced with variable demand and considering the influence of
the voltage and current unbalance indexes in the DNR solution. The solution is provided
through a bio-inspired metaheuristic.

1.2. Literature Review

The conventional DNR methods consider a simplified approximation of the system,
in which a balanced three-phase grid is modeled as a single-phase grid with fixed power
demand. This approach has been applied since the 1970s, with [3] as the pioneer study
on the subject. In [3], the authors used a deterministic and a heuristic method to solve
the problem. The same model continued to be used in the years following [4—6]. In most
of these studies, alterations occur only in the method used to solve the problem. In [6],
the authors presented a genetic algorithm (GA)-based technique to reduce losses in two
systems. In [5], the authors presented techniques based on neural networks aiming at
losses reduction, while in [4], a simulated annealing technique is applied to reduce losses
on three different systems.

Until today, most studies were based on models similar to the approximations used
in earlier studies; nevertheless, new heuristics, metaheuristics and especially bio-inspired
methods have been continuously proposed throughout the years in order to improve
the solutions found to the DNR problem. In [7], the authors presented an ant colony
optimization (ACO) algorithm to reduce losses on 16- and 84-bus systems. In [8], the
authors proposed a new heuristic based on the direction of power flow to solve the DNR
problem, aimed at losses reduction on 33-, 69- and 84-bus systems. The authors of [9]
proposed three different approaches in the following years. The first approach [9] is based
on particle swarm optimization (PSO) and was applied by the authors to reduce losses
on 33- and 69-bus systems, the second [10] uses a modified tabu-search algorithm (TSA)
to reduce losses on 16-, 69- and 119-bus systems with three load levels (light, normal and
heavy), and, in the third paper [11], the authors proposed the use of the ACO and harmony
search (HS) algorithm to reduce losses on 33- and 119-bus systems. In the following years,
the authors in [12] presented an algorithm based on bacterial foraging (BFA) to reduce
losses on 16-, 33- and 69-bus systems. In the same year as [12], authors in [13] presented
an approach to solve the DNR problem aimed at losses reduction using the cuckoo search
algorithm (CSA) and applied it on 33-, 69- and 119-bus systems. Subsequently, two new
approaches were presented by the authors of [13], one based again on the CSA [14] to
allocate DG alongside DNR, applying it to 33-, 69- and 119-bus systems, and a second
paper based on the runner root algorithm (RRA) [15], applied to a multiobjective DNR on
33- and 69-bus systems.

More recently, the authors in [16] presented an approach based on selective particle
swarm optimization (SPSO) to reduce losses on 33- and 84-bus systems, discussing vari-
ations of the SPSO to solve the problem. In [17], a customized evolutionary algorithm is
proposed to solve the DNR problem, where the objective is to reduce a fitness function that
considers power losses and voltage profile on 33-, 69- and 119-bus systems. In [18], the
authors presented a discrete PSO to reduce voltage fluctuations on a 69-bus system and on
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a practical 95-bus system. In [19], a discussion of three heuristic methods to solve the DNR
problem, aiming to reduce total harmonic distortion (THD) on 69- and 119-bus systems,
is presented, while in [20,21], respectively, an improved sine—cosine algorithm to both
reconfigure the system and allocate DG units on 33- and 69-bus systems and an approach
based in GA and PSO to improve the system reliability on a 33-bus system are presented.

In past years, some works took into account a variable power demand but still consid-
ered the system three-phase balanced, as seen in [22,23] and more recently in [24,25].

Although DNR methods based on bio-inspired and metaheuristic techniques have
been continuously proposed, as well as some papers considering variable demand, some
crucial aspects of distribution networks have not been taken into account, such as charac-
teristics related to unbalanced systems.

One of the first studies on the subject was presented by [26] in the beginning of the
1990s. In the following years, a reduced number of papers raised this approach, such
as [27,28]. In recent years, the subject came into more prominence, as seen in [29,30].
Through brief bibliographical research, the reduced number of papers presenting the
DNR under such conditions in comparison with the traditional model (balanced with fixed
demand) is clearly noticed. In addition, the majority of studies were carried out considering
the power demand fixed, i.e., without load variations over time. Some examples that
present unbalanced systems with variable demand are [31-35]. In [31,32], the DNR problem
for unbalanced systems is solved through a heuristic approach, while in [33-35], the authors
applied, respectively, a heuristic together with GA [33], GA [34] and TSA, together with a
harper search sphere (HSS) [35]. In the majority of cases, although dealing with unbalanced
networks, unbalance indexes are not taken into consideration, with only some papers
dealing with this aspect, for example [29,36]. However, the influence of these indexes,
which may be important in some specific cases [37,38], and how they can directly affect
solutions found, depending on limits established, is not the direct focus of these papers.

1.3. Main Contributions and Structure

In this context, this research proposes to model the DNR problem considering first
balanced systems and then unbalanced distribution systems under the influence of VUI
and CUI, both with fixed and variable power demand. The consideration of these two
cases (fixed and variable) helps to illustrate the differences between both approaches,
starting from the objective function and going through the results presented, which might
be different between them.

High levels of VUI can affect losses, operation of polyphase electric machines, three-
phase power electronic loads [37] and high levels of CUI can cause difficulties related to
ground fault protection relay [37] and influence power and energy losses [38]. Therefore,
the inclusion and analysis of the influence of these indexes are the major contributions of
the paper, especially considering the context of variable demand, as these are often not
taken into consideration and directly affect the results of the DNR problem on unbalanced
systems. The problem is solved using a variation of a bat-inspired algorithm, named
the selective bat algorithm (SBAT). The main advantages of this technique are its flexible
structure and consolidated theory, leading to suitable applications in a vast number of
problems, providing a balance between results and computational time in comparison
with deterministic techniques, and great flexibility in its structure, showing itself as more
versatile than the traditional algorithms, as it can combine characteristics from PSO and
HS [39]. EPRI-OpenDSS is selected to conduct the electrical analysis of the studied systems
and the influence of VUI and CUI is presented in detail for the unbalanced systems.

The paper is structured as follows: Section 2 introduces the mathematical model
of the problem, Section 3 presents the proposed SBAT technique, Section 4 brings the
implementation and application of the proposed metaheuristic to DNR, Section 5 presents
the results found and discussions regarding the influence of VUI and CUI, and, finally,
Section 6 concludes the study.



Energies 2022, 15, 1686

4 0f 27

2. Distribution Network Reconfiguration Mathematical Model

The DNR problem is modeled by two distinct objective functions to be minimized, one
for fixed demand (reducing real losses) and other for variable demand (reducing the daily
real losses costs), aiming to illustrate the differences between both. The objective functions
are modeled as Equations (1) and (2) (for both balanced and unbalanced systems). The two
optimization problems are subject to constraints (3)—(9). Constraints (10) and (11) are related
to unbalanced cases only (fixed or variable). This model is based on the one found in [22]
for balanced networks, corroborated by the one found in [40] for unbalanced networks in
the presence of photo-voltaic generators (PV) and energy storage. Here, the main difference
resides in considering constraints related to voltage and current unbalance indexes.

