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Abstract—Dynamic  distribution system reconfiguration
(DDSR) is the process of dynamically changing the network’s
topology during the operational periods of the system. This
process together with the integration of distributed renewable
energy sources (DRES) and other enabling technologies allow a
more efficient operation of such systems in technical and
economic terms, facilitating a seamless integration of DRES in
larger quantities. When performing such an optimization
process, the stochastic nature of DRES (both variability and
uncertainty) needs to be taken into consideration. In this paper,
an improved dynamic system reconfiguration model is presented
where the goal is to minimize the total cost in the system while
satisfying various technical constraints so as to maintain the
reliability and stability of the system at required levels. The
computational tool is tested in a real system encompassing the
distribution system of Lagoa (in Sao Miguel Island, Azores), and
its effectiveness is properly validated. The numerical results
demonstrate great benefits in economic terms, such as reduced
losses and improved system reliability.

Keywords—Distributed generation; dynamic reconfiguration;
renewable energy sources; energy storage systems; stochastic mixed
integer linear programming.

I. NOMENCLATURE
A. Sets/Indices

es/Q°s Index/set of energy storage

g/Q9 Index/set of generators

h/Q" Index/set of hours

1/Q! Index/set of lines

n,m/Q" Index/set of buses

s/Q° Index/set of scenarios

ss/Q5 Index/set of energy purchased

c/Qf¢ Index/set of substations

Qt/Qo Set of normally closed/opened lines
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C. Variables

Ees,n,s,h

fin

Set of demand buses

Fictitious nodal demand

Energy storage limits (MWh)
Emission rates of DGs and energy
purchased, respectively (tCO,e/MWh)
Conductance, susceptance and flow limit
of line 1, respectively (71, Q71, MVA)
Number of candidate nodes for
installation of distributed generation
Cost of unit energy production
(€/MWh)
Power factor of DGs and substation
Power generation limits (MW)
Charging/discharging upper limit (MW)
Demand at node n (MW, MV Ar)
Resistance and reactance of line 1 (Q, Q)
Cost of line switching (€/switch)
Nominal voltage (kV)
Charging/discharging efficiency
Cost of emissions (tC0,e)
Variable cost of storage
(€/MWh)
Scaling factor (%)
Unserved power penalty (€/MWh) (€/
MVAr)
Probability of scenarios

system

Reservoir level of ESS (MWh)
Fictitious current flows through line /



Inh Fictitious current injections at substation
nodes

I8 s 150 Charging/discharging binary variables

P e Qonsh DG power (MW, MVAr)

R sy Charged/discharged power (MW)

P33 Q35 n Imported power from grid (MW, MV Ar)

PYS QRS Unserved power (MW, MV Ar)

Pisn Qusih Power flow through a line [
(MW, MV Ar)

PLigpn, QLisn Power losses in  each  feeder
(MW, MV Ar)

Xin Binary switching variable of line /

AVy s DV s Voltage deviation magnitude (kV)

O1sn Voltage angles between two nodes line /

D. Functions
ECP¢ ECES ECSS Expected cost of energy produced by
DGs, supplied by ESSs and imported
©

Expected emission costs of power
produced by DGs and imported from the
grid (€)

Expected cost for unserved energy (€)
Cost of line switching (€)

EmiCPS EmiCSS

ENCS
Swc

II. INTRODUCTION

A. Motivation, Aims, and Background

Distribution network system reconfiguration (DNSR) is a
topic that has been particularly addressed in the past few
decades, albeit aiming to achieve different objectives. Some of
these objectives are minimizing power losses in the network,
network balancing, improving voltage profiles, enhancing
system restoration [1]-[3], network reliability [4] and some
combinations of these individual objectives [5].

One might think that this is a topic that has already been
properly studied; however, the fact is that the evolution from
conventional systems to intelligent systems has reinvigorated
the importance of the subject, whether driven by the integration
of new technologies such as distributed generation (DGs)
mainly of renewable types [6], integration of energy storage
systems (ESSs) [7] or the need to automate distribution
systems. Therefore, in recent years, the systems’ automation
progress, as well as the increase in computational tools, has
also created a new gap at this level, leading to the investigation
of new reconfiguration methodologies, either at the operational
[1], [8] or planning levels [9], [10]. DNSR is a complex
combinatorial problem that involves many binary variables and
operational constraints, yet posing significant computational
challenges.

Moreover, the integration of DRES (wind and solar in
particular) brings about a number of additional problems for
the system, mainly due to their uncertain and variable nature,
making DNSR even more relevant.

This is because it makes economic sense to adapt network
systems to varying operational situations. In other words, due
to the uncertain nature of renewable power production and the
demand itself, it is extremely unlikely that a single
reconfiguration is good enough for an extended period of time.

