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Abstract—This study proposes the simulation of the muilti- agents. The proposed approach differs from classical gelta
agent system that performs voltage control in distribution sys- control strategies from the operational point-of-viewrivas
tems. The multi-agent system is a natural approach to smart \jtage control methods that applies optimization and wdsh

grid, because it combines the advances in computing, distributed b d ts of artificial intelli h f
systems and artificial intelligence to provide more features on ased on concepts of artimcial intefligence such as fuzzy

real-time monitoring of demand and consumption of electricity, 10gic do not consider the communication and the application
management of large-scale distributed generators, among othgr of decentralized actions. For example, in [1], the dynamic

from a distributed c_ontrol over the grld From this perspective, programming and fuzzy systems has been proposed for voltage
a framework that simulates the multi-agent systems to control control. [2] has proposed a hybrid method that combinesateur

capacitor banks in distribution system, which is a basic control twork and f d . ing in I3 f
in distribution system. In order to accomplish this, a framework NEWOrK and fuzzy dynamic programming, in [3] a fuzzy

that comprises distributed computing, communication and fuzzy System with simulated annealing optimized solution hasibee

decision making is proposed in this study. proposed; finally, in [4] reactive power are used in coortioma
Index Terms—Smart grids, reactive power control, voltage of capacitors.

control, distributed artificial intelligence, multi-agent systems.

The main contribution of this paper, is a distributed algo-

rithm performed by the multi-agent system that models and
HE power distribution systems are undergoing to radicaimulates the operation of distribution system. The specifi
change in concept and design. The attempt to reduaetion simulated by this system is to perform voltage regu-

the usage of highly polluting energy sources, the search fation. The fuzzy system is used for decision making about
energy efficiency, the new generation schemes are demandimg selection of the required capacitor banks. This apjrisac
the research groups for new technological solutions. One sifnificantly different from the classical local voltagentm!,
the requirements for such modern distribution system is thecause in this case the communication enables the decision
presence of active data communication in the distributionaking of capacitors banks in real-time and takes into aticou
network. the whole system condition through communication of the

The new layer of information allows the efficient manageparts of the system monitored by agents.
ment of the system, by making it more reliable and visible
to the system operators. It will also allow tasks such asThe basic idea is to let the multi-agent systems to manage
system reconfiguration, detailed monitoring of demand aride information collected by measurements that are sedlter
consumption, loss reduction, among others benefits. In asmmia the network and to provide a control action. In the present
grid, data are received from different equipments which apeoblem, the action is to switch on or off capacitor banks to
dispersed over the power system. It can be sent throukgep the voltage of the system within its limits. The decisio
the layer of information to other system equipment. These whether apply or not the switching procedure is given & th
measurements subsidize the new features expected for thizzy inference system according to the degree of sersitivi
generation of electrical networks. For instance, algorgh aimed in the control. The multi-agent system is able to manag
methodologies and computational methods, are neededstmh control actions that are related to the many features
obtain the domain over the distributed characteristic ofrsm expected to be present in real smart-grids.
grids and then, to implement the controls and new network
features. This paper is organized as follows: Section Il provides

With this challenge in mind, this paper proposes the rea- description of multi-agent systems, Section Il introgkic
time control of distribution system based on distributedtimu the fuzzy inference system used in this work, Section IV
agent systems. As mentioned earlier, many controls are eescribes the working of the multi-agent system with fuzzy
pected for smart distribution systems. And for most of theinference system developed in this research work and discus
the automatic execution of specific tasks are expectedderorsome simulation results. In Section V the simulation of the
to address one of these features, this research work igaéssi proposed multi-agent system is described and in Section VI
the management of capacitor banks for voltage regulation the conclusions are drawn.

I. INTRODUCTION
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Il. MULTI-AGENT SYSTEMS 4) Deffuzification of the output distribution.