. . . 2 2
Minimize — Y [8ij,pnXij(Vipn + Vipn — 2Vipn Vi ph €08 6 pi)] €))
ijenl,ph

Minimize —> Z 2 CilsAd [gij,phxij«vi%d,ph + Vj%d,ph —2Via,pnVjd,pn cOS Gij,d,ph)] (2

deQy ijGQl,ph
subject to:
Jey,
difph B Qi[,)d,ph - Z xijQijd,pn =0 4)
jEQy,
Vmin S ‘/l,d,ﬁh S Vmax (5)
Xij €0,1 (6)
2 xij=np — 1 7)
ijey
det(Inc) =1or—1 8)
72
b 2 = il ©)
VP = Vige,
M < UFV (10)
V’wgi,d

h
‘sz]{,d| - Iﬂvgij,d < UFI (11)
Iavgij,d
where we use the following definitions: g;; ,;,: conductance of branch ij of phase ph; ) y:
set of branches of the studied system at phase ph; x;;: state of the switch at branch ij; V; ,,:
voltage of bus i and phase ph; V; ,,: voltage of bus j and phase ph; 6; ,,: angular difference
of buses i and j at phase ph; (2;: set of all demand levels d; cils: losses costs of demand level
d; Ag: duration of demand level d; V; 5 ,,: voltage of bus i and phase ph at demand level d;
Vja,pn: voltage of bus j and phase ph at demand level d; 6;; 4 ,,: angular difference of buses
iand j at phase ph and demand level d; (), set of system buses connected to bus i; Pfd,ph:
active power supplied from substation to bus i at demand level d and phase ph; Pl%, ph*
active power demanded by bus i at demand level d and phase ph; P;j 4 ,: active power
flow at branch ij at demand level d and phase ph; Qi 4,pn* Teactive power supplied from

substation to bus i at demand level 4 and phase ph; Qilji, pi’ Teactive power demanded by
bus i at demand level d and phase ph; Qjj 4, pi: reactive power flow at branch ij at demand
level d and phase ph; V,,;;,: minimum voltage limit; Vit maximum voltage limit; 7y,
total number of branches that compose the studied system; Inc: incidence matrix of the
studied system; I, , ,: real component of flowing current of branch ij at demand level d

and phase ph; Lim 5, imaginary component of flowing current of branch ij at demand
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level d and phase ph; Ijj 4 i+ total current of branch ij at demand level d and phase ph; UFV:

admissible phase voltage imbalance index (%); Vz.p ;: vector of voltages of all three phases
at bus i and demand level d; Vi, ,: average voltage magnitude of all three phases at bus i

and demand level d; UFI: admissible current imbalance index (%); If;./};: vector of currents
of all three phases at branch ij and demand level d; g, , average current magnitude of all
three phases at branch ij and demand level d.

Equations (3) to (7) are responsible for the following constraints: Equation (3) is
the active value of the power balance. Equation (4) is the reactive value of the power
balance. Equation (5) represents the minimum and maximum voltage limits, established
by regulatory bodies. Equation (6) indicates the state of the system switches (open = 0,
closed = 1). Equation (7) indicates the total number of switches composing a system to
assure its radial operation (after DNR). Equation (8) is an additional constraint related
to the radial operation, presenting a value equal to 1 or —1 when the system is in this
condition [9]. Equation (9) is related to current capacity in the system branches. This last
constraint can be neglected in the majority of DNR studies dealing with system losses, as its
values tend to reduce together with the objective function, i.e., losses [23]. It is also worth
pointing out that, as the substation capacity is neglected, substations can be concentrated
in a single bus [23]. Equations (10) and (11) are constraints related to the voltage unbalance
index (VUI) and current unbalance index (CUI) [41], taken into consideration only in
unbalanced cases (fixed and variable).

For the cases herein studied that are three-phase and unbalanced, the objective func-
tions are calculated by phase. The load flow is determined via EPRI-OpenDSS, allowing a
simple approach to analyze the systems’ behavior under the established conditions.

The method used by EPRI-OpenDSS is based on an iterative calculation and on
a method called “Normal” by the developers [42], which uses primitive admittance to
determine the load flow. The details and description of the available methods in EPRI-
OpenDSS are found in [42].

3. Bat Echolocation Algorithm—Selective Approach

The bat algorithm was proposed by [43], inspired by the behavior of micro bats in
search of a better position to attack potential prey and avoid obstacles. Micro bats emit a
high-level pulse and also listen to the reverberation of echoes coming from objects in their
surroundings. Properties of the emitted pulses are correlated with the animal’s hunting
strategies and can detect distance, orientation, type and velocity of a potential target [44].

Three fundamental characteristics represent the behavior, serving as the foundations
of the technique according to [44]:

®  Echolocation is used by all bats to perceive distance and differentiate prey from barriers;

®  These same bats fly in a random way, considering the following parameters: speed v;
and position x; (Where i is the i-th particle), fixed minimum frequency f,,;,, variable
A and initial loudness Aj. The emitted pulses A and pulse emission r € [0,1] are
adjustable depending on the target proximity;

e The variation of loudness is assumed as ranging from a higher value A to a mini-
mum A,,iy,-

Simplifications are often adopted to the algorithm, such as: limiting the frequency
range and the pulse emission rate to f € [0, fax| and ¥ € [0, 1], where fyqy is the upper
limit in the first and 0 and 1 indicate no pulse and maximum pulse rate, respectively, in
the second.

Following these definitions, the main mathematical expressions of the algorithm are
summarized by Equations (12)—(14):

fi = fmin + (fmax - fmin)ﬁ (12)
o = o+ (xf — 2 (13)
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xb=axt"t4of (14)
1 1 1

where B € [0,1] is given through a random number, x. is the current global best and v! is
the velocity at instant ¢. The value of the initial frequency is randomly taken from a uniform
distribution between the frequencies | fyin, fmax]. The technique has a second procedure,
responsible for a local search aiming to select the best value between the current solutions.
Through this step, a new solution x;, is generated for each bat using a random walk
method. Equation (15) summarizes this procedure.

Xnew = Xo1d + eAl (15)

where x,; is the previous position of the bat, € € [—1, 1] is a random number between a
given interval and A’ = (A!) is the average loudness of all bats at instant . The values
of loudness A; and pulse emission r have the possibility of being updated iteratively. It
is typical to consider that A; reduces and r increases when locating a new prey. They are
given by (16) and (17), respectively.

A = Alg (16)

it = i1 — "] (17)

where « and 1y are constants that attenuate the values of (16) and (17) and r? is the initial
value of the emission rate. According to [45], it is typical to set « = 7 = 0.9. The initial
values Al and r! are given between [1,2] and [0, 1], respectively, updated as solutions
improve [45].

As stated earlier, the algorithm has the advantage of combining characteristics of
the PSO and HS algorithms when some simplifications are adopted in the parameters A!
and rf, becoming an approximation of either PSO or HS. This particularity makes the bat
algorithm a more versatile option in comparison with the last two when applied to solve
highly combinatorial problems such as the DNR problem [43].

To correlate the algorithm with the DNR problem, some adaptations are often per-
formed in the original structure of the technique, as the problem deals with integer values
and the technique is initially conceived to deal with real variables. Normally, as proposed
in this paper, a selective approach is applied to deal with this characteristic.

