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Abstract
In this paper, a multi-objective optimization approach to solve the problem of optimal allocation and sizing of inverter-based
distributed energy resources (DERs) in distribution systems is presented. The objectives of this allocation and sizing problem
consist of the minimization of the investment and operation costs, the voltage deviation and the short-circuit currents. The
recloser–fuse coordination constraints were included in the mathematical formulation of the problem, in order to preserve
the original network protection scheme. It is important to mention that this protection scheme was also carried out in this
paper, using the multi-objective approach, to minimize the operating time of the reclosers and fuses. The distribution system
considered to evaluate the proposed methodology was the IEEE 34-Node Test Feeder, and the non-dominated sorting genetic
algorithm IIwas used to solve the proposedmulti-objective problems. Furthermore, a time-series-based probabilistic approach,
through the Monte Carlo simulation, was adopted to deal with the uncertainties of the load and power generated by each
DER. Finally, from the results, it was possible to reduce the investment and operation costs by 15.61% when compared to the
system without DERs, improve the voltage profile and preserve the original protection scheme present in the network.

Keywords Distributed energy resource · Non-dominated sorting genetic algorithm II · Protection system · Short-circuit
currents

1 Introduction

Currently, it is possible to notice the high integration of
inverter-based distributed energy resources (DERs) in dis-
tribution systems, which promotes several benefits in the
network. Nevertheless, depending on the DER location and
size, the power system protection may not operate as desired,
due to the modified load and short-circuit currents of the sys-
tem (Blaabjerg et al., 2017). For this reason, some studies
have been carried out to evaluate the impacts caused by the
DER integration in the protection schemes (Blaabjerg et al.,
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2017; Usama et al., 2021; Meskin et al., 2020). From the
review performed in these papers, it is possible to notice
that many methodologies have been proposed to mitigate the
problems of the DERs on the power systems, with emphasis
on the adaptive protection schemes, the application of fault
current limiter (FCL), and the adjustment of the protective
device settings considering the DER integration in the distri-
bution system.

Adaptive protection consists of the modification of pro-
tective settings to address changes in the network through
external control signals. Shah and Bhalja (2014) and Alam
(2019) proposed adaptive protection schemes for power
distribution networks containing DERs, through the modi-
fication of the relays settings. An adaptive protection, based
on the differential evolution algorithm, was adopted by Shih
et al. (2017) to reduce the DER impacts on the protective
devices and improve the overall sensitivity of directional
overcurrent relay. Jain et al. (2019) and Purwar et al. (2020)
proposed an adaptive protection to guarantee the correct
operation of the protective devices for different operating
conditions of the system, including loss of loads, generators
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and lines. The drawback of the online adaptive protection
is the need for reliable and fast communication channels to
update the relay or recloser settings,whereas the offlinemeth-
ods require complex calculations to consider all the system
conditions and can fail if unexpected circumstances occur.

The FCL is a superconductor devicewhich limits themag-
nitude of current during a fault. Elmitwally et al. (2016)
used the particle swarm optimization to restore the coordi-
nation between the protective devices in distribution systems
with high DER integration, through the allocation of FCL.
Optimization algorithms were adopted by Shu et al. (2021)
and Dahej et al. (2018), in order to allocate FCL devices,
aiming to reduce costs and mitigate the effects of the fault
current. Hamidi and Chabanloo (2019) and El-Ela et al.
(2021) performed the optimal allocation of different types
of DERs correlated with FCL devices using, respectively,
non-dominated sorting genetic algorithm II (NSGA-II) and
Coyote optimization algorithm. In addition, Cuckoo opti-
mization algorithm and linear programming were combined
by Dehghanpour et al. (2018) to optimize the coordination of
protective devices and find the optimized value of FCL at the
point of common coupling. However, the use of FCL devices,
in the distribution system with high DER penetration levels,
increases the operating time of the protective devices when
the DER is out of service. Furthermore, the prohibitive cost
of FCL may limit the wide installation of this device in the
networks.

On the other hand, some methodologies, based on the
adjustment of the protective device settings, have been pro-
posed to mitigate the issues caused by the DER integration.
Ferraz et al. (2020) used the genetic algorithms method to
achieve the optimized recloser–fuse coordination taking into
account the DER operating modes and all the fault types.
Fani et al. (2018) changed the characteristic curve of the
relay in order to ensure the coordination of these devices
considering different DER penetration levels and locations.
Amulti-objective approach, based onNSGA-II, was adopted
by Pereira et al. (2018) to obtain the optimized coordina-
tion of protective devices, through the minimization of the
investment and interruption costs. Alam et al. (2018) and
Sharma and Panigrahi (2018) introduced single protection
schemes, considering the network with multiple dispersed
generators. Despite the benefits of resizing the protective
devices, thismethod degrades the sensitivity of the protection
scheme, mainly, when the DER is not operating, in addition
to increasing the investment costs, through the replacement
of reclosers, relays and fuses.

