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ARTICLE INFO ABSTRACT

The optimal reconfiguration of distribution networks (DNs) is a critical strategy to improve the operational effi-
ciency of modern power systems considering the increasing integration of renewable energy resources. Existing
approaches, including heuristic algorithms and Mixed-Integer Linear Programming (MILP) techniques have
demonstrated their relevance in addressing important objectives for DNs, such as loss minimization, feeder load
balancing, and reliability maximization. However, these methods have some limitations, including single-time
formulation, absence of explicit modeling of the transition steps during the shift period from the initial configu-
ration to the optimal one, and the approximated representation of zero-impedance branches, which are necessary
for accurate system modeling. This study introduces a novel MILP-based formulation for the multi-period optimal
reconfiguration of DNs based on the knowledge of multi-temporal generation and load profiles. The model also
considers practical operational constraints, including Rapid Voltage Change (RVC) limits and realistic switching
sequences. In particular, the maneuvering process is explicitly modeled, enabling the identification of feasible
transition paths while avoiding intermediate configurations that would violate network constraints. Moreover, an
efficient formulation to include breakers and bus-ties as zero-impedance branches is developed, which improves
the accuracy of the electrical model and ensures a more realistic representation of the DN topology. Simulation
results on the IEEE 12-bus and IEEE 69-bus systems confirm the effectiveness of the approach: objective functions
are close to ideal values even with a limited number of switching actions, while computation times remain below
practical operational limits for the 69-bus test case, demonstrating the method’s scalability and suitability for
real-time operation.

Keywords:

Distribution networks

Optimal network reconfiguration
Graph theory

Distributed energy resources
Zero-impedance branches

1. Introduction vehicles must be clean. Hence, the future of electric energy genera-
tion will be dominated by non-programmable RES, such as solar and
wind power. As these sources become more relevant, they introduce

new challenges in terms of grid stability and energy balancing, given

1.1. State of art and goals

In recent years, due to the pressing need for decarbonization, the

European Union (EU) is pursuing strategies aimed at reducing green-
house gas emissions [1]. Key initiatives include the implementation of
the Renewable Energy Directive 2018/2001/EU [2], which sets a tar-
get for Renewable Energy Sources (RES) to cover 32 % of the energy
mix by 2030 and the EU Directive 2019/1161 [3], which mandates
that by 2025, 35 % of light-duty vehicles and 45 % of heavy-duty

* Corresponding author.

their intermittent and unpredictable nature [4]. Studies have shown that
this variability requires more flexible grid operations [5] and new mar-
ket strategies [6]; in parallel, technological improvements are enabling
more effective integration of RES, reinforcing their role as a primary
component of future regulating frameworks [7]. Moreover, the trans-
portation electrification, driven by the adoption of Electric Vehicles
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Nomenclature

Sets

teT All considered time intervals

T°? c T Time intervals of planned operation period

T¢cT Time intervals of closing maneuvers

T° c T Time intervals of opening maneuvers

T* ¢ T Time intervals of planned shift period T = T¢ U T°

keN All nodes of the grid

NY ¢ N Nodes that are not the primary substations’ HV nodes
(slack)

g€ G  All generators in the grid

n® Node-generator connectivity map

JEB All branches in the grid

IB%: cB Branches which, by current flow convention, are exiting
from node k

B, cB Branches which, by current flow convention, are entering
to node k

B% cB Zero-impedance branches

B® c B  First branches of the feeders, i.e. the ones connected to the
primary substation

n;f € P*  Paths from each node k to the slack

Tk c N Set of nodes that, for each node k, belong to path n;f that
connects node k to the slack

ﬁﬂg C B Set of branches that, for each node k, belong to path n;f that
connects node k to the slack

nes Intersecting planes for current magnitudes linearization

Parameters

S . Complex power absorbed at node & at time ¢ [pu]

=G .. .

S, Complex power injected by generator g at time ¢ [pu]

VPS Voltages of the slack nodes (HV nodes of primary substation)
[pul

% 2’1 Initial value of node k voltage at time ¢ [pu]

YfH Shunt admittance of branch j [pu]

4 ; Series impedance of branch j [pu]

&2V Maximum amplitude of rapid voltage change [pu]

b Probability of fault of branch j [-]

© User-defined angle range for voltage linearization [°]

A,/B,/C, Coefficients for branch current magnitudes linearization
. [pul

F Number of feeders [-]

ijM AX  Maximum current of branch j [A]

KV User-defined corrective factor for bus voltage linearization [pu]
M large value for Big-M technique [-]
N ;‘ Number of branches in path p for node k [-]

f’,fr Real power absorbed at node k at time ¢ [pu]

Pg, Real power injected by generator g at time ¢ [pu]
I7kM AX Maximum voltage at node k [pu]

Vk””" Minimum voltage at node & [pu]

Continuous variables

I;, Complex current flowing in branch j at time ¢ [pul]

IZk,t Complex current flowing in branch j exiting from node k at
time ¢ [pu]

I7,, Complex current flowing in branch j entering to node k at time

: t [pu]

I f , Complex current flowing in the series impedance of branch j at
time ¢ [pu]

I Complex current flowing in the shunt admittance of branch j

Jikit
at node k side at time ¢ [pu]

I g, Complex current injected by generator g at time ¢ [pu]

I £ ] Complex current absorbed by demand at node k at time ¢ [pu]
i;f‘t Real part of branch j current at time 7 [pu]

i'™ Imaginary part of branch j current at time ¢ [pu]

k.t
I¢PP"°%  Approximation of branch j current magnitude at time ¢ [pu]

Jit
I TO"“’g Average current flowing in B branches at time ¢ [pu]
104 Approximation of the average current flowing in B°
branches at time ¢ [pu]

V. Complex voltage of node k at time ¢ [pu]

AV;?:, Auxiliary complex variable to ensure convergence related to
the series impedance of branch j at time ¢ [pu]

AVfJH Auxiliary complex variable to ensure convergence related to
the shunt admittance of branch j at time ¢ [pu]

UZ” Real part of voltage at node k at time ¢ [pu]

U}""I Imaginary part of voltage at node k at time ¢ [pu]

8, Voltage angle of node k at time 7 [°]

OF,, First objective function [-]

OF,, Second objective function [-]

Q;, Approximation of OF; [-]

Binary variables

Gy Status of branch j at time ¢

jS_; Closing maneuver of branch j at time 7

"]?x Opening maneuver of branch j at time ¢

Wy Status of path 7 connecting node k to the slack

(EVs), is playing an increasingly significant role in shaping energy de-
mand profiles [8]. EVs are not only end-users of electricity but can also
contribute to grid flexibility through vehicle-to-grid (V2G) technologies
and smart charging solutions [9]; as highlighted in recent works, their
integration offers promising opportunities for demand-side management
and peak load reduction [10]. To effectively manage the challenges
of fluctuating generation and evolving consumption patterns, Battery
Energy Storage Systems (BESS) are being widely used at various voltage
levels [11]. BESS provide critical services such as frequency regulation,
load leveling, and energy arbitrage, supporting the stability and reliabil-
ity of the grid [12]. Several recent studies emphasize their importance in
mitigating RES variability and enhancing the resilience of distribution
networks (DNs) [13]. Consequently, the electricity industry is shifting
from passive DNs to active networks capable of dynamically responding
to fluctuations in generation and consumption [14], and, in this con-
text, the role of the Distribution System Operators (DSOs) will become
essential.