The proposed SBAT uses a similar adjustment as the one presented in [46] for PSO.
This is conducted considering that the positions of the particles (i.e., bats) are compressed
in a series of discrete integer values d, through a sigmoid function, transforming each i-th
position coordinate.

Equations (18) and (19) summarize this process. Equation (18) describes the sig-
moid function used and Equation (19) the relation established to correlate the values of
Equation (18) with the switch number.

1

t41

o(xt) =d)———
1+e N

1

(18)
Smif o(xith) <1

xi (19)
San if o(xTh) <n

Relation (19) indicates the element S of the given vector S = [S;; s 4] that will be
selected based on the result found by (18). Variations of the exponent of e " are used to
achieve a better fitting to the DNR problem. In this paper, the empirically defined exponent
fo“ is used for all systems.

Hence, to solve the DNR problem using the SBAT, each particle position will represent
a set of switches to be opened, where each position coordinate represents a switch selected
from a given search space using Relation (19) as previously established. The number of
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coordinates of the bats” positioning is the same as the number of open switches needed to
maintain the system operating as a radial network, n,s, inferred from Equation (7).

Regarding the search space, it is composed of fundamental loops (FL) that are estab-
lished when considering the system as a meshed network. The total number of FL is also
the same as 7,5, as one switch is chosen for each FL to compose the set of switches of the
solution. For example, in the 33-bus and 37-branch system [47], nos = 5, and, therefore, the
system is composed of five FL and the solution of five switches. A detailed description of
how this is performed can be found in [1].

4. Selective Bat Algorithm Applied to DNR

The SBAT here proposed was implemented in Python and all load flow calculations
were performed via the software EPRI-OpenDSS. The interface between Python and EPRI-
OpenDSS is possible through COM.

As distribution networks operate in a radial way, there must be no meshes in the
system. This is assured by opening one different switch of each mesh (considering that
all branches have one switch and have taken into consideration the sigmoid function of
Section 3) and attending the constraints related to radiality presented in Section 2, as briefly
presented in Section 3

In all cases herein studied, the search process of the algorithm presented in Section 3 is
directly correlated with losses (fixed demand) and total losses costs (variable demand). In
summary, if a particle (bat) is near a potential prey, it indicates that the value of the objective
function is better, so the remaining particles tend to walk towards this direction. In the
technique, a bat represents a potential solution to the DNR problem, where its position
coordinates, as previously cited, indicate an open switch in the studied system after the
reconfiguration. Figure 1 presents all the steps of the developed technique using the SBAT.

Define the type of
simulation to run:
snapshot (standard/set=0)| Yes
or daily (set=1)

4
Calculate the load flow and
losses through OpenDSS and
COM interface considering the
(OpenDSS) type of simulation (0 or 1)

Initialize bat population
(random positions), with
a distribution defined by
the user, and determine
algorithm parameters

Verify radiality constraint

Define search space

Initiate the SBAT in

search of the best

solution through =
equations and concepts All population was tested?
presented at Section 3

Yes

|
Update the best found solution and
the iterations number

erify if the max. number
of iterations was reachead

Yes

|

Present the results found:
set=0: Losses and voltage of each phase
set=1: Losses Costs and minimum voltage per hour

End

Figure 1. SBAT to solve the DNR problem flowchart.
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The summarized steps of the proposed approach are as follows:

e  Step 1: Loading of all system data into EPRI-OpenDSS;

®  Step 2: Definition and input of all SBAT parameters. The velocities and positions
of the particles are uniformly distributed in a user-defined range. The search space
(number of switches to be opened) is defined satisfying constraints of Section 2;

e  Step 3: Start of the metaheuristic process. The search is performed using all equa-
tions of Section 3, where the values of frequency and the positions of the particles,
i.e., bats, are updated using the best values as reference. The local search procedure is
also conducted, and the pulse emission rate is checked. Initially, the values of bats’
positions are represented through continuous numbers. Posteriorly, these same values
are approximated to selective values (representing the system switches) according to
the sigmoid function and relation established in Section 3;

*  Step 4: Switches are opened and the objective function is calculated through EPRI-
OpenDSS. All constraints are checked. If the system is unbalanced, the additional
checking of VUI and CUTI is performed. If constraints are not attended, the solution
is penalized;

®  Step 5: Verification that all the population was tested. If not, the algorithm returns to
Step 4; if yes, the algorithm jumps to Step 6;

e  Step 6: Verification that the stoppage criteria, i.e., total number of iterations, were met.
In a negative case, the present iteration number is incremented and the algorithm
returns to Step 2. In a positive case, the algorithm stops and all proposed results
are presented.

5. Results and Simulations

The tests were conducted mainly in two balanced systems (33- and 69-bus systems)
and two unbalanced systems (19- and 25-bus system). These four cases were first carried
out with a fixed power demand and then with a variable demand. The voltage limits
constraint was established between 0.93 p.u. and 1.05 p.u. The voltage unbalance index
(VUI) and current unbalance index (CUI) for unbalanced systems were established as
3% [41] and 30% [38], respectively, with a specific analysis for the influence of these indexes
conducted. To assess the results found using the SBAT, a comparison with the traditional
SPSO [46] and with a version of the selective harmony search (SHS) algorithm presented
in [48] was carried out. Tests considered 100 runs for each system, with the exception of SHS
for the 69-bus system with variable demand. In this case, only 25 tests were performed due
to the high computational time required for each run. In addition, a brief analysis of DNR
considering VUI and CUI on a modified 123-bus system was conducted and presented. All
simulations were run on a notebook equipped with an Intel-Core i7 (California, US, Intel
Corporation,) processor running on a Microsoft-Windows 10 (Washington, US, Microsoft
Corporation) environment.

5.1. Algorithm Parameters

One of the crucial points for extracting better performance of bio-inspired metaheuris-
tics is the setting of parameters. The SBAT presents a considerable amount of parameters
to be adjusted, which may require some time to be defined properly. In addition to the
proper algorithm parameters are those related to iterations and population, also needing a
correct adjustment. Also, the variable demand cases must present the characteristics of all
loads considered in the system, together with the hourly costs.

Regarding the SBAT, the parameters set were: «, 7, r?, A?, fmin and fyax. The param-
eters & and  were empirically set through tests with values varying from zero to one,
setting them to the best values found, i.e., 0.8. Regarding the values of ¥, A?, f,,;, and
fmax, these were set as those usually adjusted for most applications, as defined in [45]
and cited in Section 3. The SPSO parameters, learning factor 1 ¢y, global learning factor 2
¢y, maximum inertia weight W,4y, minimum inertia weight W,,;,, and maximum velocity
V, were set as the default parameters of the PSO algorithm [49]. As for SHS parameters,
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harmony memory considering rate HMCR, pitch adjusting rate PAR and bandwidth bw,
they were set according to the values presented in [50]. The only exception is the number
of improvisations N1, defined in the same way as the empirical test for the SBAT. These
values were used in all simulations performed and are all described in Table 1.

Table 1. Algorithms’ fixed parameters.