Considering the evolution of the future electricity network
[11], the use of dynamic reconfiguration is an indispensable
step. This is emphasized in several works in the existing
literature, for example, see [2], [3], [12]-[17]. Lizhou et al.
[14] present a network reconfiguration method to obtain the
best operation considering the existence of renewable DGs. In
[27], authors address a similar problem using a slightly
different methodology. In [2], Capitanescu et al. focus on the
use of reconfiguration as a means to minimize or delay network
reinforcements due the integration of renewables. Baie et al.
[12] address a planning problem, focusing on the integration of
power electronics and the ability to generate reactive power by
DGs and considering a Volt/Var control. Lei ef al. [3] identify
critical switches to perform dynamic system reconfigurations,
in the presence of renewable DGs and with the aim of
minimizing load curtailment and the number of switches
deployed in the considered system. Kennedy and Marden [16]
present a work focusing on the reliability of isolated microgrids
considering stochastic generation and prioritizing the load.
And, they propose dynamic reconfiguration in case of a failure.
In [18], a two-stage approach is proposed for optimum short-
term scheduling of intermittent energy resources in a
coordinated system with an hourly reconfiguration.

Most of the recent works give special attention to handling
uncertainty and variability (at the level of renewables and
demand). However, there are very few studies that focus on
system reconfiguration together with smart-grid enabling
technologies as in the present work.

B. Contributions

The main contributions of this paper are the following:

e An improved stochastic mixed integer linear
programing (SMILP) operational model considering
renewable DGs, ESSs and featuring a dynamic
network reconfiguration;

e An extensive operational analysis of a real system,
through the integration of dynamic reconfiguration
and smart grid enabling technologies, aiming to
increase the integration of renewables and improving
the stability and reliability of the resulting system.

III. MATHEMATICAL FORMULATION

A. Objective Function

The objective of the current work is to minimize the sum of
the most relevant cost terms (1); namely, the costs related to
network reconfiguration (switching), operation, emissions and
load shed.

MinTC = SWC + TEC + TENSC + TEmiC )

The switching cost term (2) is incurred when a change of
status in a given line occurs, that is, when it goes from 0 (open)
to 1 (closed) or vice versa.
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The emission cost (3) is given by the sum of costs of power
produced by DGs, discharged from ESSs and imported from

upstream grid.
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The cost of load shedding, given by TENSC, is formulated
as follows:
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Finally, equation (5) refers to the total cost of emissions as
a result of power either supplied by DGs or imported from

upstream.
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B. Constraints
The sum of all incoming flows to a node should be equal to

the sum of all outgoing flows, which is given by the
Kirchhoff’s Law. This is applied to both active (6) and reactive
(7) power flows, and must be respected at all times:
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Equations (8) and (9) present the linearized AC power flows
through each feeder, which are governed by the Kirchhoff’s
Voltage Law. Note that 6, refers to the angle difference
On,sn — Om,s,n Where n and m are bus indices corresponding to
the same line L.
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The maximum amount of flow that can pass through a line
is given by inequality (10). Equations (11) and (12) represent
active and reactive power losses in a given line.
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ESS is modeled by the expressions (13)--(18).
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The limits on the amount of power charged and discharged
are given by (13) and (14), respectively, while (15) guarantees
that charging and discharging processes do not simultaneously
happen at any given time. The state of charge is modelled as
presented in (16). Inequality (17) ensures that the storage level
is always within a permissible range. Finally, (18) sets the
initial storage level, and ensures the storage is left with the
same amount at the end of the operational period.

The active and reactive power limits of DGs are given by
(19) and (20), respectively. Inequality (21) limits the DGs
ability to inject or consume reactive power.
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The active and reactive power limits at the substations are
given by (22) and (23), due to stability reasons.
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The reactive power that is withdrawn from the substation is
subject to the bounds presented in inequality (24).
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The radial operation of the considered system is guaranteed
by including the constraints in (25) through (31). Constraints
(27)—(31) ensure radiality in the presence of DGs, and
simultaneously avoid islanding.
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IV. NUMERICAL RESULTS

The real-life distribution system of Lagoa (S&o Miguel
Island, Acores, Portugal) is used to test the proposed
optimization model. Details of this test system can be found
in [19].

A simplified line diagram of Lagoa system is presented in
Fig. 1, where the locations of DGs and ESSs in the system are
clearly depicted. In this system, there are two types of DGs,
solar and wind which have an installed capacity of 2 MW and
1 MW, respectively. The ESSs have as installed capacity of
1 MW with both charging and discharging efficiencies
assumed to be 90%. The total active and reactive loads of the
system are 3.93 MW and 1.62 MVar, respectively. The
operational period is assumed to 24 hours long.