Recently, multi-objective optimization approaches have
been adopted to allocate and size DERs in distribution sys-
tems. Huang et al. (2019) used themulti-objective estimation
of distribution algorithm with the purpose of allocating and
sizing DERs to reduce the overall costs of the system. Priya
et al. (2022) proposed a new long-term planning methodol-

ogy for multi-objective DER placement and sizing aiming to
minimize the power losses, carbon dioxide emission, over-
all cost, besides enhancing the system voltage stability and
reliability. A new multi-objective optimization model was
presented by Ahmadi et al. (2021) to improve the voltage
profile and minimize DERs and battery costs through the
allocation and sizing DERs and battery systems. Abdelaziz
andMoradzadeh (2019) used theNSGA-II to solve themulti-
objective DERs allocation problem considering the Monte
Carlo simulation (MCS). A fuzzy embedded multi-objective
particle swarm optimization technique was used by Roy and
Das (2021) to allocate DERs considering renewable gener-
ation and load demand uncertainties. Nevertheless, none of
these papers, regarding the optimized positioning of DERs,
considered the negative impacts of the DERs integration on
the protection system.

Table 1 shows the main contributions of this paper against
the previously mentioned works. It evaluated the optimiza-
tion approach, whether multi-objective or single-objective;
the DERs allocation; the recloser–fuse coordination; the
inclusion of uncertainties in the problem formulation; and
the 24-hour analysis.

Based on Table 1, it is possible to notice that most of
the papers did not consider the uncertainties of the load and
power generated by the DERs. The stochastic characteris-
tic of these variables interferes directly in the adjustment of
protective devices. In addition, the load and DER generation
variation during the day were not regarded in the majority
of studies, which modifies the load and short-circuit current
in the distribution feeder. Besides that, some studies only
take the reclosers coordination into account, disregarding the
coordination of the reclosers, in fast and slowmode, with the
fuses; however, it is essential to implement fuses in the prob-
lem formulation, to achieve greater protection selectivity and
cost reduction.

Therefore, in this paper, a multi-objective optimization
approach was adopted for the allocation and sizing of
inverter-based DERs, to minimize the investment and oper-
ation costs, voltage deviation and short-circuit current. In
addition to the operational constraints of the distribution sys-
tem, this optimization problem included the recloser–fuse
coordination constraints, in order to preserve the original pro-
tection scheme of the network, avoiding the need for adaptive
protection schemes, application ofFCLormodificationof the
protective device settings. Furthermore, the distribution sys-
temused to evaluate the proposedmethodologywas the IEEE
34-Node Test Feeder (Kersting, 2001), and the NSGA-II was
adopted to solve the multi-objective problem formulated in
this study (Deb et al., 2002). The main contributions of this
paper are as follows:

1. The recloser–fuse coordination scheme was carried out
using the NSGA-II algorithm to minimize the operating
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Table 1 Proposed approach compared to other papers

Paper Opt. approach DERs allocation Recloser–fuse coord. Uncert. 24-Hour analysis

Shah and Bhalja (2014) × × � × ×
Alam (2019) SO × × × ×
Shih et al. (2017) SO × × × �
Jain et al. (2019) × × × × �
Purwar et al. (2020) SO × × × ×
Elmitwally et al. (2016) SO × � × ×
Shu et al. (2021) MO × × � ×
Dahej et al. (2018) SO × × × ×
Hamidi and Chabanloo (2019) MO � × × �
El-Ela et al. (2021) MO � × × ×
Dehghanpour et al. (2018) SO × × × ×
Ferraz et al. (2020) SO � � × �
Fani et al. (2018) × × � × ×
Pereira et al. (2018) MO × � × ×
Alam et al. (2018) SO × � × ×
Sharma and Panigrahi (2018) SO × × × ×
Huang et al. (2019) MO � × � ×
Priya et al. (2022) MO � × � �
Ahmadi et al. (2021) MO � × × �
Abdelaziz and Moradzadeh (2019) MO � × � �
Roy and Das (2021) MO � × � �
Proposed paper MO � � � �

�: Yes, ×: No, SO single-objective, MO multi-objective

time of the reclosers, in the fast and slow mode, and the
operating time of the fuses;

2. The mathematical formulations, proposed in this paper,
considered a time-series-based probabilistic approach,
through the MCS, in order to include the uncertainties
of the loads and power generated by each DER;

3. For normal condition, the DER reactive power capability
was based on the nonlinear operational limits established
in the Standard IEEE 1547-2018, whereas for fault condi-
tion, voltage-dependent control strategies were adopted.