Increased operational efficiency of DNs and optimized penetration
of clean energy in DNs can be achieved, among other solutions, through
short-term optimal reconfiguration [15], which adjusts network topol-
ogy to withstand variations in load and generation [16]. This has to
be coupled with a good monitoring of the grid for optimal real-time
operation [17], which leads to investment in measurement equipment
and development of algorithms for state estimation [18]. The study of
optimal reconfiguration of DNs has gained significant importance in re-
cent years due to its strategic usefulness in improving grid reliability
and resilience [19]. In particular, this problem plays a crucial role in
the post-fault restoration process, where the goal is to isolate the faulty
sections of the DN and restore service to as many consumers as possi-
ble [20]. Reconfiguration techniques involve the opening and closing of
circuit breakers and tie switches to modify the DN topology by following
a specific objective function; as far as authors know, the common prac-
tice found in the bibliography review is to not consider such maneuvers
directly. This approach can lead to results that are not feasible from a
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practical point of view and, therefore, should be overcome; hence, the
goal of this article is to propose a reconfiguration algorithm for DN while
considering the configuration shift steps [21].

1.2. Bibliography review

A summary of the bibliographic review performed on the DN recon-
figuration problem and its main characteristics can be found in Table 1;
the purpose of this subsection is to present the analysis performed.

Concerning the type of algorithm exploited, various methodologies
have been proposed in the literature, ranging from classical optimization
approaches to heuristic and metaheuristic algorithms, each addressing
different aspects of the trade-offs between computational efficiency and
solution accuracy [42]. The most important are:

+ Metaheuristic methods have the advantage of being easy to model
and do not require specific knowledge of mathematical assumptions
about the problem; however, unlike deterministic methods, they
can provide approximate results that are difficult to reproduce, and
are less robust and accurate. They include techniques such as ge-
netic algorithms [22], fuzzy multi-objective optimization [23,26],
and Artificial Ecosystem-based Optimization [27].

Mixed-Integer Nonlinear Programming (MINLP) models allow the
integration of both discrete decision variables and nonlinear con-
straints and objectives. This formulation enables a more accurate
mathematical representation of power system behaviors. Examples
of MINLP-based approaches in the literature include [28] and [29].
However, especially in cases with high number of binary variables,
MINLP can have high computational time, combined with the ab-
sence of guarantees for global optimality in large-scale applications.
Recent advances in Mixed-Integer Linear Programming (MILP)
solvers and their commercial availability are notable, primarily at-
tributed to the integration of local search techniques and efficient
heuristics designed to speed up the identification of initial feasible
solutions [43]. They are based on the linearization of the constraints
and objective functions while retaining the ability to handle integer
variables; their main advantage is the possibility to obtain glob-
ally optimal solutions within controlled tolerances. MILP has been
extensively adopted in the reviewed works, including [30-39].
Lastly, some very recent studies are based on non-linear models im-
plemented in Neural Networks [40] which, while very promising in
terms of computational time and ability to easily deal with uncertain-
ties, do not have the accuracy of deterministic models; moreover,

Table 1
Summary of the bibliography review on DN reconfiguration.
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they are dependent on training data characteristics, and therefore
may not respond well if the actual data characteristics differ from
the training data.

Despite the recent advances in stochastic and machine learning-based
optimization techniques, MILP remains a suitable choice for DN re-
configuration due to its ability to deliver globally optimal solutions
under a wide range of operational constraints. Unlike data-driven ap-
proaches, which depend heavily on training datasets, MILP guarantees
repeatability and robustness. Moreover, compared to stochastic opti-
mization (which typically requires extensive scenario generation and
computational effort) MILP is more tractable for deterministic multi-
period formulations and better suited to real-time or near real-time
applications.

Concerning the objective functions in optimal reconfiguration, a
large number of works focus on loss minimization, including [22-27,30-
40], reflecting the priority of reducing operational costs and improving
system efficiency [44]. Although it is an important goal [45], with the
large increase in RES penetration, following this logic may not provide
the stability or flexibility needed for their integration [46]. Hence, es-
pecially in recent years, new strategies have been developed, such as
voltage deviation minimization [23,36], which targets the importance
of keeping voltage profiles within acceptable bounds. Moreover, some
models incorporate additional objectives such as load balancing, aimed
at achieving a more uniform distribution of power flows [33,35,36],
and hosting capacity, which quantifies the maximum level of distributed
generation that can be integrated without compromising system con-
straints [29]; however, the proposed formulations balance the feeders
by considering the power flows (not the currents) with respect to their
maximum value and, therefore, assume the corresponding voltage value
to be equal to the nominal one, thus leading to possible overestimates or
underestimates of the actual values. Lastly, reliability is also considered
in some models [26,27,36], highlighting the importance of improving
system resilience. This last aspect is quantified by indices such as the
SAIDI (the average duration of interruptions per user) and the SAIFI (the
average number of times an interruption occurs per user) [47]; however,
finding the information needed to calculate them, such as the probability
of equipment failure, is not always easy.

Concerning the power flow (PF) model used, the reviewed stud-
ies adopt three main types of formulations: the Baran approximation,
the polar representation, and the current-based rectangular model. The
Baran formulation is an approximate power-based model originally
proposed for radial DNs [41]; it simplifies the representation of PF

Reference Type of algorithm Objective function PF formulation Single/Multi period Zero impedance Transient shift time
[22] Metaheuristic Losses Polar Single X
[23] Metaheuristic Losses, Voltage Deviation Polar Single X X
[24] Metaheuristic Losses Polar Single X X
[25] Metaheuristic Losses Polar Single X X
[26] Metaheuristic Losses, Reliability Polar Single X X
[27] Metaheuristic Losses, Reliability Polar Single X X
[28] MINLP Losses Polar Multi X v
[29] MINLP Hosting Capacity Polar Multi X X
[30] MILP Losses Current-based rectangular Single X X
[31] MILP Losses Current-based rectangular Single X X
[32] MILP Losses Baran’ Single X X
[33] MILP Losses, Load Balancing Baran® Single X X
[34] MILP Losses Baran® Single X X
[35] MILP Losses, Load Balancing Baran® Single X X
[36] MILP Losses, Load Balancing Baran® Single X X
Voltage Deviation, Reliability
[37] MILP Losses Polar Multi X X
[38] MILP Losses Baran® Single v X
[39] MILP/Metaheuristic Losses Baran® Single X X
[40] Neural Network Losses Polar Multi X X

T The Baran formulation is a power-based model described in [41].
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equations, enabling efficient integration into optimization frameworks.
This formulation is adopted in [32-36,38,39] and remains popular due
to its tractability, particularly in MILP-based models. However, most of
the constraints are based on power flows evaluated at the nominal volt-
age value, leading, as stated before, to possible inaccuracies. The polar
formulation expresses voltages and currents directly through their mag-
nitude and angle; it is used in [22-29,37,40]. This approach maintains
a more direct link to the nonlinear nature of AC PF compared to power-
based approximations, and therefore, is mainly used in metaheuristics,
MINLP, and neural network models. Finally, the current-based rectan-
gular formulation is employed in [30,31], where voltage and current
phasors are expressed using real and imaginary components. This for-
mulation provides a linear structure for certain applications (such as
DN studies) but may be less accurate in highly meshed systems, such as
Transmission Networks.