A possible hourly reconfiguration is considered. The
voltage of the system is 10 kV, and the maximum voltage
deviation allowed at each node is = 5% of the nominal voltage
value. The substation is considered as the reference node,
where the voltage magnitude is set to the nominal voltage and
the angle as 0.

In addition, the power factor at the substation 0.95 is
considered to be constant. Electricity prices follow the demand
trend, ranging from 42 to 107 €/ MWh. The lowest electricity
price happens during the valley periods and the highest ones
during peak consumption periods. The operation cost of ESSs
during charging and discharging is considered to be 5 €/ MWh.

The rate of emissions at the substation is assumed to be 0.4
tCO2e/MWHh, and a carbon price of 7 €/tCO2 is considered in
all simulations. A tariff of 40 € MWh and 20 €/MWh are
considered for remunerating the power productions from solar
PV and wind farms. The cost of switching any line is
considered to be 5 €/switching.
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Fig. 1. A simplified single line diagram of the considered system [19].

TABLE I— CONSIDERED CASES

Case Reconfiguration DG&ESS
A - -
B X -
C X X

In this work, three sources of uncertainty are accounted for
(demand, solar and wind power generation). Uncertainties in
each of these uncertain parameters are captured by considering
three scenarios, each representing an hourly profile. This is
following the work in [19].

In order to perform the required analysis, three case studies
have been considered (denoted as Case A, Case B and Case C).
Each of these cases is distinguished as in Table 1. Case A
represents the original system, where there is neither
reconfiguration applied, DGs of any type integrated nor ESS
devices. Case B is the same as Case A, but considers
reconfiguration. Case C involves all available technologies,
specifically ESSs, DGs (PV and Wind) and reconfiguration.

As stated before, Case A refers to the original case, where
reconfiguration is not considered and DERs are not deployed in
the system. In this case, the system demand is met by
importing power through the only substation at node 1. The
voltage deviation constraints are relaxed; otherwise, the
optimization would not converge because the system is not
adequately compensated to keep the voltage magnitude at each
bus within the predefined limits. In particular, the voltage
deviations at the farthest nodes tend to be higher than the
desired value, which is one of the issues that reconfiguration
and DER integration often resolve. The system’s energy losses
in the base case (i.e. Case A) throughout the simulation period
amount to 9.47 MWh. Fig. 2 shows the hourly profile of the
aggregated active power losses in the system.



In Case B, it is observed that the use of reconfiguration
reduces system losses. Compared to Case A, energy losses in
Case B are lowered from 947 MWh to 6.07 MWh,
representing an overall reduction of about 35.9%. In Fig. 2, one
can see the hourly profile of aggregate losses. As previously
stated, the losses in Case A are significantly higher in peak
than in shallow and off-peak hours. However, this difference is
not significant when dynamic reconfiguration is applied to the
system (see Case B in Fig. 2). The highest losses in Case B is
about 0.3 MW, while in Case A, that value is nearly 0.5 MWh,
which creates relevant difference in terms of system cost. The
outcome of hourly distribution system reconfiguration is shown
in Table II. Note that the lines that do not appear in this table
are those that are always connected (i.e. x; , = 1 for all h). The
reconfiguration is done in order to meet the demand at all
nodes, considering the scenarios, in every hour, through the
least congested path and with the lowest possible R/X ratio.

The results for Case C, which considers all technologies
considered in this work (dynamic reconfiguration, distributed
energy resources and energy storage systems), can also be seen
in Table III. The losses for Case C are also presented in Fig. 2.
The network topology for a particular hour is almost different
from that of any other hour within the considered operational
period. As expected, Case C leads to the lowest overall system
losses. This is because of the introduction of DGs and ESSs,
which contribute to a substantial amount of the demand to be
met locally, and hence a reduction in losses. The inclusion of
DGs in the system lowers the additional power required from
upstream system in comparison to Cases A and B. The DGs
connected at a certain node in the system can now partially or
fully meet the demand in and around the same node.
Consequently, this leads to a reduction in energy losses, and
cost in the system. The introduction of ESSs reinforces the
contribution of DGs since these technologies store a large
quantity of the power that would otherwise be curtailed. In
other words, ESSs will charge in periods where electricity price
is low, and/or during periods of excess renewable power
production. And, this is partly discharged during periods of
higher electricity prices and/or renewable power production
deficit. Moreover, the deployment of ESSs creates a healthier
system operation since the peak hours are reduced,
transforming the system into one that is closer to its optimal
operational point. The total energy losses corresponding to
Case C are 3.29 MWh during the 24-hour period, representing
a reduction by 45.90% and 65.30% compared to those in Cases
B and A, respectively. With the integration of ESSs, the
occurrence of highest losses does not coincide with peak hours,
which is justified by the fact that ESSs are discharging during
these hours to meet the demand locally.