The remainder of the paper is organized as follows: In
Sects. 2 and 3, the recloser–fuse coordination and DER allo-
cation problems, respectively, are presented. In Sect. 4, the
proposed algorithm is depicted. InSect. 5, the tests and results
regarding the optimization problems are shown. Finally, con-
cluding remarks are provided in Sect. 6.

2 Recloser–Fuse Coordination Problem

Themulti-objective programming approach used to solve the
optimized coordination of the protective devices consists of
minimizing the operating time of the reclosers, in the fast

and slow mode, and the operating time of the fuses. The fuse
saving scheme was adopted in this paper to avoid permanent
outages during temporary faults, since the fuses require phys-
ical replacement after a fault clearing operation (Ferraz et al.,
2020). This protection scheme reduces the cost to replace the
fuses and the outage time.

Figure1a presents an example of a distribution system
protected by two reclosers and two fuses in series. It is impor-
tant to mention that the mathematical formulation, provided
in this section to perform the recloser–fuse coordination, is
feasible for other system configurations. Figure1b shows a
flowchart with the sequence of recloser–fuse operation for
providing selective protection, considering the fuse saving
scheme. On the side of the flowchart, the minimum coor-
dination time intervals between two protective devices are
depicted. In Fig. 1, Rn is the recloser; Fk is the fuse; TRn ,sm

and TRn ,fm are the operating time of the recloser in slow
and fast mode, respectively; TFk is the operating time of the
fuse; and CT I is the coordination time interval. Based on
the operation sequence presented in Fig. 1, it is possible to
incorporate the recloser–fuse coordination constraints into
the problem formulation.
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Fig. 1 a Distribution system example and b flowchart to demonstrate
the protection scheme

The mathematical formulation for the recloser–fuse coor-
dination problem is presented in Eqs. (1)–(12).

min f1

hm∑

h=1

fm∑

f =1

zm∑

z=1

sm∑

s=1

nm∑

n=1

TRn , f m,h, f ,z,s (1)

min f2

hm∑

h=1

fm∑

f=1

zm∑

z=1

sm∑

s=1

nm∑

n=1

TRn ,sm,h, f ,z,s (2)

min f3

hm∑

h=1

fm∑

f =1

zm∑

z=1

sm∑

s=1

km∑

k=1

TFk ,h, f ,z,s (3)

subject to

TMSmin
n,sm ≤ TMSn,sm ≤ TMSmax

n,sm (4)

TMSmin
n,fm ≤ TMSn,fm ≤ TMSmax

n,fm (5)

I pmin
n ≤ I pn ≤ I pmax

n (6)

TF(k+1) − TR(n+1),fm > CTI (7)

TFk − TF(k+1) > CTI (8)

TR(n+1),sm − TFk > CTI (9)

TRn,fm − TR(n+1),sm > CTI (10)

TRn,sm − TRn,fm > CTI (11)

TR(n+1),sm − TR(n+1),fm > CTI (12)

where the indices h, f , z, s, n, and k are, respectively, hours of
the day, fault types, fault locations, scenarios generated by the
MCS, reclosers, and fuses; the indexm is themaximumvalue
of each variable; I pn is the pick-up current of the recloser Rn ;
and TMSn,sm and TMSn,fm are the time multiplier setting of
Rn in slow and fast mode, respectively.

The objective functions (1)–(3) are, respectively, the oper-
ating time of the reclosers in fast mode, the reclosers in slow
mode and the fuses. Equations (4)–(6) represent the limits
of the setting parameters of the reclosers; Eqs. (7) and (9)
are the recloser–fuse coordination based on the fuse saving
scheme; Eq. (8) corresponds to the coordination interval of
the fuses; Eq. (10) is the coordination interval of the reclosers,
whereas Eqs. (11) and (12) depict the coordination interval
of the recloser in slow and fast mode.

