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Abstract. Microgrids are an aggregation concept with the participa-
tion of both supply-side and demand-side resources in low-voltage grids.
Due to their characteristics and complexity, decision support systems
are required for their control and operation. In this paper, a study of
recent applications of multi-agent-based decision support systems to op-
erate the microgrids is presented. From the survey material, we concluded
that there is a need for interdisciplinary research concerning architecture,
frameworks, and software tools required to exploit the full potential of
these techniques in microgrids.
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1 Introduction

The electrical power industry has faced several technical and economic challenges
in the last years: an increasing power demand and quality standards, environ-
mental and financial incentives to embrace renewable energies, among others.
Due to this, the complexity of modern power systems have escalated, and new
technologies have emerged where conventional approaches did not produce suit-
able outcomes.

Smart Microgrid (SMG) is a recently proposed concept that involves dis-
tributed generation (renewable and fossil fuel), storage, and dispatchable loads.
SMG also allows active clients participation by granting them access to real-time
data and control [25]. However, due to their heterogeneity and uncertainties, it
must be carefully handled to prevent faults and optimize its benefits.

Decision Support Systems (DSS) play a paramount role in microgrids’ con-
trol and operation. These systems should be capable of processing information
intelligently and making automated decisions regarding microgrids installation
location, type or size of generators and storage systems, control and operation
decisions.



In this paper, a study of recently published DSS applications into the micro-
grids field is proposed. The goal is to bridge research from informatics and power
electronics in the area of Computational Intelligence applications on microgrids.
Their technical elements are also addressed as well as essential recommendations
for the design of robust solutions involving these type method, often overlooked
by researchers. Therefore, at the end of the paper, a general comment section
addressing the issues mentioned above and potential solutions were included.

2 Microgrids Control and Operation

Microgrids include distributed energy resources (photo-voltaic, and wind tur-
bine), storage devices (energy capacitors, and batteries), non-critical loads, and
they are connected to the main/utility grid through the Point of Common Cou-
pling (PCC). It operate either connected to the utility power system or islanded
from the grid if any interruption is detected.

Control and operation strategies are essential for the proper operation of any
power system. Distributed generators output, power quality, voltage regulation,
and frequency are among the variables to be managed [13]. In microgrids, con-
trol can be done in a centralized or decentralized scheme and it is commonly
divided into three hierarchical levels: primary, secondary and tertiary. The first
one involves necessary hardware for control, often referred to as zero-level, which
include internal voltage and current control loops of the energy resources. Mean-
while, the second one compensates for the voltage and frequency deviations.
Finally, the tertiary control manages the power flow and facilitates an optimal
performance [3].

Energy Management Systems (EMS) are DSS that work in both secondary
and tertiary control levels. They handle the optimal delivery of distributed gen-
erators power output, fulfills the critical loads, and enables the microgrid resyn-
chronization to the utility grid. And at the same time, achieve a set of pre-
established goals such as minimizing the microgrid operating expenses or maxi-
mizing the incomes according to electricity’s market price [26], among others.

Once the technical and economic goals are established, the EMS develop-
ment can be launched using different approaches such as the multi-agent-based.
These intelligent systems generate decisions based on information from demand
and renewable resource forecasting, clients’ patterns, and the power market data
manages the power flow, power buys/sells, load dispatch, and Distributed En-
ergy Resources scheduling [26]. The weather and load forecasts information are
collected through microgrid components interaction and from external systems.

3 Multi-agent-based Systems

According to [24], an agent can be defined as “anything that can perceive and
act in its environment through sensors and actuators, respectively”, as depicted
in Fig. 1.
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Fig. 1. General scheme of interactions between an agent and the environment.

– Autonomy: the capability to perform without direct human or any additional
type of interference, and have a sort of authority over its actions and states;
it possesses individual goals, resources, and competencies.

– Sociability: the capacity to communicate with other agents, and possibly
humans, through some communication interface/language. As a result, an
agent can provide and ask for services.

– Reactivity: the capability to perceive and act, in a timely fashion, upon its
surrounding environment.

– Proactiveness : the ability to manifest goal-directed performance by taking
the lead.