SBAT
Parameter Value
fmin 0
fmax 1
Al random € [1,2]
rg random € [0,1]
« (user-given [0,1]) 0.8
v (user-given [0,00]) 0.8
SPSO
Parameter Value
C1 2
(0)) 2
Winax 1
Wmin 0
\% 1
SHS
Parameter Value
HMCR 0.85
PAR 0.35
bw 1
NI 25

Population size, or harmony memory size (HMS) in the case of HS, and number
of iterations for all algorithms were considered variable according to 1., described in
Section 3. These values were defined to achieve a balance between convergence and
computational time, aiming to extract a better performance from both points of view.
Table 2 presents these values for the four main systems tested.

Table 2. SBAT variable parameters.

Parameter Value 33-Bus (B) 69-Bus (B) 19-Bus (UN) 25-Bus (UN)
Size of the population 1, = 101 50 50 20 30
Total number of iterations n;; = 2071, 100 100 40 60

As for the variable demand characteristics, the definitions found in [22,23] are followed
and presented in Table 3. Residential, commercial and industrial loads were respectively
identified as 1, 2 and 3. For each load type defined in Table 3, a cost (USD/kW) was
associated with the respective hour together with a load factor. Each load located at a bus
was characterized with a type described in Table 3. The selection for all systems, except
the 33-bus system, was made through the Python function random.choice(), weighted with
probabilities of 60%, 25% and 15% for choosing residential (Type 1), commercial (Type 2) or
industrial (Type 3), respectively. The 33-bus system load distribution was taken from [51]
for a comparative basis. For the unbalanced systems, the load types per phase in each bus
were the same, e.g., bus 1 loads at phases A, B and C were residential. Finally, to compute
the total losses costs when dealing with variable demand, simulations were performed



Energies 2022, 15, 1686

10 of 27

considering 24 h for each configuration found, where the real losses costs in the current
topology were determined at each specific hour of the day. The total losses costs in one day
are represented through the sum of each of these costs in all hours. This procedure results
in a final topology for one day, thus avoiding a constant state-changing of the system
switches and preventing their wear out. With these definitions, it is possible to simulate
DNR for the proposed systems.

Table 3. Hourly costs and load profile (24 h).

Hour Hourly Costs (USD/kW)  Residential Factor (T1) Commercial Factor (T2)  Industrial Factor (T3)

0.065
0.065
0.065
0.065
0.065
0.065
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.13
0.13
0.13
0.13
0.15
0.15
0.15
0.065
0.065
0.065

0.36 0.2838 0.0625
0.26 0.2973 0.1
0.24 0.2838 0.075
0.22 0.3108 0.1188
0.24 0.2938 0.1
0.42 0.3378 0.0875
0.54 0.4054 0.1375
0.56 0.527 0.3875
0.54 0.7297 0.7438
0.58 0.8311 0.7625
0.43 1 0.9
0.48 0.9595 1
0.58 0.9324 0.6188
0.52 0.9595 0.6875
0.41 0.973 0.7875
0.46 0.9595 0.7625
0.42 0.973 0.8125
0.49 0.9189 0.875
0.79 0.7838 0.6188
0.984 0.7162 0.3563
0.97 0.6622 0.2375
1 0.5811 0.125
0.54 0.5 0.1188
0.42 0.3229 0.0832

5.2. Balanced Systems

Firstly, a 33-bus and 37-branch balanced system was considered, presenting a base
voltage of 12.66 kV. All system data are found in [47].

Initially considering a fixed demand and characteristics provided in Reference [47],
the algorithm was tested in 100 runs and results are presented in Table 4. Figure 2 shows
the voltage levels at each bus before and after the reconfiguration.

Results in Table 4 show a 31.08% reduction in real losses, comparing initial and final
distribution network configuration. From Figure 2, it is possible to assume that voltage
levels were improved compared to the initial configuration, going from a minimum of
0.912 p.u. at bus 18 to 0.936 p.u. at bus 32. All results obtained are compatible with the
technical literature [8,15,22,52].

Table 4. Results found for the 33-bus and 37-branch balanced system (fixed demand).

33-Bus System Real Losses (kW) Topology Real Losses Reduction (%) Avg. Losses (kW) Conv. Best Result (%)
Technique  Before DNR After DNR Before DNR After DNR After DNR Avg. Value Percent
SBAT 202.7 139.7 33-34-35-36-37 7-9-14-32-37 31.08 139.74 96
SPSO 202.7 139.7 33-34-35-36-37 7-9-14-32-37 31.08 141.69 60
SHS 202.7 139.7 33-34-35-36-37 7-9-14-32-37 31.08 139.88 82
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Figure 2. 33-bus and 37-branch system voltage levels (fixed).

In Table 4, a comparison between the SBAT, SPSO and SHS is also presented, showing
which of the three found the best result. The SBAT overcame SPSO and SHS with a

convergence rate of 96% and average losses of 139.74 kW.
The results provide a basis to consider the variable demand with the premises estab-

lished in [22,23]. It is necessary to define the types of loads used in daily simulations. For
the 33-bus case, this definition was (type of load /bus allocated): residential (2 to 4, 8 to 9,
11, 14 to 21, 23 to 25, 29, 31, 33), commercial (6 to 7, 10, 13, 22, 26 to 28, 30) and industrial (5,

12, 32).
Table 5 describes results for variable demand. Figure 3 indicates minimum voltage

levels for each hour along the day.

Table 5. Results found for the 33-bus and 37-branch balanced system (variable demand).

33-Bus System Total Costs (USD) Topology Total Costs Reduction (%) Avg. Costs (USD) Conv. Best Result (%)
Technique  Before DNR After DNR Before DNR After DNR After DNR Avg. Value Percent
SBAT 129.8 33-34-35-36-37 9-7-14-32-28 3157 129.89 95
SPSO 129.8 33-34-35-36-37 9-7-14-32-28 31.57 131.60 62
SHS 129.8 33-34-35-36-37 9-7-14-32-28 3157 130.02 72

1.00

m final
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3
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g
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Figure 3. 33-bus and 37-branch system voltage levels (variable).

It is possible to verify from results in Table 5 that the new configuration reduced
the total losses costs by 31.57% in comparison with the initial topology. In addition, it is
possible to notice that the result is different from the one found considering fixed demand,
pointing to opening switches 9-7-14-28-32 instead of 9-7-14-32-37, showing the importance
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of considering a variable load demand during simulations when searching for an optimum
DNR. The minimum voltage levels also improved, going from initial 0.926 p.u. minimum
at bus 18 (20 h) and 0.981 p.u. maximum-minimum at bus 18 (4 h) to final 0.951 p.u.
minimum at bus 33 (20 h) and 0.987 p.u. maximum-minimum at bus 32 (3 h). All results
are compatible with the results presented in [22,23] for the same system.

A comparison presented in Table 5 shows that the best solutions were also found
by SPSO and SHS, but they had a worse performance in comparison with the SBAT.
Selective PSO reached the best solution in 62% of all runs and an average total losses cost of
131.60 USD/kW. Selective HS reached the best solution in 72% of all runs and an average
total losses cost of 130.02 USD/kW. Figures 4 and 5 shows the final configuration and the
open switches for fixed demand and variable demand respectively.