Furthermore, the fuse characteristic curve is represented
by a log-log function, depicted in Eq. (13), which depends
on the fuse characteristic coefficients ak and bk (Alam et al.,
2018; Ferraz et al., 2020), whereas the inverse time recloser
has a characteristic curve, which can act in a fast or slow
mode, described, respectively, in Eqs. (14) and (15) (IEC,
1989).

log(TFk ) = ak log(I ) + bk (13)

TRn ,fm = TMSn,fm

⎡

⎢⎣
K(

I
I pn

)α − 1

⎤

⎥⎦ (14)

TRn ,sm = T MSn,sm

⎡

⎢⎣
K(

I
I pn

)α − 1

⎤

⎥⎦ (15)

where I is the current flowing through each protective device;
and K and α are constants according to the recloser type of
curve.

3 Distributed Energy Resource Allocation
Problem

The multi-objective programming approach, adopted to
achieve the optimized size and location of DER, consists of
minimizing the annualized investment and operation costs
of the system, the voltage deviation and the short-circuit cur-
rent. The mathematical formulation for the DER allocation
problem is presented in Eqs. (16)–(29).

min f4

sm∑

s=1

gm∑

g=1

tm∑

t=1

zg,tCt

+365
sm∑

s=1

hm∑

h=1

⎛

⎝ecS PS
h,s +

gm∑

g=1

ecDER PDER
h,g,s

⎞

⎠ (16)
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min f5

hm∑

h=1

gm∑

g=1

sm∑

s=1

|Vh,g,s − 1| (17)

min f6

hm∑

h=1

fm∑

f =1

zm∑

z=1

sm∑

s=1

I Fh, f ,z,s (18)

subject to
constraints (7)–(12),

ih, j,s ≤ imax
j (19)

Vmin ≤ Vh,g,s ≤ Vmax (20)
gm∑

g=1

tm∑

t=1

zg,t ≤ nmax
DER (21)

tm∑

t=1

zg,t ≤ 1 (22)

PS
h,s

SSh,s

≥
(
PS

SS

)max

(23)

gm∑

g=1

(
P load
h,g − Re

{
Vh,gi

∗
h,g − Y ∗

g |Vh,g|
})

= 0 (24)

gm∑

g=1

(
Qload

h,g − Im
{
Vh,gi

∗
h,g − Y ∗

g |Vh,g|
})

= 0 (25)

(
PDER
h,g,s

)2 +
(
QDER

h,g,s

)2 ≤ (Srated)
2 (26)

PDER
h,g,s ≥ 0.05 Srated (27)

−0.44 Srated ≤ QDER
h,g,s ≤ 0.44 Srated (28)

−2.2 PDER
h,g,s ≤ QDER

h,g,s ≤ 2.2 PDER
h,g,s (29)

where the indices j , g and t are, respectively, branches, nodes
and DER types; zg,t is a binary variable for the allocation of
DER of type t at node g;Ct is the annualized installation cost
of theDERof type t (inUS$); ecDER andecS are, respectively,
the energy cost for the DER and substation (in US$/kWh);
PDER
h,g,s and PS

h,s are, respectively, the active power provided
by the DER and substation; Vh,g,s is the nodal voltage; and
I Fh, f ,z,s is the short-circuit current. In addition, ih, j,s is the
current in the branch j ; nmax

DER is the number of DER available
for allocation; QDER

h,g,s is the reactive power provided by the
DER; Srated is the rated apparent power of the inverter-based
DER; SSh,s is the apparent power provided by the substation;

P load
h,g,s and Qload

h,g,s are, respectively, the load active and reac-
tive power values at node g; ih,g,s is the current injection at
node g; and Yg is the shunt admittance at node g. Further-
more, Re and Im, in Eqs. (24) and (25), are respectively, the
real and imaginary parts of the complex values.

The objective function presented in Eq. (16), consists of
the minimization of the overall system cost. The first term

of this equation is the annualized investment cost of the
DER, the second one is the substation annual operation cost,
and the third one is the DER annual operation cost. On the
other hand, the objective function shown in Eq. (17) aims
to minimize the voltage deviation of the network nodes, in
order to improve the voltage profile. The objective func-
tion depicted in Eq. (18) consists of the minimization of
the short-circuit currents of the system. It is important to
mention that the objective function (18) was included in
this formulation to reduce the negative impacts caused by
the DER integration. Equations (7)–(12) are the constraints
which guarantee the proper coordination of the protective
devices even with the DER integration. Equations (19) and
(20) are the systemoperational constraints regarding the volt-
age and current, respectively. The maximum number of DER
available for allocation is represented by Eq. (21), whereas
Eq. (22) ensures that only one DER can be allocated in each
node of the system. Equation (23) specifies the limit of the
leading or lagging substation power factor. The active and
reactive power balance in the distribution system are repre-
sented, respectively, in Eqs. (24) and (25).