Fig. 3 shows the energy mix corresponding to Case C.
From this figure, it is possible to see that the system’s reliance
on power imported from upstream grid is still high, due to the
size of the system and the installed capacities of DGs.
However, relevant conclusions can be drawn from the analysis
results. In general, the energy mix, as well as the losses and
voltage deviations resulting from the grid operation all reveal
an increase in the efficiency and quality of system operation.
This improvement comes from the integration of several key
technologies in the system, working in a coordinated way.

TABLE Il - NETWORK RECONFIGURATION OUTCOME FOR CASES B AND C

Lines Hours with x;, = 0
Case B Case C
4-6 3;7;8;13,14;19; 21; 22 5;6;9;16;21;24
7-10 13 9
12-13 8,19;21;22 5;6; 16
13-14 8 6
17-19 12; 18; 24 8;15;17
21-22 1;16; 20 4;13;22
22-24 154;5;10; 11; 15-17; 20 3;4;11-14; 18; 19; 22
24-25 23 10
24-27 1;2;6;12; 15-18; 20; 24 1-4; 8; 13-15; 17; 205 22; 23
28-29 23
28-30 4;5:9-11 75 10-12; 18; 19
28-32 5511 12; 19
32-33 3;7; 14 21;24
6.7 1525 4-6;9-12; 15-18; 20; 1-4;7; 8; 10-15; 17-20; 22;
23; 24 23
13233 1:2:4:6;9;10; 12; 13; 15- 1-4; 7-11; 13-15; 17; 18; 20;
18;20; 23; 24 22;23
15-26 2:3:6-9; 12-14; 18; 19; 21 1525 5-9; 15-17; 20; 21; 23;
22;24 24
15-30 3;7;14519;21; 22 5; 165215 24
1-35 5-7;9-12; 14; 16; 18-21;
18-23 2-115 13-15; 175 19; 21-23 23:24
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Fig. 3. Energy mix for the considered system.

Table III summarizes the cost terms and energy losses
corresponding to different simulation cases (A to C) carried out
on Lagoa distribution system.



TABLE III - LAGOA SYSTEM: DIFFERENT CASE STUDIES COSTS

Case A Case B Case C
Total Cost [€] 5627.86 4947.45 3993.00
Reconfiguration Cost [€] 0.00 620.00 610.00
Energy Cost [€] 5188.02 4087.42 3272.32
Emission Cost [€] 348.36 187.78 110.68
F€(])st of power not served 9148 5295 0.00
Energy Losses [MWh] 9.47 6.07 3.29

From the results in Table III, it is possible to see the
significant differences in terms of costs between the different
case studies. As expected, the base case, i.e. Case A, is
associated with not only the highest total cost but also the
highest energy losses in the considered system. In Case B
(where dynamic reconfiguration is used), one can see in this
table the significant reductions in total cost (approximately
12.1%) and losses (nearly 36%) compared to that of the base
case. These are highly pronounced in Case C, where the total
cost reduction in comparison to that of Case A is 29%. In
addition, a much more relevant phenomenon is zero unserved
power computed in Case C, unlike in the other cases. This is
due to the integration of ESSs, taking advantage of the shallow
hours in order to charge itself, with the excess of production
that can be observed in the energy mix shown in Fig. 3. As
expected, the losses also have a significant reduction. Thus, the
introduction of all technologies results in a healthier system
operation and also leads to a significant total cost reduction.

V.CONCLUSIONS

In this work, an analysis on the dynamic reconfiguration
used in conjunction with DGs and ESSs is presented, aiming to
operate the system in a more reliable manner while
accommodating higher levels of renewable energy. To perform
such analysis, an improved stochastic MILP has been used.
Numerical results of operating a real distribution network
system are used to assess the impact on system operation with
the adoption of dynamic reconfiguration as well as integration
of DGs and ESSs. The optimization model minimizes the total
cost subject to a number of constraints. Numerical results are
obtained from a real case study, the Lagoa distribution network
system. According to the numerical results, the integration of
DGs and ESSs jointly with dynamic reconfiguration fulfill
close to 59% of the energy demand within a day. In general,
the energy mix, as well as active power losses and voltage
deviations resulting from operating the grid show an increase
in efficiency and quality of the system operation. This
improvement comes from the integration of several key
technologies in the system, working in a coordinated way.
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