Another important aspect in the DN reconfiguration problem is the
explicit consideration of breakers, since they need to be represented
as zero-impedance branches. Almost all of the articles analyzed do not
consider these components in the formulation, with the exception of
Ref. [38], where, however, they are approximated as low impedances,
an approach that can lead to problems with convergence of the algo-
rithm due to unrealistic voltage drops in simulation or ill-conditioned
system matrices [48]. This very last aspect is especially found in the
traditional formulation of PF equations in polar coordinates, since in-
serting a component with zero or very small impedance would result
in infinite admittance in the Y matrix. This drawback is addressed
in the literature in efficient way for PF computation [49] and the
state estimation problem [50]; however, these formulations are highly
non-linear, which makes them difficult to include in a reconfiguration
problem.

Lastly, most models adopt a single-period formulation, representing
system conditions at a given time snapshot. This is appropriate for appli-
cations such as static reconfiguration or initial sizing studies. However,
time-dependent phenomena—such as daily load variations, generation
intermittency, or storage dynamics—require multi-period modeling, as
done in [28,29,37,40]. Among these works, only [28] considers the ac-
tual number of maneuvers during reconfiguration, limited, however, to
only minimizing them to achieve a given optimal configuration, thus
ignoring possible dynamic constraints between maneuvers.

To summarize, the main criticalities found in the literature analysis
are:

» Most studies focus on a single-time interval optimization (e.g., 1 h),
while, from the point of view of normal operation, it is realistic to cal-
culate an optimal network configuration applied over a multi-period
time horizon to reduce the number of maneuvers and avoid excessive
mechanical stress [51].

The explicit consideration of breakers in MILP models is very chal-
lenging, as they need to be represented as zero-impedance branches.
To the authors’ knowledge, a robust model for zero impedance
branches suitable for these applications is yet to be proposed. This
aspect is of primary importance, both to consider the actual structure
of primary/secondary substations (PS/SS) and their possible recon-
figuration in the presence of multi-bar systems, and to represent the
realistic possibility of a cable being opened only at one side, with the
other remaining connected, the cable thus producing reactive power.
While there is a large availability of algorithms for optimizing the
network configuration, there remains a gap in optimizing the se-
quence and the number of maneuvers to securely move the network
from an initial topology to the optimal one. This is a critical point as,
in real-life, the number of maneuvers that can be applied is strongly
constrained

- by the number of available operators that can manually perform

them;
- by the low level of grid automation (few branches can be con-
trolled remotely);
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- by security reasons, as a fault during the transit period can leave
the DN in critical conditions. Hence, an optimal configuration that
does not consider the transit period can be an unfeasible solution
in practice.

1.3. Paper contribution

This work explicitly addresses the above-mentioned gaps by intro-
ducing several novel contributions:

(1) First, it proposes a reconfiguration algorithm that determines both
the optimal final configuration of the distribution network and
the optimal transition path—defined as a sequence and number
of feasible switching operations (each consisting of a breaker
closure followed by a breaker opening) that maintain radiality
and full connectivity throughout the reconfiguration process. The
optimization accounts for multi-period generation and load pro-
files, ensuring that all intermediate and final configurations satisfy
network security constraints.

(2) Second, the model incorporates the Rapid Voltage Change (RVC)
restriction, which represents a rapid lowering of the RMS value
of the nodal voltage during switching maneuvers [52], an as-
pect overlooked in existing works. This allows for a more realistic
assessment of transient disturbances during reconfiguration.

(3) Lastly, this work introduces a novel and computationally effi-
cient method to model zero-impedance branches by embedding
breakers directly into the optimization framework. The proposed
approach avoids common numerical instability issues associated
with ideal switch representations, while preserving model simplic-
ity and robustness.

The rest of the paper is organized as follows: Section 2 illustrates the
structure of the proposed methodology, Section 3 describes the complete
model as a MINLP, Section 4 presents the proposed MILP formulation as
an efficient linearization of MINLP, Section 5 summarizes the input data
identification and the simulation results. Lastly, Section 6 highlights the
conclusions.

2. Overview of the proposed methodology

This section presents the structure of the proposed algorithm, which
will be described in Sections 3 and 4; the graphical representation is
depicted in Fig. 1. In the upper part on the horizontal axis there is the
time, while on the vertical axis the power produced/absorbed by the
generators/loads of the grid for the entire time studied; the horizon-
tal axis is divided to define the different time intervals (periods) that
characterize the algorithm. In the lower part of the picture, on the other
hand, a further subdivision of the time intervals (which will be described
later) and the steps for switching from one configuration to another are
represented.

The procedure starts from the initial configuration (CONFIG A)
and the goal is to determine a new one (CONFIG B), optimal accord-
ing to a defined objective and valid for a subsequent time horizon
(OPERATIONAL TIME — T?P), for which the load and generation pro-
files are known. To achieve this, it is necessary to define how early
before OPERATIONAL TIME to start the shift process from CONFIG A
to CONFIG B, i.e., to define the SHIFT TIME — T*. Within this time win-
dow, switching maneuvers are applied sequentially to move between the
two configurations. Their number is limited due to various factors:

(1) to keep nodes connectivity and the radiality of the grid and mini-
mize security risks (unexpected faults during the shift period risk
leaving the DN in a critical state), the switches must be executed
one at a time in an alternating Close(C)— Open(O)—C -0 —---—0O
sequence, known as a feasible switch sequence [53];
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1 I—l
PRE-
OPTIMIZED
PERIOD SHIFT TIME—T* | oPERATIONAL TIME — T |
Time

CLOSING OPENING
TIME — T¢ TIME — T°

CONFIG A CONFIG B

Fig. 1. Overview of the proposed methodology.

(2) the execution time of a feasible switch which can be slower if done
manually by on field human intervention, or faster, if it can be ac-
tivated by remote control, using proper communication systems -
this last case can be rare given the poor automation level in current
DNs.

These factors, combined, will determine the maximum number of
feasible switches. Based on the objective function and due to the techni-
cal constraints of the DN (current and voltage limits, RVC), it is possible
that the actual number of maneuvers is less than the maximum number.

To implement the feasible switches during SHIFT TIME, the DSO
must first define an average time necessary to perform a maneuver; sec-
ondly, since load and generation power profiles are usually given over
a discrete time interval (typically, 15 minutes) which is larger than the
maneuver execution time (few minutes [54]), the power profile time
interval is divided into several discrete sub-intervals during which the
maneuvers can actually be performed. Fig. 2 illustrates this situation,
where the orange intervals represent the discrete time intervals of power
profiles while the purple time intervals are time intervals to perform
switching maneuvers. The latter are evenly split into the alternating se-
quence of CLOSING TIME — T¢ and OPENING TIME — T° intervals,
during which closing and opening maneuvers, respectively, can be per-
formed to transit from the initial (CONFIG A) to the final optimized
(CONFIG B) configuration.

As explained, the proposed model covers a base situation where
at a certain point in time only one feasible switch can be performed
either manually by a working team or automatically through remote

| Maneuver time |

D/G
AP / [ - CLOSING TIME — T¢ |

[— OPENING TIME - T° |

| SHIFT TIME—T* |

Fig. 2. SHIFT TIME definition procedure.

control. If conditions to perform simultaneously more feasible switches
are met (like more than one working team being available) then this
representation can be used by properly reducing the average time nec-
essary to perform a maneuver, e.g., by linking it to the number of
working teams, and the maneuvers’ times are placed under the same
power level. Moreover, the dead time necessary for the working teams
to move from one place to another can be easily modeled as the min-
imum shut-down time constraints in the traditional Unit Commitment
problem [55] applied to the variables modeling the branches’ status; as
this technique is well known and can be easily implemented, this aspect
was not considered in this work.