In this paper, the DER reactive power capability was
based on the Standard IEEE 1547-2018, which specifies the
attributes of reactive and active power control requirements
of the inverters (IEEE, 2018). According to this standard, the
inverters, associated with each DER, can operate in Category
A or B. In this regard, DER with Category B performance
covers all requirements within Category A and specifies sup-
plemental capabilities needed to correctly integrate DERs in
the systems, where the DER penetration level is high (IEEE,
2018). Therefore, in this work, the inverters associated with
each DER must operate in Category B, to deal with power
quality issues caused by the high penetration level of DER.
Equations (26)–(29) depict the constraints regarding the reac-
tive power capability for Category B, which is shown in
Fig. 2.

4 Proposed Algorithm

The problem discussed in this paper consists of the optimized
allocation of inverter-based DER in a distribution system,
considering the recloser–fuse coordination constraints in the
mathematical formulation in order to preserve the original
protection scheme. The flowchart, which summarizes the
proposed algorithm, is shown in Fig. 3.

In Block A, the initial population, which represents the
DER location and size, is randomly generated. The codifica-
tion of each individual is represented by δ binary variables,
which indicate the presence of DER in each network node,
and by the active and reactive power generated by each DER,
where δ is the number of nodes of the system.
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Fig. 2 Reactive power capability for DERs in category B defined in
IEEE 1547-2018

Fig. 3 Flowchart of the proposed algorithm

From the individuals of this population, it is necessary to
compute the power flowand achieve the short-circuit currents
(Block B1). In this study, the short-circuit current considered
the contribution of the load currents, since it may affect the
operation of the protective devices (Mathur et al., 2015). Fur-
thermore, the fault current contribution of the inverter-based
DER was computed based on the methodology proposed
by Mathur et al. (2017), which takes into account differ-
ent voltage-dependent control modes, to improve the voltage
profile of the system during fault conditions. The three-phase
power flow solution method used was the backward–forward
sweep, due to its simplicity, low computational effort and
high accuracy (Cheng & Shirmohammadi, 1995). This iter-
ative algorithm can be summarized in three steps: (a) the
nodal current calculation; (b) the backward sweep to sum up
the line section current; and (c) the forward sweep to update
nodal voltage. Amore in-depth discussion of thismethod and
its applications is presented by Cheng and Shirmohammadi
(1995).

The MCS consists of repeated random sampling to obtain
numerical results, based on the law of large numbers and the
central limit theorem. From this sampling, it is possible to
estimate the behavior of a system or a process that involves
stochastic variables. For this reason, theMCSwas adopted in
Blocks B1 and B2, to deal with the uncertainties of the loads
and power generated by each DER. Therefore, the power
flow and the fault analysis must be performed for all the
probabilistic scenarios generated by the MCS to verify if the
constraints are met.

The objective functions, presented in Eqs. (16)–(18), are
evaluated inBlockC, in order to compute the non-domination
levels and the crowding distance of each individual. InBlocks
D and E, the genetic operators (binary tournament selection,
crossover and mutation) are performed, and the offspring
population is evaluated. For this evaluation, the power flow
and the fault analysis are performed for all the probabilis-
tic scenarios generated by the MCS (Blocks F1, F2 and G).
Finally, the best individuals are chosen in Block H through
an elitist selection, and it is verified if the stopping criterion is
satisfied. The solutions generated by this algorithm consist of
the optimized size and location of the DERs, which reduces
the investment and operation costs, voltage deviation and
short-circuit current, while preserving the protection scheme
of the network.

5 Results and Discussion

In this section, the results regarding the coordination of pro-
tective devices and the allocation of DERs will be described
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Fig. 4 Representation of the IEEE 34-Node Test Feeder with the
reclosers and fuses

in detail. The IEEE34-NodeTest Feeder, shown inFig. 4,was
adopted to evaluate the proposed methodology. The voltage
regulators in this test system were disregarded in order to
verify if the DERs can improve the voltage profile. The pro-
tection scheme, presented in Fig. 4, consists of three reclosers
in the primary branch and eight fuses in the branches that
are derived from the primary branch. Considering the fuse
saving scheme, the reclosers must protect the system from
temporary faults, whereas the fuses must provide primary
protection against permanent faults.

