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Abstract

This paper presents a novel scenario-based stochastic mixed-integer second-order cone pro-
gramming model to solve the problem of optimal reconfiguration of distribution systems with
renewable energy sources considering short-circuit constraints. The proposed formulation min-
imizes technical losses by modifying the statuses of sectionalizing and tie switches, allowing
the operation of distribution networks with radial and closed-loop topologies. Since the for-
mation of loops could impact fault current levels, short-circuit constraints are considered in the
problem formulation. Numerical experiments are carried out using an 84-node system and the
results demonstrate the effectiveness of the proposed formulation to reduce technical losses
notably when a closed-loop operation is allowed. Additionally, it is verified that short-circuit
constraints prevent the adoption of network configurations with high short-circuit values.

Keywords: Closed-loop operation; distribution network reconfiguration; renewable energy
sources; short-circuit; stochastic programming.

Nomenclature

Indices and sets:

i, J Indices for nodes

ij, ji Indices for branches

c Index for a short-circuit scenario

s Index for stochastic scenarios

Op Set of branches

Qg Set of branches for short-circuit calculations
Qe Set of short-circuit scenarios

Qpe Set of nodes with distributed generators (DGs)
Oy Set of nodes

Qo Set of nodes for short-circuit calculations
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Binary variables:

sW

wij

Set of stochastic scenarios
Set of substations (SSs) nodes

Energy price of a stochastic scenario
Current capacity of a branch

Short-circuit current limit for a branch on a short-circuit scenario
Big-M parameters

Maximum number of basic loops allowed
Active/reactive power demands

Power factor limits of a DG

Resistance, reactance, and impedance of a branch
Installed DG capacity

Apparent power capacity of a DG

Apparent power capacity of a SS
Maximum/minimum voltage magnitude limits
Estimate of the voltage magnitude

Duration of a stochastic scenario
Generation factor of a DG unit

Square of the current magnitude on a branch

Real/imaginary parts of the current on a branch on a short-circuit sce-
nario

Real/imaginary parts of the current injected by a SS on a short-circuit
scenario

Real/imaginary parts of the short-circuit current at a faulted node in
a short-circuit scenario

Active/reactive power flows through a branch
Active/reactive power injected by a DG
Active/reactive power injected by a SS

Square of the voltage magnitude at a node

Real/imaginary parts of the voltage at a node on a short-circuit sce-
nario

Fictitious flow on a branch

Fictitious generation at SS nodes

Slack variable for the real/imaginary parts of the voltage drop on a
branch on a short-circuit scenario

Voltage angle at a node
Slack variable for the voltage drop calculation

Slack variable for the angle difference calculation

Operational state of a branch



1. Introduction

Conventionally, electric power distribution networks are planned to have a weakly-meshed
structure but are operated with a radial topology [1]. The adoption of radial structures responds
to various technical reasons including the simplification of the protection system coordination
and the reduction of short-circuit current values [2], [3]. However, in recent years, the closed-
loop operation has been considered as an alternative to radial topologies due to operational
advantages [4], [5]. For instance, in a normal state, a weakly-meshed configuration reduces
technical losses [3], improves the reliability of distribution systems [6], and increases the host-
ing capacity of renewable energy sources (RES) in distribution networks [5], [7], [8]. On the
other hand, the creation of loops during the restorative state improves the system’s response to
permanent faults by rearranging more de-energized loads to adjacent feeders [9].

One of the most common approaches to improve the operation of distribution systems is by
performing network reconfiguration. It consists of changing the topology of the network
through switching operations for alleviating congestions, reducing losses, and improving the
voltage profile while, typically, maintaining a radial configuration for the system [10], [11],
[12], [13].

An alternative to the radial operation is to allow the formation of loops in the network. In
[4], a genetic algorithm-based approach is presented for solving the optimal power flow prob-
lem in a real Czech urban closed-looped distribution network. In [5], the authors present a com-
parison between closed-loop alternatives and network reinforcement solutions to increase dis-
tributed generation connection to a real French network. Reference [3] presents a mixed-integer
nonlinear programming (MINLP) model for the reconfiguration problem allowing a significant
decrease in losses with a reduced number of closed-loops. However, the formation of loops in
distribution networks should be taken into account in the fault calculation as this type of con-
figuration could impact fault current levels [5], [6].