To summarize, the algorithm determines (1) the new optimized
configuration (CONFIG B), obtained by maximizing an objective func-
tion that is subjected to network technical constraints over the
OPERATIONAL TIME, and (2) the optimal steps, defined during SHIFT
TIME, to switch between the two configurations while respecting net-
work technical constraints. The link between the SHIFT TIME and
OPERATIONAL TIME can be achieved by imposing a continuity condi-
tion that the branch statuses in OPERATIONAL TIME are equal to those
in the last time interval of the SHIFT TIME.

3. Complete MINLP model

To clearly understand the proposed algorithm, first the adopted radi-
ality model, which provides the structural basis necessary to effectively
define and apply the objective functions, will be presented. Then, the
objective functions and the remaining constraints will be explained.

3.1. The radiality model

The simplest way to model the topology of an electrical network is
through the branch-to-node incidence matrix. In a meshed network with
N nodes, a well-known theorem states that a set of N-1 branches forms
a spanning tree (i.e., a connected graph using all vertices in which there
are no loops [56]) if the corresponding columns of the incidence ma-
trix form a full-rank submatrix [57]; however, applying this theorem in
practice requires converting the matrix to row echelon form or calcu-
lating a determinant, both of which can be time-consuming for real-size
systems. Therefore, to ensure the radiality and connectivity constraints,
the model described in [39] has been adopted; the main properties are
resumed in this subsection.

For a meshed network (here, a DN with all breakers closed), there
are several alternative paths connecting a given bus to the PS, while
for a normal operating condition in radial configuration, each bus is
connected to the PS by a single unique path.
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Let P¥ be the set of paths associated with each node k:

k _k k k
={7r1,7z2,...,7rp,...,7z'np} 1

where each path ﬂ;f is a set of elements (nodes and branches) connecting

node k to the PS and np is the total number of possible paths connecting

node k to the PS. Moreover, let us define sets f « as the set of branches
P

that belong to path ﬁ;f and the sets 7« as the set of nodes that belong to
P
{ﬂ,,; Mgk ).

Any radial network is characterized by only one of the paths in (1)
being active (all branches in the path are connected) for each node
k; hence, since the status of each path zr;f must be represented, the

following binary variable is defined:

path z}. We can thus say that 7} =

Wk, _ 1 if zr"; is the active path for bus k at time ¢ o)
b 0 otherwise

Moreover, branch ; status defined by the binary variable o;, can be
expressed as:
1 if branch j is connected at time ¢
o= 4 3
0 otherwise

A candidate sub-network is both connected and radial if the following
constraints are satisfied during T° time intervals:

+ each node has one active path only:

Y Wk =1vkeN &vieT’ 4

pePk

- if a path is active, all the branches belonging to the path must be
connected:

Nyw) < VkeNY &vteT’ (5)

JE€PB

ks

Ojt

« if a path is not active, at least one branch within the path must be
opened:

(NF =D -W)) > 0, VkeN' &vteT 6)
JEB K

P
For a clearer understanding of the above model, Fig. 3 shows an
illustrative example: for the generic node k two possible paths exist,

#f and z¥. Set g, ‘ includes branches (1) — (2) — (3) — (4), while set g, X
includes branches (5)=(6)—(7). Sets ,, k and 7, ks which represent the hst

of nodes that, for bus k, belong to path 7r and 7! respectively, include
nodes [1] - [2] — [3] and [4] — [5] respectlvely

For time ¢, if ¥ is active, then Wk’w = 1 and, since N¥ = 4, as

v )
per (5) o, = 0, = 63 = 04 = 1. Then, since (4) forces né‘ to not be active,
W,ZZ:,, =0and, based on (6), ¥,_, 560, < 2, since 1\7% = 3, which implies
that at least one of the branches of n;‘ is opened. Opposite constraints
must be fulfilled if path z¥ is the active one.

Constraints (4)-(6) are written only for 7 € T since during the clos-
ing stages (T¢) the network will necessarily have to be meshed and
therefore the concept of “single active path” loses its meaning; more-
over, during OPERATIONAL TIME (T°) the branch status is fixed to
that of the last T° time step and so constraints (4)-(6) are not necessary,
as they are implicitly satisfied. This approach allows fewer equations to

be processed, resulting in less computational time.
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T,

Fig. 3. Example of paths definition for node k.

3.2. Objective function

The goal of the proposed algorithm is to define the optimal configu-
ration of a DN based on multi-period generation and load profiles while
respecting the network constraints. Going beyond the traditional strat-
egy for network reconfiguration, the losses minimization, in this study
improvements are proposed on two promising objective functions found
in the literature:

(1) Feeder balancing: a balanced distribution of the DN loading be-
tween the feeders can help in avoiding overloads (with a general
improvement in the network efficiency) and guarantees a higher
hosting capacity of the network, with the consequent efficient uti-
lization of RES [58]. The first objective function can be expressed
as:

TMAX t
jE]BO /
teToP

OF,; = min Z ‘ B (7

where, by assuming a DN with F feeders,

OaUg 2 op
= Z ~MAX —L_vteT ®
JGBU j

With this objective function, the algorithm configures the net-
work by trying to balance the loading of the various available
feeders; the function minimizes the deviation between the loading
of a given feeder and the average loading across all feeders.

(2) Security of supply maximization: this objective function aims at in-
creasing the reliability of the DN by minimizing the impact of
possible outages on the final customer. In an electric line, a failure
can occur anywhere; without any information on the probability
of failure, which can be hard to obtain in practice, it is reasonable
to assume that a fault can occur anywhere along feeder length with
same probability.

Hence, the longer a line is among the total length of the net-
work, the higher the probability that a failure will occur on it. The
probability of a fault occurring on line A; is:

Pr(A) = =—1— = 5; 9

A S L P; )
Moreover, the greater the number of users connected to a given
line, the greater the damage caused by the line possible discon-
nection. To quantify in a general manner this aspect, an example
is first introduced: a simple grid, shown in Fig. 4, has two lines
Ay and A, of length L, and L,, respectively, and two loads which
withdraw a power P, and P,, respectively. A fault in line A, causes
the unavailability of loads P, and P,, while a fault in line A, puts
only P, out-of-service. Hence, the expected value of unsupplied
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L
1 P,

Fig. 4. Example of a system with two loads and two lines.

power due to faults in the considered grid is:
E=0P1+P)+ 0P, =p1P+ (5 +5)P 10$)

This can be generalized as:

E= Y W X5 X B+ Y PO an
keNV JEB, & ken_ £ genC
pEPN
teTor

Hence, the algorithm reconfigures the network by minimizing
this expected value; in practical terms it distributes the most im-
portant users (thus those with higher power) as close to the PS as
possible to reduce the impact of out-of-services due to unexpected
faults. The second objective function can thus be expressed as:

OFy =min 2 (12)

From a practical point of view, the two objective functions (7) and (12)
can be combined into a multi-objective approach and the resulting multi-
objective model can then be solved through, for example, the well known
techniques described in [59]. Since the goal of this study is to understand
the behavior of these new objective functions individually, the multi-
objective formulation approach is outside the scope of the article.

3.3. Power flow model

The traditional non-linear AC PF model in polar coordinates is not
suitable for handling zero-impedance branches since inserting a com-
ponent with zero or very small impedance would result in infinite
admittance in the Y matrix; on the other hand, the so-called Current-
Injection PF formulation [60,61] expressed in rectangular form! can
overcome this issue, as will be shown.

The branch model used is illustrated in Fig. 5, where the generic
branch j is represented (the real part of the shunt parameters of the
lines has been assumed to be negligible).