An agent is an entity that perceives and acts upon theThe fuzzy system has been implemented according to
environment in order to achieve some objectives [5]. Thegdliagram of the Figure 1 and it applies operations of union and
can be considered as a specific type of software or a robotitersection of sets as been proposed by Zadeh [13], by means
case the environment is the physical environment. The m&hmaximum and minimum operators (that is why the inference
feature of an agent is the autonomous working without agystem is also called Max-Min inference system). During the
direct interference. fuzzification the inputs are processed by intersection nfyu

An intelligent agent has the characteristics of an intetig memberships of each input variables in the linguistic terms
system: a knowledge base that will support the resolution defined for each of them. This process results in a membership
a problem, for which it has been modeled, and the search dtgree used in the activation of each rule. In other words, fo
handling methods of the database that will serve to providiee k£ — th rule, a coefficient of activatiorD,, is calculated
the decision-making according to the data entry. where the indext of the fuzzy set are the linguistic terms

An agent has two components that allow the interaction withat form the rulek. This process transforms the quantitative
its environment They are the sensors and the actuator. Th&rmation to qualitative information and is consideresiaa
sensors are the tools for an agent to perceive the envirapm@eneralization process with
and the actuators are the parts of the agent that perform the  pk — T, (21), pyx (22), - .. e ()]
action from the result of decision making process, caledlat _ min[u;k (1) uik (z2),. .. u:w (z,)] 1)
from the state of agent and the search made on the knowledge 1 i
base. The deffuzification used in this work, which is to obtain

The sensors might be (depending on the agent and @i&p values that corresponds to a physical action in theesys
type of application for which it has been designed) based @fplied the center of mass method to the output distribution
computer vision, sonar, meters, etc. For actuators, legsnas
could be the mechanical functions, among others. Simjlarly mpu— | Fuzzification Rules Defuzzification
there are problems which application of intelligent system
is more favorable when brought to the application of agents,
i.e., not only a single computational entity that centesdizhe

Output

process of data collection, decision making or both. Howeve ———| [Inference

working in distributed intelligent systems is a change oa th

paradigm that requires different theoretical consideretiand Figure 1. Fuzzy inference system [12]
a range of new techniques for implementing and obtaining

satisfactory results. A. Fuzzy variables and membership function

The area which is related with the application of intelli-

gent systems in distributed environments is called disteith . i L
artificial intelligence. It is based on concepts of artificia]fuzzy rules. The varl_ables are: Voltage deviatili” and the
last voltage V) received from the measurement agent. The

intelligence, computer science, social sciences, ecammi . : .
9 P oD riable CB (capacitor banks) is represent the output of the

organization and management to support its theory [6].TH§ ! )
: : . erence system and shows the settings of the capacitésban
multi-agent system are systems where agents in a distibutd 1) Input:yThe voltage variablé” hasgbeen dividgd in four

computing environment performs distributed artificialeilit ) 4 .
gence techniques [7], [8]. Theoretical work in power syﬂenﬁfjﬁgﬁjgs;es tsar|2 ?eéjrr:a“slggst: do:‘);lscourse of [0.8 0.11] (p.u.)

can be found in [9], [10]. However, only after the society . ] i
and industry interest in efficient power delivery systems th * low-critical (LC):[0.8 0.8 0.9 0.92] - Trapezoidal shaped
membership function

application of multi-agent system are being considereddal
i g y g o precarious (P): [0.9 0.925 0.95] - Triangular shaped

deployment [11]. i X

In the next section, the Fuzzy Inference System used to Membership function _
provide the decision to control the bank of capacitors is ® ad_equate _(A):[O'QB 1 1.05] - Triangular shaped member-
introduced. ship function

o high-critical (HC): [1.03 1.05 1.1 1.1] - trapezoidal
Ill. Fuzzy INFERENCESYSTEM shaped membership function

The fuzzy inference system used in this work is the sameThe membership function for voltage variable is shown in

defined by Mamdani [12], which is composed of “If-then"Figure 2.

The fuzzy system is based on three variables and 20

clauses composed of the following steps: The voltage deviatiomMV' has been divided in five fuzzy
1) Definition of a set of fuzzy rules subsets in a universe of discourse of [-0.1 0.1]. The subsets
2) Fuzzification of the inputs using the input membershipas been defined after some tests to identify the best average
functions; performance:

3) Mapping of fuzzy input to fuzzy output according to « negative (N): [-0.1 -0.1 -0.02 -0.04] - Trapezoidal shaped
fuzzy rules and find the consequence output distribution; membership function



. . . Rules
o low-negative (LN).[_0.03 Q.0015 .0018 0] - Trapezoidal Negative AV =005
shaped membership function Low-negative | —0.05 < AV < 0
« zero (ZE):[-0.01 0 0.01] - Trapezoidal shaped member- Zero AV =00
ship function Low-positive | 0 < AV <0.05
Positive AV > 0.05

The membership function for voltage deviatioAl() is

input variable

Figure 2. Membership function of Voltage variable

low-positive (LP): [0 0.0022 0.025 0.05] - Triangular

shaped membership function

Table |
LINGUISTIC RULES FOR VOLTAGE VARIABLES

Rules
Low-critical V < 0.9 p.u
Precarious 0.9 p.u.<=V < 0.93 p.u.
Adequate | 0.93 p.u.<=V <= 1.05 p.u.
High-critical V' > 1.05 p.u.

