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a b s t r a c t

In the traditional paradigm, the large power plants supply the reactive power required at a transmission
level and the capacitors and transformer tap changer were also used at a distribution level. However, in a
near future will be necessary to schedule both active and reactive power at a distribution level, due to the
high number of resources connected in distribution levels. This paper proposes a new multi-objective
methodology to deal with the optimal resource scheduling considering the distributed generation,
electric vehicles and capacitor banks for the joint active and reactive power scheduling. The proposed
methodology considers the minimization of the cost (economic perspective) of all distributed resources,
and the minimization of the voltage magnitude difference (technical perspective) in all buses. The Pareto
front is determined and a fuzzy-based mechanism is applied to present the best compromise solution.
The proposed methodology has been tested in the 33-bus distribution network. The case study shows the
results of three different scenarios for the economic, technical, and multi-objective perspectives, and the
results demonstrated the importance of incorporating the reactive scheduling in the distribution
network using the multi-objective perspective to obtain the best compromise solution for the economic
and technical perspectives.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The introduction of DG (distributed generation) units, particu-
larly based on renewable sources, in the distribution networks has
led to a significant change in the operation and planning of these
kind of networks [1]. In addition to the integration of DG units,
there are other types of distributed energy resources, such as active
consumers with demand response programs, storage units and EVs
(electric vehicles) [2], that can cause an even more complex oper-
ation of the distribution networks.

Over these years, the smart grid has been presented as a good
concept to handle with this new power system paradigm and new
uncertainties, considering the decentralization of the whole power
system management and control [3]. In this new paradigm, the
aggregation of distributed energy resources will be essential to
improve the management and control of these resources in the

smart grid. For this reason, some authors introduced the VPP (vir-
tual power player) concept as an aggregator of distributed energy
resources connected to the electric network, mainly at the distri-
bution level [4]. In order, to operate in a complex and competitive
environment, VPPs will need to develop new decision support
systems for helping the management and control of the aggregator
resources. The complexity of this management is expected to in-
crease geometrically with the transition from conventional vehicles
to electric ones [5]. However, EVs can be useful in the scheduling as
flexible load and backup system of renewable sources [6].

Reactive power scheduling is a task performed by network op-
erators to avoid the voltage instability, to maintain the voltage
levels within a proper range, and to minimize the power losses.
Conventionally, centralized power plants were responsible to pro-
vide a minimum amount of reactive power to maintain the stability
and quality of the system, and for this service the network operator
did not remunerate them. Furthermore, the distribution network
operator participated in the reactive scheduling through capacitors
and tap changer transformers in order to improve the voltage
profile.
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The VPP will require the use of adequate optimization tech-
niques for handling with the active and reactive power scheduling
of distribution networks considering a specific objective [7]. Typi-
cally, this problem is formulated to minimize the operation cost of
the available distributed energy resources [8], or just considering
the DG units [9], but in a competitive environment, as the smart
grid, it is also important to consider other issues than just this
economic perspective. Therefore, the VPP needs to be aware about
the power quality, voltage stability, and active power losses. The
optimal resource scheduling problem handled by the VPP requires
the incorporation of new strategies to deal with these issues.
Hence, the incorporation of reactive power control is essential to
enable the VPP to present an optimal scheduling that considers all
the issues mentioned above.

The optimization methodology proposed in this paper is based
on a multi-objective approach to handle with day-ahead optimal
resource scheduling of a VPP in a distribution network considering
different reactive power management strategies. The proposed
methodology will determine an optimal resource scheduling
considering two competing objective functions. One objective
function is expressed as the minimization of the operation cost of
all distributed energy resources managed by the VPP, and the other

one as the minimization of the voltage magnitude differences in all
buses of the distribution network. The main goal is helping the
VPP's management of a distribution network with high penetration
of several distributed energy resources, such as distributed gener-
ation units, electric vehicles, and capacitor banks.

The proposed methodology will obtain the Pareto front of the
envisaged optimal resource scheduling problem, which it will help
the decision maker to have a clear view of all non-dominated so-
lutions of the problem. After determining the Pareto front, a fuzzy-
based mechanism [10] is applied to obtain the best compromise
solution for the VPP.

The results presented in the case study are expected to show
that is relevant to take into account the reactive power control in
the optimal resource scheduling for the distribution network's
operation with the inclusion of the voltage magnitude difference
function (technical perspective). In the case study, it has been used
three scenarios with different reactive control strategies to evaluate
the impact of the reactive scheduling into the distribution network.

This paper is structured with the following sections: after the
introductory section, Section 2 presents a literature review related
to the reactive optimal resource scheduling. Section 3 focuses on
the proposed methodology and describes the mathematical

Nomenclature

Parameters
a Objective function F1 weight factor
b Objective function F2 weight factor
l Penalization factor
hc Grid-to-Vehicle efficiency
hd Vehicle-to-Grid efficiency
l Penalization factor used in the objective function F2
m Membership function
B Imaginary part in admittance matrix [S]
cA Fixed component of cost function [m.u./h]
cB Linear component of cost function [m.u./kWh]
cC Quadratic component of cost function [m.u./kWh2]
c Resource cost in period t [m.u./kWh]
E Stored energy in the battery of vehicle at the end of

period t [kWh]
EInitial Energy stored in the battery of vehicle at the beginning

of period 1 [kWh]
ETrip Energy consumption in the battery during a trip that

occurs in period t [kWh]
G Real part in admittance matrix [S]
M Total number of non-dominated solutions in the Pareto

front
N Total number of resources
NF Normalization factor
Smax
Lk Maximum apparent power flow in line k [kVA]
T Total number of periods
U Voltage in polar form [V]
y Series admittance of line that connects two buses [S]
ysh Shunt admittance of line that connects two buses [S]

Variables
q Voltage angle
P Active power [kW]
Q Reactive power [kVAr]
S Apparent power [kVA]
V Voltage magnitude [V]

X Binary variable

Subscript
1 Operation cost function
2 Voltage magnitude difference function
Asyn_DG DG unit with asynchronous generator
B Bus
BatMax Battery energy capacity
BatMin Minimum stored energy to be guaranteed at the end of

period t
CAP Shunt capacitor
Ch Charge process
Dch Discharge process
Deg Battery degradation
DG Distributed generation unit
DGForecast Forecast power of distributed generation unit in

period t
EV Electric vehicle
GCP Generation curtailment power
i, j Bus i and Bus j
L Load
Max Upper bound limit
Min Lower bound limit
NSD Non-supplied demand
o oth objective function
obj Total number of objectives
REF Slack bus
SP External supplier
Step Step of a shunt capacitor with discrete regulation
Stored Stored energy in the battery of the vehicle
TFR_HV_MV Transformer that connects from high voltage to

medium voltage
TFR_MV_LV Transformer that connects from medium voltage to

low voltage

Superscript
i Bus i
s Non-dominated solution s
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