Eq. (13) represents the Kirchhoff’s current law at node k which links
currents injected by the generators (defined over the set G) and with-
drawn by the loads with the currents entering into (defined by the set
IB%;) and exiting from (defined by the set IEB:) the node through the
branches of the grid:

Z Ig,t_Il?,t = Z I;t_ Z I;t,VkGN (13)

gen® jGBZ JEB,
Egs. (14) and (15) represent the Ohm’s law for the series and shunt
parts of the branch, characterized by the series impedances Z ; and shunt

. SSH .
admittances Y I respectively:

Vie=Vue=Z,I5,+AVS Vj € B\B® 14
I = Yj Vi + AV V) e B\B (15)

where AVS and AVS H are auxiliary variables necessary to ensure the
convergence of the algorlthm when the associated branch is opened.

1 Henceforth, a bold symbol represents a complex number written in rectan-
gular form (e.g. D =d" +i-d™, where i = \/-1).
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Fig. 5. Branch model adopted.

Through (16) and (17) they are null when branch j is connected at time
t and equal to the voltage difference between unconnected busses when
open (here the Big-M technique [62] is used and M is a high enough
value so that the values of these variables are not constrained).

-M(-0;,)< Avit <M1 -0;,).Vj € B\B% (16)
-M(1-0;) <AV < M(1-0;,),Vj € B\B a7

Egs. (18) and (19) link the exiting and entering currents as shown in
Fig. 5.

—_ 75 SH .
I, =1+ 1 v eB 18)
I, =1, - vjeB (19

J.mit Jjam,t?

Eq. (20) sets, to correctly solve the PF problem, the voltage at the
PS, VPS, to a fixed value:

Vi, =V" vk e N\NY (20

Constraints (21) and (22) are the formulas for the complex power
withdrawn by demands 5‘,?, and injected by generators 5‘;; they link
the power generation and demand profiles to the voltage and current
variables:

~D *

S =Vidp, VkeN (21

=G

8, =V IS . VkeN (22)
Eq. (23) forces the currents to be zero if the branches are opened,

and smaller than the maximum current f/M AX if connected:

7 <1M*¥o;, VjeB (23

Lastly, (24) limits the bus voltages between their lower and upper
limits, V" and V,MAX:

f,kmzn R I7kMAX,Vk enNY 24)
3.4. Zero-impedance breaker model

The current-based formulation can accurately model breakers as
zero-impedance branches. Their main property is that the voltages at
the two ends are equal as long as the breaker is closed and carries cur-
rent. While (14)—(17) are written only for non-zero-impedance branches,
for the breakers the following constraints are defined according to the
structure in Fig. 6:

-M(1=-0;)<V, =V, <M1-0;)VjeB (25)
It =1 . .VjeB% (26)

conj,t conj,t’

Eq. (25) is blind if the breaker is open (so when o, is zero) and
no constraints on the voltage of the buses connected by the breaker are
present; on the other hand, if the breaker is closed, it forces the two volt-
ages to be equal, thus achieving the desired result. Finally, (26) forces
the current entering the breaker to be equal to the current exiting the
breaker; the latter is valid both when the breaker is closed and when
it is open (in which case the two currents, as for (23), will be equal to
Z€ero).
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Fig. 6. Breaker model adopted.

3.5. Modeling of configuration shift steps

During the SHIFT TIME, the optimal steps to move from the initial
configuration to the optimal one, while respecting the network’s tech-
nical constraints, are defined; hence, all the following constraints are
vVt € T. Eq. (27) links the branch j status at time ¢ to the previous
time step ¢ — 1 through the closing and opening maneuvers, jS,x and Gfr’
respectively.

[

c_ o s
4 =0j F Oy, =0, vVt e T (27)

To avoid excessive mechanical stress on the equipment, which can
lead to an early replacement of the breakers [37], each branch is allowed
to change its status only once during the SHIFT TIME through (28),
while (29) limits the maneuvers in each time step to at most one,
according to the modeling of a feasible switch explained in Section 2.

Y5+l <1 (28)
teTS
Z( +00) < 1LVieT'=TUT’ (29)
JjEB

Egs. (30) and (31) prevent a closing maneuver during the opening
time steps T, and an opening maneuver during the closing time steps
T¢, respectively, guaranteeing the close-open alternation.

Y o5, <0vieT (30)
jeB
Y of <0vieT (31)
jeB

Lastly, (32) models the RVC limits as per [52]:
Vi = Vil <&, vieT (32)

while (33) links the branch status during the OPERATIONAL TIME
period with the one defined at the end of the SHIFT TIME:

0j = Ojion

(33)

where 7,,, represents the last time interval of the SHIFT TIME period.

It is worth noting that the PF constraints (13)-(26) are written for
vt € T, while during OPERATIONAL TIME there is only one o; con-
strained by (33) that substitutes o ;. Vt € T in constraints (13)-(24);
this formulation allows fewer equations to be processed and, con-
sequently, reduces computational time. Moreover, to further reduce
computation time, it is possible to define subsets of NV and B by follow-
ing the procedure described in Appendix A and writing (23) and (24)
for these subsets only.

4. Proposed MILP model

The optimization model made of OF,, or OF,, subjected to con-
straints (2)-(6), (8), (11), (13)-(33) is linear in its equations except
for (7), (21), (22), (23), (24), and (32); the resulting optimization model
is a large MINLP program which, by its nature, is difficult to solve
in reasonable computation time. Hence, the linearization of the model
is proposed in this Section and a numerically tractable MILP model is
obtained, without losing the accuracy inherent to the MINLP model.
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4.1. Linearization of branch current magnitudes

Branch current magnitudes in (23) are estimated using the approx-
imation of the Euclidean norm proposed in [63] which is based on
intersecting planes; for the sake of brevity, only the key points are

reported. The approximated current magnitude I'; , , is defined as:

ﬁAn + l "B,
Ujin = T ,¥j€B,VteT,vneS (34)

n

where n are the elements of the intersectional planes set S and A4,
B,,, C‘,, are suitable parameters defined as for [64]. Once (34) has been
introduced, (23) becomes:

AX
F/tn—lj jt’

VjeBVvieT,VneS (35)
4.2. Linearization of the absolute value in OFy,

Eq. (34) is not the actual value of the branch current magnitude,
but it returns a value for each plane » that must satisfy (35). The
approximated value of the current magnitude can be obtained as:

|I;.:t| ~ max,es{l;,,} (36)
which can be linearized by introducing (37):

approx
Ly 20, 37)

and by minimizing the term I PP in the objective function, the value

of I/¥""" is pushed against the hlghest value of I'; , ,, and condition (36)
is thus achieved. Eq. (8) then becomes:

approx

IO,approx.aUg_ l Z Jit
! F

vt € T (38)
jeBO j

To linearize the absolute value in (7), variable Q s 18 defined as:

oo
Q= ( [Nj;lAX — qlaprroxave) i e BO & Vi € T (39)
J
Japrox
2 =( fl!i’AX — [Perrrexavs) i e BO & Vi € T (40)
J

and, by the same mechanism as in (36)-(37), the term Q . 18 minimized
in the objective function.
Hence, the objective function (7) becomes:

OF,, = min Z (@ +1777%) (41)

jeB®
teToP

4.3. Linearization of power injections
Linear expressions for (21) and (22) are obtained using first order

approximations considering constant the real and imaginary values of
bus voltages [63]:

So ~ Ve I (42)
&G G
S, Vk,Ik, (43)

The iterative procedure to define V , is summarized in Fig. 7; ini-
tially, the estimated values can be selected from an AC-PF calculation,
historical data, or flat start. Then the optimization is performed, and
the obtained values of v and u"”' are used to calculate V' ,; now con-

vergence is checked by evaluating if [V, , -V, | < &. If yes, then the

iterative procedure is stopped, otherwise V , for the following iteration
is updated by using the obtained value of V,c +» and the iterative proce-
dure continues. Paper [63] shows that the initial approximation already
provides a very good accuracy with respect to the AC PF results (< 2 %).
Extended tests carried out by the authors show that 2-3 iterations are
enough to reach real AC-PF level accuracy.
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— (42) > 3541
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Fig. 7. Iterative procedure to define the linearization of power injections.