23 24 25‘26 27 28129 30 31 32 33

|23 |24 | | |26 27| 28729 | 30] 31 32| 36
b
22 25 s
1
| 2 3 4 56 7 8 91011 12 13 14/ 15 16 17 18
1123 ]als5l 6|7 ]8lo]10]1]12]13]14]15]16]17]
| RN N L
5 33
19 20 21| 22
| 19| 20 [21] 35

Figure 4. 33-bus and 37-branch system final configuration (fixed).
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1]23|als[ 6| 7] 89101 12]13]14]15] 18] 17]
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Figure 5. 33-bus and 37-branch system final configuration (variable).

The second balanced system presents 69 buses and 73 branches and is widely used in
the literature. It was firstly presented in [53]. The base voltage of the system is 12.66 kV.
Table 6 describes the results obtained for the SBAT. Figure 6 illustrates the respective initial
and final voltage levels for each bus.
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Table 6. Results found for the 69-bus 73-branch balanced system (fixed demand).
69-Bus System Real Losses (kW) Topology Real Losses Reduction (%) Avg. Losses (kW) Conv. Best Result (%)
Technique  Before DNR After DNR Before DNR  After DNR After DNR Avg. Value Percent
SBAT 225.5 98.8 69-70-71-72-73 58-61-70-69-14 56.19 98.96 96
SPSO 225.5 98.8 69-70-71-72-73 58-61-70-69-14 56.19 108.07 31
SHS 2255 98.8 69-70-71-72-73 58-61-70-69-14 56.19 100.60 8
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Figure 6. 69-bus and 73-branch system voltage levels (fixed).

All results found for this system (losses and voltage levels) in Table 6 and Figure 6
point to an improvement in the operative indexes after the reconfiguration. The losses
reduced by 56.19% and the minimum voltage level increased from 0.907 p.u. at bus 69 to
0.948 p.u. at bus 65. Again, the results found are compatible with those in the specialized
literature [54].

This case presents a particularity where different configurations, such as opening
switches 55-61-70-69-14 or 56-61-70-69-14, show approximately the same percentage reduc-
tion and voltage levels as switches 58-61-70-69-14.

Table 6 also shows that the SBAT, SPSO and SHS reached the same solution, although
the SBAT presented a better convergence to the best result (96%) and average final losses of
98.96 kW considering all runs. Selective PSO reached the best result in 31% of runs and an
average final losses value of 108.07 kW. Selective HS reached the best result in only 8% of
runs, although with a better average final losses value than SPSO (100.60 kW).

For the same system, now considering variable demand, the loads were defined as
follows (load type/bus allocated): residential (9 to 10, 13 to 14, 16, 18, 20, 24, 26 to 29, 34,
39, 43, 45-46, 48, 50 to 51, 61 to 62, 64, 66 to 67 ,69), commercial (7 to 8, 11, 17, 21, 33, 35, 37,
40, 49, 52, 55, 65, 68) and industrial (6, 12, 22, 41, 53 to 54, 59). As it is possible to notice,
some buses are not connected to any type of load. Results obtained using the SBAT for the
69-bus balanced system with variable demand are presented in Table 7 and Figure 7.

In the same way as the 33-bus test system, results show improvements in several
indexes, such as total losses costs and minimum voltage profile. The first presented a
decrease of 54.56% and the second an improvement, going from initial 0.915 p.u. minimum
at bus 65 (20 h) and 0.981 p.u. maximum-minimum at bus 65 (4 h) to final 0.951 p.u.
minimum at bus 61 (20 h) and 0.989 p.u. maximum-minimum at bus 61 (4 h). For this
system, the set of switches defined as the best by the SBAT was the same as the one
presented for the fixed demand case (58-61-70-69-14). There is no comparative basis in
the technical literature in order to compare the obtained results to other results, taking
into account the same premises in this research. The final configuration both for fixed and
variable demand with its open switches is shown in Figure 8.
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As presented for fixed demand, Table 7 shows also the results found by SPSO and
SHS considering the same condition. Again, SPSO was able to find the best result, but with
a convergence rate to this result of 27% and average total losses costs of 93.23 USD/kW,
lower than the results found by the SBAT, which were respectively 95% and 85.41 USD/kW.
Selective HS also found the best result, with a lower convergence rate to the best (8% for
only 25 runs), but with a higher average total losses costs (86.34 USD/kW) than SPSO.

Table 7. Results found for the 69-bus and 73-branch balanced system (variable demand).

69-Bus System Total Costs (USD) Topology Total Costs Reduction (%) Avg. Costs (USD) Conv. Best Result (%)
Technique  Before DNR After DNR Before DNR  After DNR After DNR Avg. Value Percent
SBAT 187.5 85.2 69-70-71-72-73 58-61-70-69-14 54.56 85.41 95
SPSO 187.5 85.2 69-70-71-72-73 58-61-70-69-14 54.56 93.23 27
SHS 187.5 85.2 69-70-71-72-73 58-61-70-69-14 54.56 86.34 8
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Figure 7. 69-bus and 73-branch system voltage levels (variable).

5.3. Unbalanced Systems

The study of unbalanced systems with variable demand considering unbalance in-
dexes aims to better represent the characteristics of a real distribution system. The first
unbalanced case studied was a 19-bus and 20-branch system with different load levels in
each phase characterizing the imbalance [55]. The voltage base was 4.16 kV.

Initially, a fixed power demand was considered. Table 8 describes results for 100 runs,
Table 9 shows the losses per phase before and after reconfiguration, and Figure 9 shows
the voltage levels for each bus and each phase before and after reconfiguration.

The results found by the SBAT for this first test indicate opening switches 10-11,
with an active losses reduction of 38.98% and a reduction in losses per phase. Voltage
levels presented in Figure 9 show an improvement from initial to final configuration,
from 0.950 p.u. minimum at bus 19 phase B and 0.999 p.u. maximum at bus 1 phase B to
0.969 p.u. minimum at bus 13 phase C and 0.999 p.u. maximum at bus 1 phase B. These
results are compatible with those obtained in the literature [55]. For comparison, SPSO and
SHS found the same results.
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Figure 8. 69-bus and 73-branch system final configuration.

Table 8. Results found for the 19-bus and 20-branch unbalanced system (fixed demand).

19-Bus System Real Losses (kW) Topology Real Losses Reduction (%) Avg. Losses (kW) Conv. Best Result (%)
Technique  Before DNR After DNR Before DNR After DNR After DNR Avg. Value Percent
SBAT 13.22 8.06 19-20 10-11 38.98 8.06 100
SPSO 13.22 8.06 19-20 10-11 38.98 8.06 100
SHS 13.22 8.06 19-20 10-11 38.98 8.06 100

Table 9. Total losses per phase (19-bus system /fixed demand).

19-Bus System Phase A Losses (kW) Phase B Losses (kW) Phase C Losses (kW)
Technique Before DNR After DNR Before DNR After DNR Before DNR After DNR
SBAT 4.37 2.78 4.37 2.48 4.48 2.80
SPSO 4.37 2.78 4.37 2.48 4.48 2.80

SHS 4.37 2.78 437 248 448 2.80
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Figure 9. 19-bus and 20-branch system voltage levels (fixed).