Electric distribution networks are exposed to short-circuit faults that can cause undesirable
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conditions to consumers and damage to utilities’ equipment. Fault current levels depend on
many factors, including network topology, grounding arrangements, and the number of in-ser-
vice distributed generators (DGs) [14]. DGs have different contributions to a fault current de-
pending on the technology of the generation unit. In general, synchronous and induction gen-
erators have high contributions to fault current levels, however inverter-based units’ contribu-
tion to a fault could be neglected due to disconnection speed [14]. Short-circuit constraints are
considered in this work to avoid network topologies that can present high values of short-circuit
currents, such as when different substations (SSs) are interconnected [6]. Note that, even for
radial configurations, short-circuit constraints should be considered in the reconfiguration prob-
lem. However, this type of constraint is widely ignored in the literature [10], [15]. To the best
of the authors’ knowledge, no paper has yet presented a mathematical optimization model tak-
ing into account short-circuit constraints in the distribution network reconfiguration problem.
In this work, we consider network reconfiguration for reducing technical losses of distribu-
tion systems with RES. The proposed approach considers opening sectionalizing switches to
provide more flexibility to the network operation. Uncertain parameters, such as renewable
generation availability, energy prices, and loads are represented through stochastic scenarios.
Moreover, short-circuit constraints are considered in the problem so that the resulting configu-
rations can be formed without compromising the isolation levels of equipment. The proposed
formulation consists of a new scenario-based stochastic mixed-integer second-order cone pro-
gramming (MISOCP) model. To handle the uncertainties of RES, a stochastic scenario-based
formulation is used. Tests are performed using an 84-node distribution system.
The main contributions of this work are as follows:
o From a modeling perspective, a new stochastic programming-based model is
proposed to determine the optimal network topology to improve the operation of
distribution systems taking into account short-circuit limits of the network’s as-

sets.
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. From a methodological perspective, the resulting mixed-integer nonlinear pro-
gramming problem is recast in order to obtain a relaxed MISOCP model that is
treatable, scalable, and can be effectively solved by off-the-shelf optimization
solvers.

The remainder of this paper is organized as follows: the mathematical formulation of the
problem is presented in Section 2; the tests with the 84-node system and a discussion of the

results are shown in Section 3; finally, the conclusions of the work are presented in Section 4.
2. Mathematical Formulation

2.1 Objective Function
The objective function of the problem, presented in (1), minimizes the total cost of the energy

losses.

minimize » Y CFATR, 77 (1)

VijeQp seQlg
Note that (1) considers the values of the losses for all branches in all operating scenarios,
multiplied by the corresponding duration of the scenario and the energy price in the scenario.
Alternative objectives can also be considered in the formulation, such as improving the voltage
regulation of the system, balancing the load among the substations, or increasing the hosting
capacity of the network for renewables.
2.2 Power Flow Constraints

The ac operation of the distribution system is represented by the power flow equations (2)—

(8) [16].

Z Djis — Z (pij,s + Rmfﬂ) + pzsf + pf,)sG = Pil,)s (2)
JieQlg 1jeEQp

Z Qs — Z (q'ij,s + Xij/ifjcfg) + qgf + qv?sG = Es (3)
JieQlg ijeQp

Vi€ Qy,s € Qg



VP9 — oS+ A = 2(Rypyy ., + Xy ) + 23457 4)
‘71,5‘73',5<91,s - gj,s + A?j,s) = Xijpz’j,s - Rijq'ij,s &)
VIS0 > p 4 gl (6)
(A < MY (1= wi") (7)
Ayl < MO(1—wi) (8)

Vij € Qp,s € Qg
Constraints (2) and (3) are the active and reactive power balance equations, respectively, that
represent the application of Kirchhoff’s current law to the system. Constraints (4)—(8) represent
the application of Kirchhoff’s voltage law to the system, in which (7) and (8) are used to calcu-

late the slack variables )\}g’s and )\%S

according with the statuses of the switches. Note that (6)
is a second-order cone constraint. Ideally, this constraint should be active in the solution, oth-

erwise, the terms R, 47, X, .4°¢ and Z24% in (2), (3), and (4) will be overestimated, re-

1§ ig,s® “Tij Vig,s? 15 7ig,s
sulting in higher values of losses. Note, however, that the active power losses are minimized in
the objective function (1), leading (6) to remain active.
2.3 Physical and Operational Limits of the System

The physical and operational limits of the system are considered in constraints (9)—(13).