4.4. Linearization of bus voltage magnitudes

Egs. (24) and (32) are linearized by assuming that, for a DN, Voltage
angles are small [65] and, consequently, the real part of voltage, v'¢, is
much higher than the imaginary one, u
approximation:

k t’
*» which leads to the following

Vil = 108+ 0| 0 (44)

Eq. (44) represents a slight underestimation of |V |, since, for every
complex number,

o <Vl 5)

Therefore, the left-hand side of (24) can be rewritten without any
problems for grid security (at most the lower voltage limit is slightly
overestimated):

AT (46)

re
kit
On the other hand, this is not true for the right-hand side of (24): based
on (45), vf¢, < VMAX does not imply |V, ,| < VM4X. To improve the
approx1mat10n of (44), a corrective factor greater than one must be
introduced. Since
Vi
cos(6y)

re _

Uy = (47)

ideally this factor should be equal to ——— but, being 6, , a variable, this

(5 )
introduces a ratio which must then be linearized. To overcome this i issue,

an angle range + is introduced, which represents the maximum volt-
age angle possible in the DN under study. Once defined, the corrective
scaling factor KV is evaluated as:

e 11

K’ = — = — (48)
R{ei®}  cos(®)

Of course when the voltage angle §,, is exactly +0, then K°v o =
|Vy,|; for 6, < 45° we have that the smaller the angle, the greater the
real part of the vector. Hence, for 6, , < ® we have that K'v vE > AVl
Therefore, the right-hand side of (24) becomes:

KLUZE < VMAX (49)

To find the value of @, it is reminded that voltage angles in an electric
grid mainly depend on branch impedances and flowing currents (i.e., the
net difference between the real generated power and the real absorbed
power) [66]. In a reconfiguration study the structure of the DN is not
fixed and, therefore, the impedances between the network buses are not
known a—priori. However, it is reasonable to assume that network opera-
tors know which branches are controllable and which are not; therefore,
the “worst possible condition” in terms of angles (i.e., the one that leads
to having the highest value) can be studied and the results stored offline
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pre-optimization. On the other hand, with regard to users’ profiles, per-
fect knowledge of them was assumed in this study for OPERATIONAL
TIME intervals; however, this condition is not always possible (one possi-
ble cause is the low observability of actual DNs). Under these conditions,
the correct determination of ®, which represents the evaluated upper
limit of all the voltage angles in the DN, can be cumbersome; hence, the
value can be chosen based on historical data or, for a more robust solu-
tion, based on literature analysis (for example, reference [31] states that
in a DN voltage angles rarely go beyond 10°). It is nevertheless advisable
to consider a higher © since, in any case, the introduction of K leads
to a slight overestimation of |V, |, and the approximation (49) remains
on the safe side for grid security.
Following the same idea, (32) becomes:
I%U(Uffj -5 < il (50)

5. Simulations and results

The model has been implemented in GAMS 38.3.0 and solved us-
ing CPLEX 12.6; the relative gap set-up is 0 %—this was done in order
not to jeopardize the accuracy of the linearizations introduced in the
MILP models. Simulations have been carried out with an Intel®Core™i9-
10980XE CPU @ 3.00 GHz, 18 Cores, 36 Processors, RAM 64 GB
PC.

5.1. Input data

Numerical tests have been carried out on the IEEE 12-bus system [67]
and the IEEE 69-bus system [68] (for the latter branches were added to
make the basic configuration meshed). The demand was defined for one
day with a resolution of 60 minutes using the demand shapes of Ref.
[69] properly rescaled and distributed randomly and uniformly across
the nodes. Each demand has been equipped with Photovoltaic (PV) pan-
els (with 14 % assumed efficiency) dimensioned to cover 60 % of the
peak load using irradiation data from Ref. [70] related to Milan area for
the day February 1st, 2020 (a representative winter day for the speci-
fied area). Simulations were carried out for the irradiation data of two
consecutive summer days—August 14th and 15th, 2020 [70]—at 1:00
pm. It is worth noting that the proposed method assumes full knowl-
edge of future generation and load profiles for the OPERATIONAL TIME
period. While this assumption is acceptable for deterministic studies, it
may not always hold in practical applications due to forecasting uncer-
tainty or limited observability in DNs. However, future extensions of
the proposed model could integrate robust or stochastic optimization
techniques to explicitly account for profile uncertainty, without losing,
in any case, the basic proposed formulation. As for [52], €2V has been
set to 0.05; finally, assuming a maximum voltage angle ® = 10° [31],
K? = 1.0154. Due to their unavailability, voltage bounds have been set
equal to Vk'”"” =0.9 and VkMAX =1.1[71].

5.2. Simulations on IEEE 12-bus system

The initial configuration for the IEEE 12 bus system is depicted in
Fig. 8, where the black edges represent the connected lines, the black
dotted edges represent the open branches, and the green star is the PS
(slack node); the initial load, generation, and net real power profiles
(which although similar in aggregate, are nodally different) are plotted
in Fig. 9, where the green area represents the OPERATIONAL TIME pe-
riod, while the violet one shows the hours preceding it, during which
SHIFT TIME is defined. This small-sized DN is used to test the impact of
the new modeling features: the objective function evaluation, the SHIFT
TIME representation and the precise tie-line model.

5.2.1. Objective functions evaluation

The two objective functions for the OPERATIONAL TIME are eval-
uated considering the initial, not-optimal, configuration, leading to
OF{ = 3.9425 and OFJ, = 0.88; in particular the first value, which
represents the level of unbalance of the network, mostly depends on the
non-symmetrical initial configuration of the DN (see Fig. 8).
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7

Fig. 8. IEEE 12-bus system: initial configuration.

First, the ideal optimum is calculated by assuming all maneuvers are
performed simultaneously and just before the start of OPERATIONAL
TIME to define the optimal configuration for OPERATIONAL TIME (this
is achieved by neglecting SHIFT TIME corresponding constraints and op-
timizing directly OPERATIONAL TIME). The optimization algorithm is
run considering separately both OF,; and OF,,, and the obtained val-
ues are summarized in Table 2, where also the not optimized objective
function values are shown. The corresponding ideal values are 215 %
lower for OF}4*! and 60 % lower for OF}3*" with respect to the initial
values.

Moreover, Table 2 shows that the not optimized values of the ob-
jective functions are close to their optimized values: when OF,, is
optimized OFy, is 3.93 % higher than its optimal value, while when
OF,, is optimized OFy, is 1.61 % higher than its optimal value. This is
explained by the fact that, under specific conditions OF}, is equivalent
to O F,: for equal branch lengths and equal nodal customer sizes branch
failure probabilities are all equal and each node is equally at risk; min-
imizing OF,, becomes balancing the feeders in terms of powers. The
analyzed network is close to these ideal conditions: branches are very
short and relatively equal in length, while the spread of nodal power
values is small. In these conditions using OFy, is the better choice as it
explicitly models the security of supply.