Table 1
LINGUIST RULES FORAV

positive (P): [0.04 0.06 0.1 0.1] - Trapezoidal shaped

membership function

shown in Figure 3.

2) Output: The variableC' B has been divided in four fuzzy

input variable "Detta\/"

Figure 3. Membership function of Voltage deviatioA ")

variables will determine whether they will be used and the
amount as well as shown in Table Il

Table Il
USAGE OF CAPACITOR BANKS

Capacitor banks
Large 1800 KVAR
Medium | 1200 KVAR
Small 600 KVAR
Zero Off

Table IV
FUzZzY RULES AND THE CORRESPONDING DECISIONEACH OUTPUT
DEFINES THE AMOUNT OF CAPACITOR BANKS LC - LOW CRITICAL, PR -
PRECARIOUS A-ADEQUATE, HC - HIGH CRITICAL, LN - LOW NEGATIVE,

subsets in a universe of discourse of [0 1] in pu. The subsets N - NEGATIVE, ZE - ZERO, PO -POSITIVE, LPO -LOW POSITIVE
has been defined as in the following:

e zero (ZE): [0 0 0.075 0.09] - trapezoidal shaped mem- AND = PRV T
bership function N T ™M v s ZE
o low (L): [0.05 0.13 0.18 0.2] - trapezoidal shaped mem- N L L | ™M [ZE
bership function - medium (M): [0.18 0.22 0.7 0.8] - AV A T =
trapezoidal shaped membership function - Up (U): [0.7 PO M | M [ ZE | ZE

0.8 1 1] - trapezoidal shaped membership function.
The membership function for capacitor bankSK) is

shown in Figure 4. In Table I, the linguistic rules related t V.- MULTI AGENT SYSTEM AND FUZZY INFERENCE FOR
voltage deviation are shown. The voltage limits have be¢n se VOLTAGE CONTROL

according to the resolution number 505 of ANEEL - Brazilian One key characteristic of smart grids that allows the devel-
Electricity Regulatory Agency [14].

p:3

L "

output variable *BC"

Figure 4. Membership function of Capacitor bank

opment of new control and monitoring features of the system
is the presence of data transmission between system equip-
ment. For example, the smart meters should transmit vqltage
current and power demand measurements to a control center
which will allow functionality such as system reconfiguoetj
auto-recovery, control actions on capacitor devices oeroth
switching actions.

This work proposes the use of two agents for the voltage
control using capacitor banks, as a mean to test the multi-
agent structure, however it is possible to expand and have
many agents controlling different buses with differentetyqf

Finally, the numerical value of fuzzy decision is obtainectontrol. One agent is in the load bus and periodically send
3 capacitors of 600 kvar have been considered. The linguistioltage measurements to the distribution control centethé



control center, there is an agent which task is to receive the
data and send it to a fuzzy system that will decide whether
the capacitor banks is needed and how it is switched on. In
Figure 5, the flow of actions performed by the master agent
is shown.

The master agent collects the data acquired by the measure-

Master Agent started

ment agent and performs the decision making and then, send Master Agent wait
the action to the measurement agent. This type of action aims — = for messages from

L . . . Measurement Agent
two objectives: 1) to separate the computation and the idecis

making of the action and 2) to implement global controls, i.e
controls that depends on data from other regions, otherwise
only local control without communication would be used. Messages arrived frc}%

For each agent, various parameters must be defined. For Measurement Agen
example, the time interval in which the data will be colletcte
by the agent must be carefully defined. If this interval isrsho
the amount of data might result too large to be processed, or
if applied to the controllers may result in oscillations dre t
voltage. If the interval is too long, the efficiency to soNet
problem might result low.