0<ii? < T ws" Vij € Qp, s € Qg )
pijo| S VI wiW Vij € Qp, s € Qg (10)
|95;.6| < VI wiV Vij € Qp, s € Qg (11)
V2 <o <V Vi€ Qy,s € Qg (12)

S5V2 4 (455)2 < (§5%)° VieQ Q 13
(P52 + (¢75)* < (S)7) i € Q.5 € Qg (13)

1,8 %
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Constraint (9) represents the current limits for the branches according to the status of the
switches, while (10)—(11) are the active and reactive power limits for the branches, also de-
pendent on the status of the switches. Constraint (12) is the voltage magnitude limit for the
nodes. Finally, constraint (13) is the apparent power capacity of the SSs.

2.4 Renewable DGs

The operational limits of the renewable DGs are shown in (14)—(16).

—DG\ 2 .
(PPE)? + (¢PE)? < (S5,) VieQpg,s € Qg (14)
0 < pP& < PGP Vi€ Qpgys € Qg (15)
—pil?sG tan(cos 1 (PEPY)) < qz-l?sG < pil?f tan(cos_l(ﬁ’iDG)) (16)

Vi€ Qpa, s € Qg

Constraint (14) represents the power generation capacity of the DGs. Constraint (15) limits
the active power of the renewable DGs according to the availability of the renewable resource.
Finally, constraint (16) limits the power factor of the DGs.

2.5 Topological Constraints
The connectivity of the system and the maximum number of loops allowed to be formed are

controlled by (17)—(20) through artificial demands that must be attended at all nodes.

Q] — [Qgs] < Z wiV < [Qul = [Qgg| + NFF

1jEQ (17)
? B

zs; I _zs; Fata=t vieQy  (18)
|f”| < |QN|wz$jW Vij € Qp (19)

0<g;, <|Qy| Vi € Qgq (20)
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Constraint (17) limits the maximum number of basic loops allowed to be formed in the sys-
tem. This constraint operates together with (18)—(20), which ensure the connectivity of the sys-
tem, by requiring that there must be a path from each node of the system to a SS. For the load
nodes (25 \Qgg), g; = 0.

2.6 Short-Circuit Constraints

Changes in the network topology due to reconfiguration and the formation of loops affect
the voltage profile and the currents of the system in normal operation scenarios, as well as the
short-circuit currents in fault scenarios. It must be guaranteed that the reconfiguration of the
network will not produce an increase of the short-circuit currents beyond the short-circuit ca-
pacity of the protective devices. Moreover, it is desirable to produce only small changes in the
short-circuit currents, so that the coordination of the protection is not overly affected.

The following considerations are made for the short-circuit analysis:

1. The SS is represented by a power source with a voltage of 1.£0° p.u. in series

with an equivalent impedance of the upstream network [17];

11. The inverter-interfaced renewable DG does not contribute to the short-circuit
currents [14];

1il. A single fault at a node is considered in each fault scenario, and the faults are
symmetrical three-phase short-circuits [17];

1v. Since short-circuit currents are much larger than the load currents in steady-state,
the loads are ignored in the calculation of the short-circuit currents [17].

The short-circuit constraints, with considerations (i)—(iv), are presented in (21)—(27).

~R ~R AR5 ~RF

Viie — LijeTlic =% (21)
JieQyg 1jEQz

AT ~1 A1 AIF

Viie — Lijetlic =% (22)
Ji€EQz ijEQ g

Vi€ Qy,c € Qn



R

o, —0F, + 05 . = R, XU% . (23)
o), — 0.+ 0], —XU’L”C-FRU’L”C (24)
[657.c] <2V (1 —wi) (25)
10| <2V(1 —wi}V) (26)
(fj)2 + (ij,cf < (T55) ws o7

Vij € Qg,c € Qe

In (21)—(27), the set €25 contains the branches of {2, and the additional branches with the
equivalent impedance of the upstream network connected to the SS buses; the set €2, contains
the nodes of (2, and the terminal nodes of the additional branches from €2;\2z; finally, Q. is
the set of fault scenarios. A fault at a single node is considered in each fault scenario.

Constraints (21) and (22) are the application of Kirchhoff’s current law to the real and imag-
inary components of the short-circuit currents. Constraints (23)—(26) represent the application
of Kirchhoff’s voltage law to the system in the fault scenarios. Finally, constraint (27) is the
limit for the short-circuit current on a branch according to the fault scenario and the status of
the branch. These values must also be limited by the isolation levels of the equipment installed
in the network. It should be noted that, in each fault scenario, the voltage at the faulted node is
set to zero in the model.