The solution found attends all limits established, i.e., voltage limits, VUI and CUL
The maximum values obtained for VUI and CUI through the solution were 0.42% and
25.31%, respectively.

If the CUI value of 25.31% is considered high, the minimum CUI limit that presents a
feasible solution is 21%. Now, the new configuration with minimum losses that attends
all constraints indicates opening switches 9-20, with a minimum and maximum voltage
of 0.948 p.u. at bus 19 phase C and 0.999 p.u. at bus 1 phase B, maximum VUI of 0.24%
and maximum CUI of 20.63%, reducing the total losses only by 8.85% with a final value of
12.05 kW.

For a variable power demand, the loads were considered as the same type for all
phases in each bus and as the following (type of load/bus allocated): residential (2 to 4,
7t09, 10, 15 to 16), commercial (5 to 6, 12 to 13, 17) and industrial (1, 11, 14, 18).

Results are presented in Table 10, with the total losses costs (USD), open switches,
percentage costs reduction (%), average costs (USD) and convergence rate (%) for 100 runs.
Table 11 shows the total losses costs per phase. Figure 10 illustrates the minimum voltage
profile for 24 h.

Table 10. Results found for the 19-bus and 20-branch balanced system (variable demand).

19-Bus System Total Costs (USD) Topology Total Costs Reduction (%) Avg. Costs (USD) Conv. Best Result (%)
Technique Before DNR After DNR Before DNR After DNR After DNR Avg. Value Percent
SBAT 11.23 7.02 19-20 13-11 37.49 7.02 100
SPSO 11.23 7.02 19-20 13-11 37.49 7.02 100
SHS 11.23 7.02 19-20 13-11 37.49 7.02 100

Table 11. Total costs per phase in 24 h (19-bus system/variable demand).

19-Bus System Phase A Costs (USD) Phase B Costs (USD) Phase C Costs (USD)

Technique Before DNR After DNR Before DNR After DNR Before DNR After DNR
SBAT 3.69 2.40 3.69 2.14 3.85 2.48
SPSO 3.69 2.40 3.69 2.14 3.85 2.48
SHS 3.69 2.40 3.69 2.14 3.85 2.48
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Figure 10. 19-bus and 20-branch system voltage levels (variable).

It is possible to infer from Tables 10, 11 and Figure 10 that there was an improvement
comparing the final with the initial configuration. The total costs reduced by 37.49%,
indicating opening switches 13-11, and the total costs per phase reduced from 3.69 USD/kW,
3.69 USD/KW and 3.85 USD/kW in phases A,B and C, respectively, to 2.4 USD/kW, 2.14
USD/kW and 2.48 USD/kW. Similar to the 33-bus balanced case, simulations considering
variable demand demonstrated different solutions in comparison with the fixed demand
case, which indicated opening switches 10-11.

As for the minimum voltage levels, the 19-bus system’s minimum and minimum-
maximum rose respectively from 0.963 p.u. at bus 19 phase C (12 h) and 0.991 p.u. at
bus 13 phase C (3 h) p.u. to 0.976 p.u. and 0.994 p.u. The final minimum and minimum-
maximum values were located at bus 16 phase B (19 h) and at bus 13 phase C (3 h). SPSO
and SHS found the same results, as shown in Table 10.

The maximum VUI and CUI values obtained when opening switches 13 and 11 were
respectively 0.21% and 26.02%, attending the established limits. Again, the value of VUI
is low, but CUI may be considered high. The minimum value of CUI to obtain a feasible
solution for this system with variable demand is 22%, which indicates opening switches
9-20, obtaining a maximum absolute VUI of 0.21%, a maximum absolute CUI of 21.18%,
a minimum voltage of 0.960 p.u. at bus 19 phase C (12 h) and a maximum-minimum
voltage of 0.991 p.u. at bus 16 phase C (3 h), with total losses costs of 10.22 USD/kW for a
24 h period. Figures 11 and 12 shows respectively the final configuration for the fixed and
variable demand.

The second unbalanced system tested is composed of 25 buses and 27 branches, as
presented in [55-57], with a base voltage of 4.16 kV and imbalance between phase loading.
Results are presented in Tables 12, 13 and Figure 13.
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Figure 11. 19-bus and 20-branch system final configuration (fixed).
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Figure 12. 19-bus and 20-branch system final configuration (variable).

Table 12. Results found for the 25-bus and 27-branch unbalanced system (fixed demand).

25-Bus System Real Losses (kW)

Topology Real Losses Reduction (%) Avg. Losses (kW) Conv. Best Result (%)
Technique Before DNR After DNR Before DNR After DNR After DNR Avg. Value Percent
SBAT 150.68 133.96 25-26-27 22-15-17 10.79 133.96 100
SPSO 150.68 133.96 25-26-27 22-15-17 10.79 133.96 100
SHS 150.68 133.96 25-26-27 22-15-17 10.79 133.96 100

Table 13. Total losses per phase (25-bus system/fixed demand).

25-Bus System Phase A Losses (kW) Phase B Losses (kW) Phase C Losses (kW)
Technique Before DNR After DNR Before DNR After DNR Before DNR After DNR
SBAT 53.01 47.7 55.65 49.63 42.02 36.63
SPSO 53.01 47.7 55.65 49.63 42.02 36.63
SHS 53.01 47.7 55.65 49.63 42.02 36.63
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Figure 13. 25-bus and 27-branch system voltage levels (fixed).
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Results for all algorithms (SBAT, SPSO and SHS) show the decrease in loss levels
(10.79%) when comparing the initial open switches, 25-26-27, with those determined after
the DNR, 22-15-17, as well as a decrease in losses per phase. In addition, there was an
improvement in the general voltage levels, with the minimum value increasing from
0.927 p.u. at bus 12 phase B to 0.937 p.u. at bus 13 phase A. The maximum voltage level
was 0.998 p.u. at bus 1 phase A in the initial and final configurations. The results are
compatible with those found in [55-57].

The maximum VUI and CUI values for the solution 22-15-17 are respectively 0.65%
and 12.84%, attending the established limits of 3% and 30%. In the same way as the 19-
bus system, if the CUI is considered high, a new limit must be set. The minimum limit
value that presents a feasible solution is 12.83%, indicating opening switches 22-26-15,
reducing losses to 141.85 kW and presenting minimum voltage of 0.937 p.u. at bus 13
phase A, maximum voltage of 0.998 p.u. at bus 1 phase A and maximum VUI and CUI of
0.65% and 12.828%, respectively. The VUI and CUI values were slightly lower than the
original solution.

For the variable demand case, the loads were defined as the same type for all phases
in each bus as follows (type of load/bus allocated): residential (1, 5, 7, 9 to 11, 16 to 18, 21,
23, 25), commercial (15, 20, 22, 24) and industrial (3 to 4, 6, 8, 12 to 13, 19). Tables 14 and 15
and Figure 14 present the results, total losses costs per phase and minimum voltage levels
for 24 h, respectively.

Table 14. Results found for the 25-bus and 27-branch balanced system (variable demand).