The proposed algorithm has been implemented using the
C++ programming language with a workstation PC with an
AMD Ryzen 7 4800H processor and 16 GB DDR4 3200
MHz of RAM. The NSGA-II simulation was performed con-
sidering a population of 60 individuals, with a crossover
probability of 90%, a mutation probability of 10% and a
maximum number of generations of 400. The computing
time for the optimized coordination of protective devices,
presented in Sect. 5.1, was 3.357 s, whereas the computing
time for the optimized DER allocation, presented in Sect. 5.2
was 235.548 s. Initially, the load and short-circuit currents
of the IEEE 34-Node Test Feeder were achieved in Subsec-
tion 5.1. Thereafter, the NSGA-II was adopted to coordinate
reclosers and fuses present in the network, aiming to min-
imize the operating time of these devices. In Sect. 5.2, the
NSGA-II was adopted to allocate and size DERs preserving
the protection scheme of the system.

5.1 Coordination of the Protective Devices

Initially, the coordination of the protective devices was per-
formed without taking the system DERs into account. In
this paper, only reclosers with very inverse curves were
considered, according to the International Electrotechnical
Commission (IEC, 1989). Moreover, I pmax

n was adjusted
based on the smallest short-circuit current passing through
the analyzed recloser multiplied by 2/3 (Ferraz et al., 2020),
whereas I pmin

n was set in accordance with the highest load
current at the branch where the recloser Rn was inserted,
multiplied by an overload factor of 25% (Alam et al., 2018).
The maximum and minimum time multiplier setting values
adopted were 0.05 and 1s, respectively (Dehghanpour et al.,
2018). It was assumed that the constant a is equal for the
eight fuses, in order to reach the same type of fuse for all
the system. The CT I value, assumed in this paper, was 0.2
s (Sharma & Panigrahi, 2018).

Table 2 shows the minimum and maximum short-circuit
currents passing through the protective devices considering
3-line-to-ground (3LG), line-to-line (2L), 2-line-to-ground
(2LG) and line-to-ground (LG) faults. The minimum and
maximum short-circuit current values, for all fault types, are
highlighted in bold for each protection device. Additionally,
Table 2 presents the minimum and maximum load currents
passing through the protective devices. These values were
considered to set I pmin

n and I pmax
n .

Tables 3 and 4 present the optimized parameters of
the protective devices that were achieved considering the
mathematical formulation of the recloser–fuse coordination
problem.

Based on the determination of the characteristic coeffi-
cients ak and bk for each fuse, it becomes feasible to define
commercially available fuses that effectively integrate the
proposed protection scheme presented in this paper. For fuses
F1–F8, the Bussmann series 5.5 kV E-Rated medium volt-
age fuses for feeder circuits, specifically the MV055 model,
were adopted with the following current ratings: 50 A, 30 A,
40 A, 25 A, 20 A, 20 A, 20 A, and 20 A, respectively (Eaton,
2018).

Then, using the optimized parameters in Eqs. (14) and
(15), in addition to the characteristic curve of the fuses pre-
viously mentioned, it is possible to reach the coordination
between each fuse and its nearest upstream recloser, depicted
in Fig. 5. The minimum and maximum short-circuit current
values for each fuse, presented in Table 2, are highlighted
in red in the graphs of Fig. 5. Furthermore, the difference
in operation time of the protective devices for the afore-
mentioned short-circuit current values was also presented
in Fig. 5, aiming to demonstrate that the constraints (7)–(12)
were met, since the coordination interval is higher thanCT I .

From Fig. 5, it is possible to notice that the reclosers in fast
mode will operate for temporary faults, in order to preserve
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Table 2 Fault and load
minimum and maximum
currents measured at the
reclosers and fuses

3LG fault [A] 2L fault [A] 2LG fault [A] LG fault [A] Load [A]
Min Max Min Max Min Max Min Max Min Max