Note that the short-circuit constraints presented in this paper allow changes in the network
topology, differently from [17], which considers a short-circuit model for pre-defined fixed to-
pologies. Moreover, the formulation (21)—(27) can be applied to networks considering both
traditional and modern digital protective devices that can be reparametrized. For the latter, it is
possible to obtain more flexibility in the solutions. However, the isolation levels of the equip-
ment present in the network must also be taken into account when these devices are considered.

In the proposed scenario-based formulation, the objective function (1) is linear, as well as

constraints (2)—(5), (7)—(12), and (15)—~26). Constraint (6) is a second-order cone, while (13),
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(14), and (27) are quadratic constraints. Due to the presence of the binary variable wfjW, the

resulting formulation is a stochastic MISOCP model, which can be solved by off-the-shelf op-

timization solvers.
3. Tests and Results

The proposed model is tested using the 84-node system, adapted from [18], shown in Fig. 1,
which operates at 11.40 kV. This system has four 600 kW photovoltaic (PV) generation units
with inductive and capacitive power factor limits of 0.9 at nodes 9, 24, 42, and 64. The minimum
and maximum voltage magnitude limits are 0.93 and 1.05 p.u., respectively. For a radial oper-
ation, the system has 13 normally open switches. It is assumed that every branch has a switch.
Complete data for the system is available in [19].

The solar irradiations, energy prices, and power demands are represented using a set of 16
stochastic scenarios obtained from historical data and reduced using the k-means method [20].

The proposed formulation was implemented in AMPL [21] and solved with the commercial
solver CPLEX v20.1.0 [22] on a computer with a 3.2 GHz Intel® Core™ i7-8700 processor
and 32 GB of RAM.

3.1 Study Cases

Considering the initial topology presented in Fig. 1, the solution of the proposed model dis-
regarding network reconfiguration provides the short-circuit current values of the system con-
sidering a fault at each node connected to a substation node, i.e., faults are considered at nodes
1, 11, 15, 25, 30, 43,47, 56, 65, 73, and 77, one at a time, in each fault scenario. Based on these

short-circuit currents, the study cases proposed in Section 3.3 allow controlled variations, from

. . o —CC . .
1% until 25%, in the short-circuit current values, I;; ., to find topologies with lower costs of
the energy losses. These short-circuit values are also limited by the isolation levels of the equip-

ment.

The proposed model is solved considering the two approaches presented below:
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J Case I — without network reconfiguration: Starting with the initial radial config-
uration, it is only allowed to close tie (normally-open) switches, while opening
sectionalizing (normally-closed) switches is disregarded, as considered in [8];
o Case Il — with network reconfiguration: The reconfiguration process considers
both closing tie switches and opening sectionalizing switches.

The following subsection presents the results obtained with the proposed model for both

approaches and disregarding the short-circuit constraints, (21)—(27), in the model.
3.2 Results Without Considering Short-Circuit Constraints

Disregarding any switching operation, the initial configuration shown in Fig. 1, with the
switches of branches 5-55, 7-60, 11-43, 12-72, 13-76, 14-18, 16-26, 20-83, 28-32, 29-39, 34-
46, 40-42, and 53-64 open, has a total annual cost of the energy losses of US$ 104,569.30.

Table I summarizes the main results obtained for the problem without considering short-
circuit constraints. When disregarding the short-circuit constraints, (21)—(27), of the model, the
optimal radial configuration, obtained with NX¥ = 0, presents a total annual cost of the energy
losses of US$ 92,957.95, with 13 switches of branches open. This represents a cost reduction of
11.10% in comparison with the initial configuration.

For Case I, only allowing closing switches and disregarding the short-circuit constraints, the
optimal configuration, obtained with N%¥ = 13, i.e., allowing the formation of up to 13 basic
loops, presents a total annual cost of the energy losses of US$ 92,070.36, with 4 switches of
branches open. This represents a cost reduction of 11.95% in comparison with the initial con-
figuration, while 9 loops are formed in the system.