A Multi-agent Systems (MAS) is a collection of two or more agents which
are capable of communicating/interacting to achieve a common objective [11].
Their ability to be adaptable, capable of extension and fault tolerant is the
driver behind their spread popularity. Several MAS types are studied: intelligent
software, modeling approach families, and Game Theory (GT):

– Intelligent software agent (ISA): software agents that can achieve specific
tasks for a user and possess a degree of intelligence that allows them to
complete parts of their functions autonomously and to communicate with
their environment beneficially [29]. In this scenario, solutions are modeled at
systems-of-system level; consequently, their application is primarily focused
on EMS.

– Modeling approach agent (MAA): multi-agent systems are more than an in-
tegration scheme; they additionally provide a modeling procedure. An agent
system can naturally describe a real-world situation of cooperative enti-
ties [18]. Applications with these characteristics model the problem solutions
at a low level following MAS properties, architectures and communication
protocols.

– Game Theory (GT): was designed to address situations in which the outcome
of an agent/player decision depends not only on how well they are chosen
among several options, but also on the choices made by the agents/players
they are interacting with [6].

3.1 Multi-agent-based DSS in Microgrids Control

An MAA-based, event-triggered hybrid control including three kinds of switching
controls is studied in [14]. The goal is to provide a more secure and efficient



energy supply system. The simulations were conducted in an autonomous SMG
with distributed generation (fuel cell, photo-voltaic and wind micro-turbines), a
battery unit and critical/dispatchable loads.

The authors in [10] developed an event-driven microgrid control management
framework based on a Hierarchical Multi-Agent System (HMAS). The HMAS
controlled voltage stability in the presence of energy storage sources in an is-
landed AC/DC microgrids and was divided into three groups corresponding to
their different responses to frequency and voltage changes. These groups were
power agents for distributed generators such as wind, photo-voltaic and fuel cell,
battery agent and load agent.

A distributed MAA framework for the coordinated control and proper man-
agement of vehicle-to-home (V2H) systems in a microgrid through information
exchange can be found in [21]. Control agents interact with each other by re-
lying on local information from their neighbors. This distributed coordination
model can effectively steer the proportional sharing of active and reactive powers
among the inverter-interfaced electric vehicles with the aim of maintaining the
stability of the microgrids. Simulations are centered on a microgrid with solar
photovoltaic and V2H systems.

Based on power line carrier communication technology, a decentralized MAA
system frequency control strategy was investigated in [16]. The study was con-
ducted on an autonomous microgrid with communication constraints and where
each agent can only communicate with its neighboring agents.

The study in [22] proposed an ISA control and management system with the
objective of minimizing the operational cost and trouble caused by unexpected
events in a photo-voltaic-based microgrid system (reduce the mismatch cost in
each time slot). The MAS consists of four main unit types: intelligent control
and management unit, user agent, storage agent, and a backup agent. The au-
thors took into account several scenarios of photo-voltaic mismatch combinations
during the simulations.

3.2 Multi-agent-based DSS in Microgrids Operation

An ISA implementation for the distributed and demand-side energy management
is dissected in [23]. Each agent models a stakeholder and has a localized knowl-
edge base including rules and behaviors, which commands its decision-making
process. The considered scenario was a grid-connected microgrid system with
two solar photo-voltaic systems, consumers loads, and a battery bank.

In [7] an ISA approach for distributed management of microgrids is pre-
sented. The developed MAS encompasses the agents for generators, loads, mar-
ket clearing engine, coordination, utility grid, and an ancillary one. Studies and
simulations were accomplished on a three-phase, 7-bus, 400-V grid-connected
microgrid. The microgrid consisted of three equivalent distributed generators
with three dynamic equivalent loads. The suggested procedure was examined on
a modified IEEE 14-bus system. The developed multi-agent and coordination
system operates in compliance with IEEE Foundation for Intelligent Physical
Agents (FIPA) specification.



The authors in [2] described a modular software architecture for backing
agents to gather data about the local energy production and storage resources
of residential neighborhoods and to schedule the energy flows using negotiation
protocols. The ISA architecture contains five agents: user agent, producer and
consumer agents, control agent, database manager, and supports a negotiation
protocol based on the FIPA Contract Net Interaction Protocol.