As stated in Section 3, the two implemented objective functions
can be studied together through multi-objective formulations, approach
which, being well known, is not the subject of research in this article.
However, the multi-objective formulation is of interest if the different
objective functions studied turn out to be complementary (i.e., the max-
imization/minimization of one leads to the minimization/maximization
of the other); as can be seen from the results reported in Table 2, the two
objective functions are not found in this condition (the values obtained
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Table 2
IEEE 12-bus system: ideal objective func-
tion values.

OF,, OF,,
min OF,, 1.7839 0.3571
min OF,, 1.8126 0.3436
12
7

Fig. 10. IEEE 12-bus system: final configuration without considering the optimal
steps evaluating OF,.

in the different evaluations are very similar to each other), which makes
their study in multi-objective formulation not highly relevant.

Figs. 10 and 11 show the obtained ideal optimal configurations. It can
be seen that the configurations are very similar. The only differences are
the connections of nodes 8 and 11: by minimizing OFy,, the algorithm
connects the most important loads as close to the slack as possible (to
decrease the probability of being out-of-service), without checking the
balance of feeders; nodes 8 and 11 have loads that, with the configu-
ration of Fig. 11, have a smaller electrical distance from the balance,
and, therefore, the algorithm chooses that particular connection. These
observations validate the analysis of the previous paragraph.

5.2.2. SHIFT TIME evaluation

To test the impact of SHIFT TIME modeling, the number of time
steps in T* was set to 10, allowing maximum of 10 maneuvers, while
the start of SHIFT TIME was set two hours before OPERATIONAL TIME
start, therefore allowing up to five maneuvers per hour; hence, the SHIFT
TIME steps measure 12 minutes each. Based on the results obtained in
Section 5.2.1, OFy, is studied here since it is the best choice in this case.

The sequence of the identified four maneuvers is summarized in
Table 3; since the SHIFT TIME generation/load profile is almost constant

SHIFT TIME OPERATIONAL TIME
2.5
2
% 15
= o0 R
o -e-Cumulative absorption profile
1 -+Cumulative generation profile
~-Cumulative net profile
0.5
0
0 5 10 15 20 25 30 35 40 45 50
Time [h]

Fig. 9. IEEE 12-bus system: load, generation, and net real power profiles.

10
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Fig. 11. IEEE 12-bus system: final configuration without considering the optimal
steps evaluating OF,.

Table 3
IEEE 12-bus system: sequence
of the maneuvers.

t Line Operation
3 5-6 C
4 34 o
9 2-4 C
10 8-7 o

0.98
=)
2:0.96
= —V2—V6-—V10
—\Vie=\r ="l
0.94 —V4—V8—Vi2
—V5—V9-- Maneuvers
0.92 — o
-2 -1 0 5 10 15 20 24
Time [h]

Fig. 12. IEEE 12-bus system: voltage trends during the maneuvers and the T°.

(see Fig. 9), the feasible switch execution times are mostly impacted by
the network constraints. There are no currents close to limits recorded,
thus the focus is on voltage constraints. Fig. 12 shows the voltage trends
during T* and T°? periods; it can be seen that voltage limits are well
respected and, despite the large flicker of node 11 -around 0.03 pu-, the
RVC constraint, which refers only to the nodal voltage lowering [52], is
respected. Hence, no network constraints are activated and the obtained
configuration coincides with the ideal one (see Fig. 11).

In these conditions (no current and voltage limits active), the only
constraint with impact during SHIFT TIME remains the RVC constraint.
This is evaluated by reducing é2¥ from 0.05 to 0.01; this modification
renders the open maneuver at t+ = 4 infeasible and, consequently, the
first feasible switch. The new final configuration and voltage trends are
shown in Figs. 13 and 14, respectively, while the new sequence of ma-
neuvers is summarized in Table 4. Due to the tighter constraint on &2V,
the algorithm performs 6 maneuvers, instead of 4, to arrive at the opti-
mal configuration, and in this case OF,{}2 = 0.3449, which is 0.13 % higher
than the ideal one. This result highlights the importance of modeling
the SHIFT TIME period in optimal reconfiguration problems, since not
considering it explicitly could lead to better results regarding the final
OPERATIONAL TIME configuration (i.e., OFj3°"), but this would then
not be feasible to achieve in practice without risking network violation
constraints during SHIFT TIME.

11
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Fig. 13. IEEE 12-bus system: final configuration considering the optimal steps
with é2V = 0.01.

0.98
=)
£20.96
>

0.94 —V6—V12

—V7-- Maneuvers
ig S > "
-2 -1 0 5 10 15 20 24
Time [h]

Fig. 14. IEEE 12-bus system: voltage trends during the maneuvers and the T
with é2V =0.01.

Table 4
IEEE 12-bus system: sequence of the
maneuvers with &4V = 0.01.

t Line Operation
3 2-4 C
4 3-4 (0]
5 5-6 C
6 8-12 (0]
7 8-6 C
8 8-7 (0]
ELECTRICAL NODE TOPOLOGICAL NODES

6

==l
5% E

aP§ aPs! asP§ a Py

8 6
% - =
Py

Fig. 15. [EEE 12-bus system: electrical node 7 and its equivalent topological one.

5.2.3. Bus-ties modeling evaluation

Lastly, the impact of modeling bus-ties is studied. The load profile in
Fig. 9 previously used is modified by considering a large load at node 7
(i.e., 20 times larger than the initial one), which represents four indepen-
dent demands connected to different topological nodes, but electrically
the same (i.e. they are short-circuited through bus-ties). This is illus-
trated in Fig. 15, where split coefficients «; are used to distribute the
total electrical load P7E’ to the topological nodes. They have been ran-
domly set, so that «; = 0.3143, a, = 0.0619, a3 = 0.1236, and a, = 0.5002
(their sum is 1).
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Fig. 16. IEEE 12-bus system: final configuration with additional demand and no
bus-ties.

140
120
5100 —Branch 1-2
= —Branch 1-5
o 80 --Maneuvers
5
O 60
40
20
-2 -1 0 5 10 15 20 24
Time [h]

Fig. 17. IEEE 12-bus system: current trends in B branches during the maneuvers
and the T with additional demand and no bus-ties.

Table 5
IEEE 12-bus system: sequence of the ma-
neuvers with additional demand and no

bus-ties.
t Line Operation
3 5-6 C
4 8-7 (0]

Since the modeling of bus-ties has great impact on the circulating
currents in the slack-connected branches, OF,; was chosen for mini-
mization this time. At first OF,, has been evaluated by considering node
7 as a unique electrical node (i.e., the left-hand side of Fig. 15), there-
fore without considering bus-tie modeling and the possibility of splitting
the connected load. The final configuration and the current magnitude
trends of BY branches are depicted in Fig. 16 (for which a maximum
current I1MAX = 160 A was defined for both branches, in the absence
of information) and Fig. 17, respectively. Table 5 summarizes the se-
quence of the maneuvers. It can be seen that the two feeders are not
well balanced (since the additional load is entirely connected to the PS
through branch 1 -5 only). In this case, OFy, = 854.24, a value that, rep-
resents the unbalance factor between the feeders (the lower this value,
the more balanced B® branches are). It is worth noting that connecting
node 7 to the other feeder would shift the imbalance between the two
feeders and, therefore, qualitatively the solution would not change. In
conclusion, there is no possibility to balance the two feeders well due to
the high value of the load at node 7.