R1 118.41 644.67 94.47 554.84 112.71 652.24 105.55 665.38 13.22 45.42

R2 117.48 293.62 93.49 263.71 110.81 280.77 102.50 252.10 9.40 31.92

R3 195.41 201.85 163.36 181.32 178.21 187.94 158.43 173.95 5.76 19.81

F1 – – – – – – 416.40 417.21 0.14 0.58

F2 – – – – – – 160.76 266.67 3.25 12.65

F3 – – – – – – 242.39 246.21 0.37 1.47

F4 – – – – – – 180.59 182.45 0.03 0.14

F5 113.77 120.44 97.24 106.03 108.21 115.33 100.75 108.01 2.42 11.25

F6 – – – – – – 166.71 170.76 0.02 0.07

F7 195.17 201.58 164.57 181.29 178.14 187.66 158.64 170.14 3.81 14.41

F8 195.92 197.12 170.59 178.85 178.84 182.84 158.27 165.89 0.51 1.97

3LG 3-line-to-ground, 2L line-to-line, 2LG 2-line-to-ground, LG line-to-ground

Table 3 Solution of the NSGA-II regarding the recloser parameters

Recloser

R1 R2 R3

TMSsm [s] 0.90 0.45 0.80

TMS f m [s] 0.20 0.10 0.05

I p [A] 60.00 54.00 25.00

Table 4 Solution of the NSGA-II regarding the fuse parameters

Fuse a b a b

F1 −1.26 7.26 F5 −1.26 6.44

F2 −1.26 7.01 F6 −1.26 6.32

F3 −1.26 6.99 F7 −1.26 5.51

F4 −1.26 6.46 F8 −1.26 5.49

the fuse saving scheme. The fuses will actuate for permanent
faults and, for backup protection, the recloser in slow mode
shall operate. For this reason, the fuses curves lie well inside
the operating times of the reclosers, as shown in Fig. 5. Nev-
ertheless, for the faults which occur in the primary branch,
where there are no upstream fuses, the reclosers will protect
the feeder from permanent and temporary faults. Therefore,
based on the coordination curves, presented in Fig. 5, it is
concluded that for all possible fault types and locations,
the protection scheme will work properly according to the
sequence of recloser-fuse operation depicted in Fig. 1a.

5.2 Allocation and Sizing of Distributed Energy
Resource

The optimized allocation and sizing of DER in the IEEE 34-
Node Test Feeder was carried out considering the recloser–
fuse coordination constraints in order to preserve the protec-

tion scheme proposed in Sect. 5.1. Regarding the operational
limits of the system, the voltage limits are, respectively, 0.88
and 1.10 pu (IEEE, 2018); the current limits were defined
according to the line section configuration; and the mini-
mum lagging and leading power factor is 0.8 (Rueda-Medina
et al., 2013). With respect to the DER limits, the reactive
power capability was based on the Standard IEEE 1547-2018
(IEEE, 2018), and it was assumed that three photovoltaic
systems are available for allocation. The DER and substa-
tion energy costs are 0.03 and 0.15 US$/kWh, respectively
(Rueda-Medina et al., 2013); and the DER capacities are 50
kW, with 10,000 US$ of annualized investment cost, and 100
kW, with 20,000 US$ of annualized investment cost (Rueda-
Medina et al., 2013). Thus, considering the mathematical
formulation of the DER allocation and sizing problem, it
was possible to reach the Pareto set approximation, shown in
Fig. 6. In the graphs of Fig. 6, the value of 100%, present in
the short-circuit and voltage deviation axis, corresponds to
the system without DERs.

Based on Fig. 6b, it is noticed that the objective functions
f4 (investment cost) and f5 (voltage deviation) are non-
conflicting objectives; consequently, it is possible to achieve
the optimized solution considering only f4 and f5. Never-
theless, the objective functions f6 (short-circuit current) and
f4, presented in Fig. 6c, are conflicting objectives; thus, the
attenuation of the costs promotes an increase in the short-
circuit current, due to the fault current contribution of the
inverter-based DER. The same behavior can be observed
from the analysis of the objective functions f6 and f5, which
are shown in Fig. 6d. All the solutions, present in the Pareto
set approximation, are equally valid from the point of view of
multi-objective optimization. Therefore, the distribution sys-
tem operator can choose any of these solutions depending on
the decision maker’s preferences.

In this paper, the solution which mutually minimizes f4
and f5, highlighted in red in Fig. 6a, was chosen, since the
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Fig. 5 Coordination between the reclosers and fuses: a F1, b F2, c F3, d F4, e F5, f F6, g F7, and h F8

Fig. 6 Pareto set approximation for the problem of DER sizing and allocation: a three-dimensional chart, b vertical view, c left view, and d front
view
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fault current increased by only 0.26%. From this solution,
it was possible to achieve a 15.61% and 10.01% reduction
in the overall cost and voltage deviation, respectively, when
compared to the systemwithoutDER.The slight short-circuit
current variation, observed in the Pareto set approximation,
is due to the DER locations selected by the NSGA-II com-
bined with the voltage-dependent control modes adopted in
this study, which limit the fault current contribution of the
DER. The chosen solution presents DERs in nodes 19, 21
and 28, with active power of 100, 100 and 100 kW, and reac-
tive power of 26, 22 and 12 kVAr, respectively. From the
probabilistic scenarios generated by the MCS, it is possible
to obtain the voltage in each node of the feeder considering
the system without and with DERs. These statistical results
are exposed in Fig. 7 using a boxplot. It is important to men-
tion that the voltage and current data, shown in this paper,
were measured between 8 and 16h, since this time interval
presents the highest generation levels.