An ISA framework with a Comprehensive Energy Management System for
distribution systems with multiple microgrids was put forth in [12]. Five types
of agents were created: intermittent generation, load, energy management, local
market auctioneer and transactive energy market. This system was tested in a
derived form of the standard IEEE 37-bus distribution network by setting up
three SMGs.

In [8], a distributed cooperative control method based on a second-order
multi-agent system is presented. The modeled agents regulate the charging /
discharging behavior of multiple ESU to restrain the active power fluctuation
at the PCC of a grid-connected microgrid. The microgrid includes three photo-
voltaic and two wind turbine generators, five loads and ten ESU.

Morstyn et al. discussed in [19] an MAA-based control strategy to coordinate
power-sharing between heterogeneous Energy Storage Devices that are physically
distributed throughout a DC microgrid. In the study, the authors consider a
DC data-center SMGs with a grid-connected bidirectional converter, distributed
batteries providing bulk Energy Storage and ultra-capacitors located with loads
for power quality regulation.

The study in [20] is concerned with a distributed MAA cooperative control
system for dynamic energy balancing between storage devices in droop-controlled
DC low-voltage microgrids. Through the adjusting of the storage devices energy
levels, the cooperative control system guarantees that none will swiftly run out of
energy, so their full output power potential is available to regulate the microgrid
voltage.

A three-stage Stackelberg game was the approach employed by the authors
in [30], for the solution of the energy management problem, with the purpose of
modeling the dynamic synergies among all the microgrid actors (users, utility and
the Energy Storage (ES) companies). To solve the three-stage non-cooperative
game problem, the backward induction method was employed.

An energy buying/selling problem for microgrids with uncertain energy sup-
ply is presented in [17]. The microgrid’s energy provider decides the power ac-
quired from the markets and the pricing policy for users to maximize its rev-
enue, and then the users estimate their energy requirements to maximize their
rewards. A hierarchical game was settled according to the synergy between the
energy supplier and the users, and its equilibrium point was derived through the
backward induction method. The microgrid under study consisted of one energy
provider and a set of N users.

The authors in [1] disclosed a microgrid distributed power-sharing framework
based on a repeated game with a Nash equilibrium strategy. House owners benefit
from the fluctuations in their power demand patterns to enhance the use of their



locally produced renewable energy through a borrow/lend system. Simulations
were conducted with real demand information from twelve houses of various sizes
in Stockholm, Sweden.

A Stackelberg game approach for EMS is proposed in [15], where the mi-
crogrid operator acts as the leader and all participating prosumers act as the
followers. The utility obtained by each prosumer consists of the utility of power
consumption and the revenue of exchanging energy. Studies were conducted on
real data from five commercial buildings in a province of China and each building
symbolize a photo-voltaic prosumer.

The study in [28] reported a novel game-theoretic alliance approach for dis-
tributed microgrids. The proposal allows the microgrids to form alliances so that
the power loss is minimized when the power is transferred from an microgrid to
other, or to a macro-station. Additionally, the microgrids can make decisions on
whether to form or break the alliances while maximizing their profits by mitigat-
ing the power losses within power transfer. In this case, the total payoff function
consists of two terms: (1) power loss between the microgrids, (2) power losses
caused by the MG selling/buying power to/from the main grid.

A non-cooperative game-theoretic scheme to analyze the strategic perfor-
mance of microgrids produced by renewable energies generation was developed
in [5]. The proposed strategy also describes the power generation solutions em-
ploying the Nash equilibrium. Microgrid models used during simulations were
based on the IEEE 14-bus system.

4 Multi-agent-based DSS Software

The development of systems based on the methods presented above (ISA, MAA
and GT) need software tools to adequately support their design and execution.
These tools must also be tuned to the required problem scale [4].

Agents introduce a conceptual model for distributed problem solving, with
autonomy enthroned as a core feature among its building blocks [4]. By strength-
ening or increasing regular software engineering and knowledge engineering ap-
proaches, several methodologies have been developed for the specification and
design of MAS. Commonly, there are two phases of the MAS design, namely
conceptualization and analysis [27]. In this context, software plays an impor-
tant role in the MAS implementation, so their election should be addressed very
carefully.