For Case II, allowing network reconfiguration and closed-loop operation and disregarding
the short-circuit constraints, the optimal configuration, obtained with NX¥ = 13, presents a
total annual cost of the energy losses of US$ 91,375.26, with 8 switches of branches open. This
represents a cost reduction of 12.62% in comparison with the initial configuration, while 5 loops

are formed in the system.
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Figure 1: Initial configuration of the 84-node system.
Table I: Results without considering short-circuit constraints
Objective function| . Number
Case value (USS) Open switches of loops
5-55,7-60, 11-43, 12-72, 13-76, 14-18, 16-26, 20-83, 28-32, 29-39,
! 104,569.30 34-46, 40-42, 53-64 0
6-7,12-13, 33-34, 37-38, 39-40, 62-63, 71-72, 82-83, 5-55, 11-43,
I 92,957.95 14-18, 16-26, 28-32 0
I 92,070.36 11-43, 14-18, 28-32, 29-39 9
I 91,375.26 12-13, 32-33, 37-38, 39-40, 81-82, 5-55, 11-43, 14-18

Note that, from the results of Cases I and II, not necessarily an all-closed-switches solution
presents the lowest value of losses. Indeed, by closing all switches in the system, its operation
becomes infeasible, since the current capacities of branches 43-84 and 44-45 are violated in

some operation scenarios.
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The following subsection presents the results obtained with the proposed model for both
approaches and considering variations of the maximum value of the short-circuit current limits,
obtained from the initial configuration.

3.3 Results Considering Short-Circuit Constraints

First, we consider the maximum short-circuit current on a branch in a fault scenario, Tgi,
the short-circuit current value obtained from the initial configuration. Then, we allow maximum
deviations, from 1% up to 25% (also limited by the isolation levels of the equipment), in these
values for obtaining solutions that comply with the isolation levels of equipment and try to
maintain the coordination of the protection.

Fig. 2 presents the summary of the solutions obtained for Cases I and II for the values of
maximum short-circuit current deviations: Fig. 2(a) presents the annual cost of the energy losses
for each solution, while Fig. 2(b) presents the number of basic loops in the corresponding solu-
tion. It can be observed, in Fig. 2(a), that by allowing higher values for the maximum value of
the short-circuit current deviation, it is possible to obtain solutions with lower values of the
annual cost of energy losses for both Cases I and II. Moreover, since Case II allows for more
flexibility than Case I, the solutions for Case II will always present lower (or in the worst-case
equal) values of the annual cost of energy losses than the solutions for Case 1.

Moreover, from Fig. 2(b), it is possible to conclude that, by increasing the value of the max-
imum short-circuit current deviation, it is possible to form more loops in the system or to obtain
different network configurations that allow reducing the annual cost of energy losses.

Table II summarizes the main results obtained for the problem considering short-circuit con-
straints. For a maximum short-circuit current deviation of 1%, in Case I, the topology of the
system does not change and remains equal to the initial configuration. For Case II, the corre-
sponding solution has a cost of US$ 101,159.96, with 13 switches of branches open, and pre-
sents a radial configuration. This represents a cost reduction of 3.26% in comparison to the

solution of Case 1.
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Figure 2: (a) Annual costs of energy losses obtained by changing the maximum short-circuit
deviation in relation to the initial configuration and (b) the corresponding numbers of loops in

the system for each solution.
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Table II: Solutions considering short-circuit constraints

Maximum short- Objective

. . . Number

Case| circuit current] function value Open switches of 100DS

deviation (%) (US$) p
5-55, 7-60, 11-43, 12-72, 13-76, 14-18, 16-26, 20-83, 28-32,

I ! 104,569.30 29-39, 34-46, 40-42, 53-64 0
6-7,36-37, 38-41, 54-55, 60-61, 75-76, 11-43, 12-72, 14-18,

I I 10115996 16-26, 20-83, 28-32, 34-46 0
5-55, 7-60, 11-43, 13-76, 14-18, 16-26, 20-83, 28-32, 29-39,

I 9 104,255.70 34-46, 53-64 2
6-7, 12-13, 32-33, 35-36, 38-39, 60-61, 81-82, 5-55, 11-43,

I 9 93,041.95 16-26. 28-32 2
I 25 93,644.96 5-55,11-43, 13-76, 14-18, 16-26, 28-32
11 25 92,024.57 12-13, 33-34, 38-39, 82-83, 5-55, 11-43, 14-18, 16-26

For a maximum short-circuit current deviation of 9%, in Case I, a solution with a total annual
cost of the energy losses of US$ 104,255.70 is obtained, in which 11 switches of branches are
open, and 2 basic loops are formed in the system. For Case II, the corresponding solution has a
cost of US$ 93,041.95, with 11 switches of branches open, and, again, 2 basic loops are formed.
The solution for Case II represents a cost reduction of 10.76% in comparison to the solution of
Case L.