By comparing Fig. 7a and b, it can be observed that the
DER integration promoted an improvement in the voltage
profile. In this context, the minimum and maximum values
(disregarding the outliers) and the lower and upper quartile
of the voltage values shifted up. In addition, the variation of
the voltage magnitude median along the distribution system
was reduced when considering the optimized solution. This
reduction is due to the objective function f2, which mini-
mized by 10.01% the voltage deviation of the system.

The load current of the IEEE 34-Node Test Feeder is pre-
sented in Fig. 8, considering the system without and with
DERs. FromFig. 8a and b, it can be noted that the systemwith
DERs presents lower load current values compared to the
system without DER. The study conducted by Mendes et al.
(2021) provides supporting evidence for the observed reduc-
tion, demonstrating that the allocation of DERs contributes
to the minimization of the distribution network currents.
The research findings emphasize the significant influence of
DERs location and size on the load current; consequently, the
proper allocation and sizing of DERs in the system become
crucial for optimizing the overall system performance, since
the load current decrease leads to the minimization of the
network power losses (Priya et al., 2022).

The fault current was exposed only for the scenario with
theDERs allocated in the distribution system, since the short-
circuit currents are not substantially modified by the DER
integration, as depicted in Fig. 6. Figure9 shows a boxplot

Fig. 7 Voltage profile considering the system: a without DER and b
with DER

Fig. 8 Load current considering the system: a without DER and bwith
DER
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Fig. 9 Short-circuit current measured at the faulted node considering a
fault application in each node of the system

of this current considering all fault types (three line, three
line-to-ground, line-to-ground, line-to-line and line-to-line-
to-ground) and the probabilistic scenarios generated by the
MCS. It is important to highlight that the x-axis corresponds
to the node inwhich the fault is applied. FromFig. 9, it is pos-
sible to observe the substantial variation of the short-circuit
current considering all the fault types and the stochastic
nature of the generation and load profile. Furthermore, the
fault current reduces as far as the fault moves away from the
substation, due to the increase in the line section impedance.

Taking Figs. 8 and 9 into account, it noticed the impor-
tance of considering all fault types and the generation and
load uncertainties in both mathematical formulations (coor-
dination of protective devices and DERs allocation), since
these variables interfere directly in the adjustment of protec-
tive devices. Therefore, through the proposed methodology,
it is possible to ensure theminimization of the objective func-
tions present in Eqs. (1)–(3) and (16)–(18), and the correct
coordination of reclosers and fuses, regardless of the fault
type and location, for the system with and without DERs.

6 Conclusion

In this paper, a protection scheme composed of reclosers
and fuses was proposed, considering the NSGA-II algorithm
to mutually minimize the operating time of each protective
device. Furthermore, this multi-objective optimization algo-
rithmwas also used to optimize the size and location ofDERs
in the IEEE 34-Node Test Feeder. The objectives of this allo-
cation problem consist of the minimization of the investment
and operation costs, the voltage deviation and the short-
circuit current. The addition of the short-circuit current in the
mathematical formulation assisted in the maintenance of the
original protection scheme, since the fault current increased
by only 0.26% when considering the DERs allocated in the
distribution system.

Another important contribution of this work is the inclu-
sion of the recloser–fuse coordination constraints in the

formulation of theDER allocation and sizing problem,which
preserved the correct operation of the protection scheme pro-
posed in this study. Taking this novel approach into account, it
is possible to avoid the need for adaptive protection schemes,
the application of FCL and the adjustment of the protective
device settings considering the DER integration in the sys-
tem, which are the most adopted solutions in recent papers.

Regarding the DER allocation results, it observed a
15.61% reduction in the overall cost, due to the lower DER
energy cost when compared to the substation energy cost. In
addition, the voltage deviation of the system was reduced by
10.01%, caused by the minimization of the current of each
branch, which decreases the power losses of the network.

The time-series-based probabilistic approach, carried out
through the MCS, made it possible to consider the uncer-
tainties of the loads and power generated by each DER, in
addition to ensuring that the recloser–fuse coordination con-
straints and the system operational constraints are met for
the 24h of the day and for all the probabilistic scenarios
generated by the MCS. Finally, considering the proposed
methodology, it is possible to take advantage of the DER
integration and mitigate the issues caused by this new sce-
nario (mis-coordination between protective devices), without
adding investment and operational cost.

In future works, it is important to consider the inclusion
of other types of DERs since they present distinct behav-
iors under fault conditions, which can significantly impact
the proper operation of protective devices. Each DER tech-
nology may introduce unique challenges and considerations
regarding fault response and protective devices’ coordina-
tion.
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