MAS show a widest number of options regarding available software tools.
From well-known options for computer scientists such as JADE4, passing through
MATLAB to other maybe less notorious like ADIPS/DASH. MAS development
tools are quite heterogeneous and have an important number of platforms, frame-
works, and libraries for both commercial and academic audiences. An extended
software list can be found in the website5 of the Department of Economics, Iowa

4 http://jade.tilab.com/
5 http://www2.econ.iastate.edu/tesfatsi/acecode.htm



Table 1. Characteristics of Multi-agents Software used in Microgrids

Name Platform FIPA Compliant Type License

GAMA GAML Yes Platform LGPL
Jadex Agents Java Yes Platform GNU
JIAC Java, JADL++ Yes Framework GNU
SPADE Python Yes Platform LGPL
JACK Java Yes Framework Proprietary
JaCaMo Java Yes Framework GNU LGPL

State University. Interested readers on the topics of agent-based systems design
and implementation are referred to [4].

Table 1 summarizes six tools, not included among the reviewed applications
that can be used in MAS development. GAMA6 is a modeling and simulation de-
velopment environment for building spatially-explicit agent-based simulations.
Jadex7 is a Belief Desire Intention (BDI) reasoning engine for programming
intelligent software agents in XML and Java. The reasoning engine is very flex-
ible and can be used on top of the different middleware infrastructures such
as JADE. JIAC8 is an agent architecture and framework that eases the de-
velopment and operation of large-scale, distributed applications and services.
The framework supports the design, implementation, and deployment of soft-
ware agent systems. SPADE9 is a multi-agent and organizations platform based
on the XMPP/Jabber technology. JACK10 is a cross-platform environment for
building, running and integrating commercial-grade MAS. JaCaMo11 is a frame-
work for multi-agent programming that combines three separate technologies, viz
Jason12, Cartago13, and Moise14.

GT can be implemented as part of an agent-based system, hence making all
the software choices described in Section 3 available. Additionally, we would like
to recommend Gambit15, an open-source collection of tools with a graphical user
interface to build, analyze, and explore game models.

6 http://gama-platform.org/
7 https://sourceforge.net/projects/jadex/
8 http://www.jiac.de/
9 https://pypi.python.org/pypi/SPADE

10 http://aosgrp.com/products/jack/
11 http://jacamo.sourceforge.net/
12 http://jason.sourceforge.net/wp/
13 http://cartago.sourceforge.net/
14 http://moise.sourceforge.net/
15 http://www.gambit-project.org/



5 General Remarks About Multi-agent-based DSS

The robustness of MAS solution has been improved thanks to the inclusion of
standards. FIPA16 and Object Management Group17 (OMG) have been working
on producing a wide range of standards specifications to cover major aspects
of MAS such as agents’ architecture, communication and management [9]. Oth-
ers such as Knowledge Sharing Effort18, ontologies19, UDDI 20, and UPnP21

have contributed to homogenize the information and services exchanged among
agents.

Table 2. Categorization

Intelligent

Technique

Microgrid

Application
References

ISA
Control [22]
Operation [2,7,12,23]

MAA
Control [8,10,14,16,21]
Operation [19,20]

GT Operation [1,5,15,17,28,30]

6 Conclusion

In this paper, the recently published multi-agent-based Decision Support Sys-
tems applications to the microgrid field have been studied. Although each intel-
ligent technique has been explored in different scenarios about the microgrids
control and operation field, there are still unexplored areas especially in the
hybridization of such approaches.

Table 2 depicts the references categorization applications mentioned in this
paper. MATLAB/SIMULINK was the preferred software tool for conducting
experiments and simulations used in the reviewed works. This is a well-recognized
tool, yet for specific intelligent methods, its functionalities are still somewhat
limited.

Control and management of microgrids is a challenging problem involving
complex and dynamic issues. Research teams should deploy and maintain an
interdisciplinary collaboration to obtain robust solutions and fully exploit intel-
ligent methods.

16 http://www.fipa.org/
17 http://www.omg.org
18 http://ksl-web.stanford.edu/knowledge-sharing/papers/kse-overview.html
19 https://www.w3.org/standards/semanticweb/ontology
20 http://uddi.xml.org/
21 https://openconnectivity.org/
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