Secondly, OF;, is evaluated by considering the topological structure
of node 7 (i.e. the right-hand side of Fig. 15), therefore by modeling the
bus-ties and by allowing the split of the connected load through their
maneuvers. The final configuration and the current magnitude trends
of B branches are depicted in Figs. 18 and 19, respectively, while
Table 6 summarizes the sequence of the maneuvers. In this case, the
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10

Fig. 18. IEEE 12-bus system: final configuration with additional demand and
with bus-ties.

100
90
. 80
<
= 70
£ 60
8 —Branch 1-2
50 —Branch 1-5
-- Maneuvers
40
3o—
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Time [h]

Fig. 19. IEEE 12-bus system: current trends in B branches during the maneuvers
and the T with additional demand and with bus-ties.

Table 6

IEEE 12-bus system: sequence of the
maneuvers with additional demand and
with bus-ties.

t Line Operation
3 5-6 C
4 7-13 (0]

two branches are much better balanced with respect to the previous case
since, now, the additional load is distributed between the two feeders
(branches 1 -2 and 1-5). With these assumptions, OFy, = 186.37, which
is around 4.6 times lower than the previous one; this result demonstrates
the importance of proper modeling of bus-ties (treated in this study as
zero-impedance branches) as, in addition to a more accurate represen-
tation of the infrastructure, it allows for better management of available
resources during DN reconfiguration.

5.3. Simulations on IEEE 69-bus system

The initial configuration for the modified IEEE 69 bus system is
shown in Fig. 20. The green star represents the slack node (PS), the
black dotted lines are the open branches, while the continuous lines are
the closed ones (the three different colors refer to the three feeders of
the network). Fig. 21 shows in detail the multi-busbar structure of the
PS: on the MV side, two busbars are present (nodes 2 and 3) that are con-
nected by a breaker, which allows, if necessary, the two transformers to
work in parallel. Then, the substation nodes (36, 4, 28) are connected to
the above-mentioned busbars through two parallel bus-ties; lastly, lines
36-27, 4-5, and 28-29 are the B® branches. The 38 branches connected
to nodes with more than three edges linked have been considered ma-
neuverable. The initial load, generation, and net real power profiles are
plotted in Fig. 22.
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Fig. 20. IEEE 69-bus system: initial configuration.
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Fig. 22. Modified IEEE 69-bus system: load, generation, and net real power
profiles.

Since the details of the proposed functionalities were shown using
the IEEE 12-bus system, this larger-sized DN is used to test the global
properties of the proposed approach: both OF,, and OF,, are evaluated
by progressively increasing the maximum number of feasible switches
allowed during the SHIFT TIME. As in the previous case, it has been as-
sumed that the reconfiguration can begin two hours earlier; hence, only
the number of maneuvers per hour has been modified. The maximum
number of feasible switches (a C — O maneuver pair) is thus iteratively
increased by 1 until the objective function values stop improving from
one iteration to the next.

Figs. 23 and 24 highlight the results for OF,, and OFy, optimiza-
tion, respectively, together with the simulation time necessary to reach
convergence. In both figures, the ideal value of the objective functions,
obtained by neglecting the SHIFT TIME constraints is also represented.
First, for both cases the simulation time increases as the maximum num-
ber of maneuvers increases, while remaining within an acceptable range.
Then, the value of the two objective functions decreases as the maximum
number of maneuvers increases, as the algorithm has more margin to de-
fine a better condition. In both cases, the objective functions don’t reach
the corresponding ideal values, due to the technical network constraints
during SHIFT TIME; however, they get very close to the ideal values for
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Fig. 23. IEEE 69-bus system: scalability of the proposed algorithm for OF,.
0.23 300
0.22 %xProposed model results 250
—--Ideal value
@
0.21 200"
£
8 =
w02 150 &
o 3
S
0.19 100 £
w
0.18} 50
=
017! 0
2 3 4 5 6 7 8

Maximum number of maneuvers

Fig. 24. IEEE 69-bus system: scalability of the proposed algorithm for OF,,.

a realistic value of the maximum number of maneuvers, with a differ-
ence of 5.54 % for OF, with 6 maneuvers and 3.51 % for OF, with 8
maneuvers.

These results highlight the scalability and computational efficiency
of the proposed method. Despite the increased dimensionality of the 69-
bus test system and the introduction of realistic operational constraints
(including the modeling of configuration shift steps and RVC limits) the
model is able to converge in all scenarios tested. Simulation times re-
main within a few minutes even as the number of allowed maneuvers
increases, confirming the tractability of the MILP formulation for prac-
tical DN sizes. Moreover, the sequential improvement in the objective
functions with a limited number of feasible switches demonstrates the
algorithm’s ability to efficiently exploit additional degrees of freedom
without excessive computational burden, confirming the ability of the
proposed method to be implemented in large-scale DNs for real-time
implementation.

6. Conclusions

In this work, a novel methodology for the optimal reconfiguration of
DN in presence of RES has been implemented, formulated as a MILP pro-
gram. Starting from an initial configuration, the goal is to determine a
new, optimal, one according to a defined objective function, assuming to
know the future load and generation profiles over a multi-temporal pe-
riod. After defining (i) how early before the period to optimize the shift
between the configurations must start and (ii) how many maneuvers
are possible to perform per each time step, the algorithm also defines
the optimal sequence of maneuvers during the shift, while guaranteeing
connectivity, radiality, and compliance with the network constraints,
such as voltage and current limits and the Rapid Voltage Change (RVC).
In this way, practical challenges, such as equipment stress and security
risks during the transition period, are taken into account. Moreover, an
efficient formulation to include bus-ties and breakers as zero-impedance
branches is proposed, which allows a more practical representation of
the physical structure of the DN and greater flexibility. Lastly, improved
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versions of two promising objective functions found in the literature
(feeder balancing and security of supply maximization) have been for-
mulated. The proposed algorithm has been tested on the IEEE 12-bus
and IEEE 69-bus systems in order to verify the impact of the proposed
innovative features. In particular, results highlight the importance of
considering RVC constraints, showing that neglecting modeling of the
shift between the configurations can lead to theoretically optimal con-
figurations that, in practice, are infeasible. Furthermore, the inclusion
of bus-tie modeling enhances feeder load distribution and optimizes the
use of existing infrastructure. Future studies should extend this method-
ology to address stochastic variations in renewable energy generation
and demand profiles to improve its robustness under uncertainty. This
implementation will be able to be handled by various strategies, such as
stochastic and robust optimization; although this development will lead
to different numerical results than those obtained when considering de-
terministic generation and load profiles, it does not change the overall
structure of the algorithm. Moreover, strategies to reduce the size of the
problem, especially in the path-formulation, should be investigated, in
order to achieve lower computational time for the analysis of larger DNs.
Lastly, the present model assumes that only one switching operation can
be performed at each time step. Future work may include the incorpora-
tion of operator availability constraints or parallel maneuver execution,
linking the temporal modeling of maneuvers to the number of available
working teams or remote-controlled breakers.
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Appendix A. Comments on the monitoring of the possible
violations

To improve algorithm efficiency, voltage and current bounds are not
monitored across all network components. Instead, the following are
initially monitored:

I i
VAR

Branches where

> %, with 7 set to 0.8 in this study.

J
For each feeder, nodes with the minimum and maximum voltage
magnitudes.

After each optimization, violations are re-evaluated:

If no violations are found, the algorithm terminates.

If new violations occur, the affected nodes and branches are added
to the monitored set.

Optimization continues iteratively until all violations are resolved.

Data availability
Data will be made available on request.
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