25-Bus System Total Costs (USD) Topology Total Costs Reduction (%) Avg. Costs (USD) Conv. Best Result (%)
Technique Before DNR After DNR Before DNR After DNR After DNR Avg. Value Percent
SBAT 117.51 25-26-27 22-15-17 10.71 117.51 100
SPSO 117.51 25-26-27 22-15-17 10.71 117.51 100
SHS 117.51 25-26-27 22-15-17 10.71 117.51 100

Table 15. Total costs per phase in 24 h (25-bus system/variable demand).

25-Bus System Phase A Costs (USD) Phase B Costs (USD) Phase C Costs (USD)

Technique Before DNR After DNR Before DNR  After DNR Before DNR After DNR
SBAT 45.96 41.5 48.82 43.79 36.8 32.22
SPSO 45.96 41.5 48.82 43.79 36.8 32.22
SHS 45.96 415 48.82 43.79 36.8 32.22

Table 14 shows that the results for the three algorithms (SBAT, SPSO and SHS) indicate
the same set of opened switches in the fixed demand case (25-15-17). The total losses costs
diminished from 131.58 USD to 117.51 USD, representing a reduction of 10.71%. Table 15
shows an improvement in the total losses costs per phase for a 24 h period. The minimum
voltage levels in Figure 14 also improved, from 0.947 p.u. minimum at bus 12 phase B
(12 h) and 0.986 p.u. minimum-maximum at bus 15 phase A (3 h) to 0.951 p.u. minimum
and 0.987 p.u. minimum-maximum. The final minimum and minimum-maximum values
were located at bus 13 phase A (20 h) and at bus 13 phase A (3 h). Figure 15 brings the final
configuration for the 25-bus system considering both fixed and variable demand.

The maximum VUI and CUI presented for the solution 25-15-17 with variable demand
were 0.46% and 13.41%, attending the limits established. For CUI, if the limit is considered
high, the minimum limit value that presents a feasible solution reducing losses is 13%,
which indicates opening switches 22-17-14, with a maximum VUI and CUI of 0.49%
and 12.95%, respectively, minimum voltage of 0.945 p.u. at bus 13 phase B (12 h) and
maximum-minimum voltage of 0.986 p.u. at bus 13 phase A (3 h), reducing losses costs to
119.39 USD/kW.
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Figure 14. 25-bus and 27-branch system voltage levels (variable).

1

26 9 3 )
4 [ | ] 1/ 2
A7 811 g 612 ’ 5 19 21
( | — 16 | 1 Enpys L 4g
15 o] 14 | 7 ;a3 18
23 — 4 T 21
17 13 9 23 6 25 122
—=— 17
16 |14 10 20 24 5 22

11
13 15 27 25
12

Figure 15. 25-bus and 27-branch system.

5.4. Additional Test

Additionally, a modified 123-bus system, presented in Figure 16, was tested. This sys-
tem was originally composed of voltage regulators, capacitor banks, single and three-phase
sections, different types of cables and underground sections, among other characteristics
described in [58]. To assess the system only from the reconfiguration point of view, the
system was modified, excluding all equipment.

However, when considering both VUI and CUI limits, this system did not present a
feasible solution, as, although VUI presented values under 3%, CUI surpassed the value of
30% by a larger margin, as some sections of the system presented currents of low value
(almost zero). For example, consider branch 22 of the modified system, which presented
currents of magnitude 54.775 A in phase A, 0.004 A in phase B and 58.477 A in phase C.
This happens also in this same branch of the system in its original state (considering all
equipment) [58], with currents of magnitude 55.853 A in phase A, 0.005 A in phase B, and
55.404 A in phase C, which points out a highly unbalanced characteristic from the point of
view of currents.

A solution for both fixed and variable demand is only found when disregarding CUI
constraint in the same way as the majority of papers dealing with DNR and unbalanced
systems present. In addition, the minimum voltage level allowed, which is established
as 0.93 p.u. in this paper for all systems, must be set to 0.9 p.u. for this system in fixed
demand to find a minimum losses solution.

For fixed demand, the algorithm indicates opening switches 118-93 with losses of
105.68 kW, as opposed to the initial open switches 125-126 with losses of 109.12 kW. The
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voltage levels also improved, going from 0.912 p.u. minimum at bus 114 phase A to
0.918 p.u minimum at bus 114 phase A and maintaining 0.999 p.u as maximum at bus
150 phase B.
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Figure 16. 123-bus modified system.

As for variable demand, the loads were divided as follows: residential (1,2,5, 6 to 9,
12,19, 20, 28 to 30, 32 to 35, 37, 38, 42, 43, 45 to 50, 53, 55, 58, 59, 62, 65, 66, 73, 76, 83, 85
to 88, 90, 92, 94, 96, 100, 103, 104, 106, 107, 109, 111 to 113), commercial (4,7, 17, 24, 52, 60,
63, 64, 70,74, 79, 95, 98, 99) and industrial (16, 22, 31, 39, 41, 51, 56, 68, 69, 71, 75, 80, 82,
84,102, 114). The algorithm indicates opening switches 125-93 with total losses costs of
95.6 USD as opposed to the initial set of open switches 125-126 with costs of 96.5 USD. The
voltage levels, minimum and minimum-maximum, also improved, going from 0.928 p.u.
to 0.931 p.u. at bus 114 phase A (20 h) and from 0.980 p.u. to 0.981 p.u. at bus 150 phase B
(B h).

This example helps to emphasize the influence of the unbalance indexes, especially
CUI, when finding a solution for the DNR problem in unbalanced systems, as these
constraints, when considered, can directly determine a feasible or unfeasible solution to
the problem.

5.5. VUI and CUI Influence Analysis

The influence of VUI and CUI can be summarized in Table 16 for the two main
unbalanced systems studied (considering fixed and variable demand).

The results consolidated in Table 16 show the direct influence of VUI and CUI in DNR
results for these two systems. When considering the limits established for all systems,
i.e., 3% for VUI and 30% for CUI, the results are the same as those found when disregarding
these two constraints.
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Table 16. VUI and CUI for unbalanced systems.

Limits and Solutions

19-Bus Fixed 19-Bus Variable 25-Bus Fixed 25-Bus Variable

VUI <3% 0.42% 0.21% 0.65% 0.46%
CUI <30% 25.31% 26.02% 12.84% 13.41%
VUI min. feas. 0.24% 0.21% 0.65% 0.49%
CUI min. feas. 20.63% 21.18% 12.828 12.45%
FOS* (VUI <3%, CUI <30%) 10-11 13-11 22-15-17 22-15-17
FOS* (VUI and CUI min. feas.) 9-20 9-20 22-26-15 22-17-14
OF** (VUI <3%, CUI <30%) 8.06 kW 7.02USD 133.96 kW 117.51 USD
OF** (VUI and CUI min. feas.) 12.05 kW 10.22 USD 141.85 kW 119.39 USD

FOS*—final open switches, OF**—objective function value.