Another data that must be defined in the beginning of False
the process is the position of the measurement agent. The
positioning affects the distribution of information andeth
ability to implement the control actions. The agent couldeha
been located in some branch of the system or with some

If Master Agent
received more than
one message

loads represented by a leaf in a graph model of the problem. Calculate voltage
The determination of the best position becomes a planning deviation
problem. However, this paper will consider that the poaitio l

agent calculates the deviation between two measurements
obtained in different time instants. Based on the last galta
measurement and from the voltage deviation the agent submit
the information to the fuzzy decision making. The fuzzy Result about the
decision making send back the command to perform. In Figure use of

6 the flowchart of the actions of the measurement agent is capacitor banks
shown.

of the agent is already defined. In a simplified way, the master
making

Fuzzy decision

Figure 5.  Flowchart of the voltage control by multi-agentteys The
V. SIMULATION OF MULTI-AGENT SYSTEM perspective is from the master agent

The multi-agent system and the fuzzy inference system has

been developed in Java programming language. The frameTests have been carried out with a customized 14 bus sys-
work for the development of multi-agent systems JADE (Jayam, The system is a meshed system. The topology is shown in
Agent DEvelopment) [15] which provides various pre-defineigyre 8 and its characteristics are shown in Table V andeTabl
tools and functions have been used. JADE is well known {9 | Figure 8, the measurements agents have been placed
the multi-agent developers, and it has been also used inrpoWe pys 5 and in bus 14. A generation of the measurements
systems area [10]. based on regular power flow has been implemented. The
The JADE framework has allowed to distribute the compygeasurement Agent collects the measurement and send it to
tational task over network of workstations. The multi tltteathe Master agent to fuzzy inference. The sequence of these
programming is easily ported and with the standardizedsaccgctions are depicted in Figure 7. The result of these sinouist
to the network of computers, the execution of each agejgfe shown in Table VII. For these conditions, the inference

in different computers, therefore simulating the smartd grisystem suggested to switch-on “small” amount of capacitor
environment with communication capable devices of the diganks, which means 600 kvar.

tribution system which are scattered on the system.

The computers where the agents have been executed are VI. CONCLUSION
connected by standard ethernet network, which simulates th In this research work a multi-agent framework for distri-
decentralized environment. Communication tests with agess bution system control has been proposed. The multi-agent
passing between agents and the execution of the decisgystem has many similarities with all characteristics st
making have been carried successfully. expected in smart distribution systems. It was verified that



Table V
BUS DATA OF THE 14-BUS SYSTEM

Start

Measurement Age Bus P[MW] Q[Mvar]
1 0.0 0.0
2 2.0 1.6
3 3.0 1.5
4 2.0 0.8
5 1.5 1.2
Measurement Agent take 6 4.0 2.7
voltage measurements 7 5.0 3.0
8 1.0 0.9
9 0.6 0.1
10 45 2.0
11 1.0 0.9
12 1.0 0.7
Messages about voltage 13 10 0.9
measurements are sent 14 21 1.0
to Master Agent
Table VI
LINE DATA DATA OF THE 14-BUS SYSTEM
Wait — Time interval between Frfm t20 % (7"?) >§((;%0)
two consecutive measurements 3 =0 o
4 9.0 18.0
) ) 5 4.0 40
Figure 6. State diagram of measurement agent 6 110 11.0
7 8.0 11.0
8 11.0 11.0
9 11.0 11.0

10 8.0 11.0
11 11.0 11.0
. 12.0
13 8.0 11.0

Master Agent Measurement Agen

Measures voltage

Send voltage measurement to Master Ager:nt

ol ool w| Bl B B - ~| N[ o oo | & ™|~
=
N
©|
o

Send voltage measurement to Master Agent

simulation of such system with the addition of fuzzy corl&dl
:| Calculates the voltage deviation and Fuzzy decision making actions, such as the Voltage control applled in this worknsee
‘ feasible. An important question that needs to be answered is
Figure 7. Sequence diagram of multi-agent implementation how to deal efficiently with many data that will be circulagin
in such system. Therefore a next stage is testing the system
with a large number of agents performing different tasks and
10 reporting to different master agents. This type of manageme
is a challenge even for simulation purposes.

; | Measures voltage
‘
‘
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Master Agent
Table VII
qa Measurement TESTRESULTS FOR ALLOCATION OF MEASUREMENT AGENTS INBUS 5
Ah AND Bus 14
Agent
Test Results
Load | Voltage (V) in ¢; | Voltage (V) in t2 | Fuzzy Decision
m 5 0.9452 0.9408 Low
A AL 5 0.9408 0.9407 Low
14 0.9413 0.9360 Low
Figure 8. 14-bus test system 14 0.9360 0.9359 Low
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