Finally, for a maximum short-circuit current deviation of 25%, in Case I, a solution with a
total annual cost of the energy losses of US$ 93,644.96 is obtained, in which 6 switches of
branches are open, and 7 basic loops are formed in the system. For Case II, the corresponding
solution has a cost of US$ 92,024.57, with 8 switches of branches open, and 5 basic loops
formed. The solution for Case II represents a cost reduction of 1.73% in comparison to the
solution of Case I.

It can be verified that by increasing the values of the maximum deviations in the short-circuit
currents, it is possible to obtain solutions with lower energy losses costs. From an optimization
problem perspective, this can be explained by the larger feasible region that is obtained with
higher maximum short-circuit current values. This allows us to obtain solutions with lower costs
of energy losses. From the power system operation perspective, by allowing larger values of
short-circuit currents, it is possible to obtain more flexible configurations for the network oper-

ation, allowing, for example, the interconnection of substations and the formation of more loops
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Table III: Performance tests considering a maximum short-circuit current deviation of 7%

Number of stochastic scenarios Number of short-circuit scenarios CPU time (s)
16 0 1636

16 3 6261

16 8 7463

16 11 22183

1 11 901

11 4184

8 11 14495

12 11 17318

in the system. Note that, a system with more loops may present lower values of normal opera-
tion currents on branches and, consequently, lower values of energy losses. However, the short-
circuit currents of meshed systems are usually higher, especially when substations are intercon-
nected [6].

The results indicate that the approach considered in Case II is capable of providing better
solutions than the approach in Case I, reducing the total annual cost of the energy losses in the
system while maintaining adequate levels of the short-circuit currents. Note that, by allowing a
maximum deviation of the short-circuit current in the system of 9%, it is possible to obtain a
solution that is only 0.71% worse than the solution for the problem without considering short-
circuit constraints. For the solution obtained without considering short-circuit constraints,
shown in the previous subsection for Case II, the maximum deviation of the short-circuit current
value is 29.75%.

The average computational time to solve the problems in Case I is 46.16 s while for Case 11,
the average computational time is 1.23 h. The results were validated using a power flow algo-
rithm and it was verified that the operation of all of them is feasible.

The obtained results indicate that the proposed formulation is capable of obtaining configu-
rations that reduce the total annual cost of the energy losses while maintaining adequate levels
of short-circuit currents in the system.

3.4 Performance Comparison
This subsection presents performance tests of the proposed model according to the number

of stochastic and short-circuits scenarios considering a maximum short-circuit current deviation
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of 7%. Table III presents the number of scenarios and the CPU time needed to find the optimal
solution to the problem. As expected, the results show that the solution time increases consid-
erably when the number of scenarios increases. Note that, each stochastic scenario increases
the model size in 2|Qy |+ 5|Qp| + 2|Qgg] + 2|Qp| variables and in 3|Qy |+ 8|Qp| +
|Qgg| + 4|2 p| constraints, of which 3| | + 7|2 5| + 3|2 | are linear constraints, |Qgg| +
|| are quadratic constraints, and |Q2 5| are second-order cone constraints, as can be verified
in (2)—(16), while each short-circuit scenario only increases the model size in 4|2,/ | + 4|Q4| +
2|Q 4| variables and in 2|$2,,| + 5|Q25| constraints, of which 2|Q,,| + 4|Q25| are linear con-

straints and |{2| are quadratic constraints, as it can be verified in (21)—(27).

4. Conclusion

This work presented a novel mixed-integer second-order cone programming model for
the distribution network reconfiguration problem considering short-circuit constraints. The sce-
nario-based stochastic formulation accounted for the uncertainty of the demand, renewable gen-
eration, and energy prices.

Tests were carried out using an 84-node system, and the results indicated that the pro-
posed formulation is capable of providing high-quality solutions for the problem while main-
taining the short-circuit currents of the system within acceptable ranges, complying with the
isolation levels of equipment, and trying to maintain the coordination of the system protection.

Future works will consider other objectives in the problem, such as increasing the host-
ing capacity of the network. Moreover, a three-phase unbalanced representation of the network
operation can be used for both normal operation and the calculation of short-circuit currents.
The proposed short-circuit constraints will also be included in the service restoration problem
so that the protective devices can adequately actuate in the case of a fault in the network during

the restorative state for the configurations provided by the restoration model.
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