However, when slightly decreasing the CUI limits allowed in all systems to the
minimum values that present a feasible solution, new topologies were found in comparison
with those for the limit of 30%, hence reducing the current unbalance. These different
solutions were seen for both demand cases in some systems, for example, the 25-bus
unbalanced system, which presented three different solutions depending on the value
of CUI considered and the demand level studied. In some cases, the value of VUI also
decreased alongside the new value of CUI established, as in the case of 19-bus unbalanced
system with fixed demand. In addition, the feasible solution with the minimum CUI
increased the values of losses and losses costs in the majority of cases.

The presented analysis indicated that the DNR in unbalanced systems is indeed
sensible to these indexes, particularly CUI, as it is the index that presented higher values
in all systems, greater affecting the results found. This is clearly seen for the additional
123-bus system presented, as it is difficult to find a feasible solution when CUI is considered
in the problem. Although all systems analysis, including that of the 123-bus system, could
be easily carried out only in the VUI context or without these two constraints, as results
show, the assessment of CUI may be important in some cases, as high values of CUI can
cause the earlier stated difficulties related to protection [37] and to power and energy
losses [38], emphasizing the importance of the assessment of this index in DNR problems.

5.6. Convergence Analysis

To justify the choice of the SBAT in favor of other techniques, a convergence analysis
for four of the studied systems (with the exception of the additional 123-bus system)
considering both fixed and variable demand is presented. Tables 17 and 18 show the
minimum iterations to the best result, the maximum iterations to the best result, the
minimum time to the best result, the maximum time to the best result and the average time
to the best result for all methods.

The convergence analysis presented in Tables 17 and 18 shows, in general, a better
performance for the SBAT in comparison with SPSO and SHS, as previously presented
by the convergence to the best result and confirmed by the average times to find the best
results for the SBAT. The minimum iterations to the best result also show a slight advantage
for the SBAT. As for the maximum iterations to the best and the computational time, in the
majority of cases, the performances for the SBAT and SPSO were close. SHS presented a
higher computational time when establishing the same premises used for both the SBAT
and SPSO, presenting a low convergence rate in systems with higher numbers of switches
(e.g., 69-bus) with variable demand, thus limiting the number of runs used for comparison
(e.g., 25 runs). In general, in this paper, the SBAT appears as the better alternative to solve
the DNR problem.



Energies 2022, 15, 1686

23 of 27

Table 17. Convergence analysis SBAT/SPSO/SHS—fixed demand.

SBAT
Parameter 33-Bus (B) 69-Bus (B) 19-Bus (UN) 25-Bus (UN)
Min. ITter/Best 2 1 1 1
Max. Iter/Best 96 51 33 38
Avg. Iter/Best 25.47 9.03 1.9 1.63
Min. Time/Best (s) 0.73 1.02 0.11 0.23
Max. Time/Best (s) 34.98 52.13 3.63 8.77
Avg. Time/Best (s) 9.28 9.23 0.21 0.38
Conv./Best (%) 96 96 100 100
SPSO
Parameter 33-Bus (B) 69-Bus (B) 19-Bus (UN) 25-Bus (UN)
Min. Iter/Best 3 4 1 1
Max. Iter/Best 94 85 10 10
Avg. Iter/Best 27.28 27.29 2.14 1.55
Min. Time/Best (s) 1.07 3.60 0.10 0.21
Max. Time/Best (s) 31.57 76.57 0.97 2.14
Avg. Time/Best (s) 9.16 24.58 0.21 0.33
Conv./Best (%) 60 31 100 100
SHS
Parameter 33-Bus (B) 69-Bus (B) 19-Bus (UN) 25-Bus (UN)
Min. Iter/Best 3 41 1 1
Max. Iter/Best 99 95 11 11
Avg. Iter/Best 55 65.88 2.46 1.82
Min. Time/Best (s) 1.26 53.36 0.21 0.39
Max. Time/Best (s) 55.47 129.36 2.44 4.81
Avg. Time/Best (s) 29.05 91.17 0.57 0.76
Conv./Best (%) 82 8 100 100
Table 18. Convergence analysis SBAT/SPSO—variable demand.
SBAT
Parameter 33-Bus (B) 69-Bus (B) 19-Bus (UN) 25-Bus (UN)
Min. Iter/Best 2 1 1 1
Max. Iter/Best 98 86 10 4
Avg. Iter/Best 26.17 12.2 1.15 1.12
Min. Time/Best (s) 6.70 6.70 1.64 3.33
Max. Time/Best (s) 377.62 472.56 16.42 13.31
Avg. Time/Best (s) 105.04 63.07 1.88 3.72
Conv./Best (%) 95 95 100 100
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Table 18. Cont.

SPSO
Parameter 33-Bus (B) 69-Bus (B) 19-Bus (UN) 25-Bus (UN)
Min. Iter/Best 3 4 1 1
Max. Iter/Best 93 96 7 9
Avg. Iter/Best 29.31 13.81 1.57 1.65
Min. Time/Best (s) 7.74 2542 1.3 3.05
Max. Time/Best (s) 650.11 630.11 9.08 27.48
Avg. Time/Best (s) 95.8 169.57 1.57 5.04
Conv./Best (%) 62 27 100 100
SHS
Parameter 33-Bus (B) 69-Bus (B) 19-Bus (UN) 25-Bus (UN)
Min. Iter/Best 5 50 1 1
Max. Iter/Best 100 78 7 9
Avg. Iter/Best 57.02 64 1.23 1.84
Min. Time/Best (s) 15.17 499.89 3.11 5.93
Max. Time/Best (s) 660.38 826.52 29.11 63.78
Avg. Time/Best (s) 313.06 663.21 4.55 12.36
Conv./Best (%) 72 2 100 100

6. Conclusions

Here, a proposal to solve the DNR problem through a bio-inspired metaheuristic
(SBAT) for unbalanced systems with variable demand considering VUI and CUI was
presented. As the DNR problem is conventionally approached by single-phase balanced
modeling with fixed power demand, the approach presented is closer to the real char-
acteristics of distribution systems. In addition, the analysis of the influence of VUI and
CUL in the results for all unbalanced systems represents the novel contribution of the
proposed manuscript.

The simulations performed for balanced and unbalanced networks with fixed or
variable demand find values compatible with the literature, maintaining the voltage and
power stability in all cases, and, for unbalanced cases, attending, in the majority of cases,
the established limits of VUI and CUI, thus confirming the adequacy of the results and the
model here proposed. It is shown that VUI and CUI can influence the selection of switches
to be opened depending on the admissible limits set for the network, directly affecting the
DNR process.

All results presented for the unbalanced cases considering the demand as variable,
together with VUI and CUI, encourage us to apply this model in future studies on larger
and real systems. Studies presenting an in-depth analysis of systems in the presence
of other power devices (e.g., regulators, capacitor banks or transformers) and how they
influence the values of these indexes together with DNR and of systems with different
constructive characteristics (e.g., composed of underground cables) may also be carried
out. Another analysis that is proposed to future studies is to solve the problem through
mathematical and numerical methods (e.g., convex relaxation).

In addition, further studies that consider smart-grids, e.g., electric vehicles, together
with distributed generation are also a possibility, as the penetration of such is constantly
increasing and the nature of distribution networks is changing, together with the develop-
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ment of these new concepts. In this way, a more complete and even closer-to-reality model
of a distribution network can be assessed.
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