University of Wollongong

Research Online

Faculty of Engineering and Information Faculty of Engineering and Information
Sciences - Papers: Part A Sciences
1-1-2012

A multi-agent solution to distribution system management by considering
distributed generators

Fenghui Ren
University of Wollongong, fren@uow.edu.au

Minjie Zhang
University of Wollongong, minjie@uow.edu.au

Darmawan Sutanto
University of Wollongong, soetanto@uow.edu.au

Follow this and additional works at: https://ro.uow.edu.au/eispapers

b Part of the Engineering Commons, and the Science and Technology Studies Commons

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://ro.uow.edu.au/
https://ro.uow.edu.au/eispapers
https://ro.uow.edu.au/eispapers
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eispapers?utm_source=ro.uow.edu.au%2Feispapers%2F465&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/217?utm_source=ro.uow.edu.au%2Feispapers%2F465&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/435?utm_source=ro.uow.edu.au%2Feispapers%2F465&utm_medium=PDF&utm_campaign=PDFCoverPages

A multi-agent solution to distribution system management by considering
distributed generators

Abstract

A traditional distribution network carries electricity from a central power resource to consumers, and the
power dispatch is controlled centrally. Distributed generators (DGs) emerge as an alternative power
resource to distribution networks at a smaller and distributed scale, which will bring benefits such as
reduced voltage drop and loss. However, because most of high penetration DGs are not utility owned and
characterized by high degree of uncertainty such as solar and wind, the distribution network may perform
differently from the conventionally expected behaviors. How to dynamically and efficiently manage the
power dispatch in a distribution network to balance the supply and demand by considering the variability
of DGs and loads becomes a significant research issue. In this paper, a multi-agent system (MAS) was
proposed to solve this problem through introducing five types of autonomous agents, the electricity
management mechanisms, the agent communication ontology, and the agent cooperation strategy. The
simulation of the MAS by using InterPSS, JADE and JUNE well demonstrates the performance of the
system on dynamic supply and demand balance by considering both efficiency and economy.

Keywords
management, agent, considering, generators, multi, solution, distributed, distribution, system

Disciplines
Engineering | Science and Technology Studies

Publication Details

Ren, F,, Zhang, M. & Sutanto, D. (2012). A multi-agent solution to distribution system management by
considering distributed generators. IEEE Transactions on Power Systems, (99), 1-10.

This journal article is available at Research Online: https://ro.uow.edu.au/eispapers/465


https://ro.uow.edu.au/eispapers/465

A Multi-Agent Solution to Distribution System
Management by Considering Distributed Generators

Fenghui Ren, Minjie Zhang and Danny Sutanto

Abstract—A traditional distribution network carries electricity =~ the DN may behave quite differently from the conventional
from a central power resource to consumers, and the power gperations. For example, in PV applications during nooretim
dispatch is controlled centrally. Distributed generator DG) when the PV is producing its highest output, the residential
emerge as an alternative power resource to distribution netorks . . L
at a smaller and distributed scale, which will bring benefitssuch load .may be _at its lowest, which fes!“ts n power excess
as reduced Vo|tage drop and loss. However’ because most ogh| a.nd IS transm|tted baCk to the SubStatIOI’l |ead|ng to V0|tage
penetration DGs are not utility owned and characterized by ligh  rise. Also, the cloud passing issue in PV applications will
degree of uncertainty such as solar and wind, the distribubn |ead to fast changes of PV output with high ramp rate.
network may perform differently from the conventionally ex- Furthermore, with high penetration of DGs, the power flow

pected behaviors. How to dynamically and efficiently manage . L . . )
the power dispatch in a distribution network to balance the M@ distributed network may change from a single directiona

supply and demand by considering the variability of DGs and flow to bi-directional flow [9]. Therefore, how to dynamicgall
loads becomes a significant research issue. In this paper, autti- and efficiently manage the electricity dispatch in a DN to
agent system (MAS) was proposed to solve this problem throlng palance the energy supply and demand by considering the
introducing five types of autonomous agents, the electrigt 4 yiapility of DGs and loads becomes an important research
management mechanisms, the agent communication ontology, . ) . i _

and the agent cooperation strategy. The simulation of the MS& ISSU€ In power .englneerlng._ The.conventhnall method may
by using InterPSS, JADE and JUNE well demonstrates the NO longer be suitable for doing this due to its limitations on

performance of the system on dynamic supply and demand flexibility, communication, cooperation, and decision rimak
balance by considering both efficiency and economy. [3], [8], [10].

Index Terms—Distribution network, electricity dispatch, dis-
tributed generator, multi-agent system

Multi-Agent Systems (MASs) have been employed to solve
many power engineering problems in recent years, and are
being developed for a range of applications including syiste

A distribution network (DN) is the final stage in the deliverymonitoring and fault diagnostics [11], [12], system reatmm
of electricity to end users [1]. Typically, the bulk genéoat [13], [14], system simulation [15], [16], and system cohtro
is the only energy resource to a DN, and the directiqd7], [18]. In this paper, a decentralized MAS is proposed
of the power flow is strictly from the central generatiorio solve the dynamic electricity dispatch problem in DN by
to downstream electric components [2]. Conventionallg ttconsidering the variabilities of DG’s electricity supplydh
DN is centrally monitored and controlled, and the classictdad’s demand. The contributions of this paper are that: (1)
control techniques focus more on average load and demaingroposes five types of agents to model the DN in an
management [3], [4]. autonomous and decentralized way; (2) it proposes several

Distributed Generator (DG) emerges as an alternative poweechanisms to control the DGs and other components to
resources to a DN at a smaller and distributed scale, atgighamically balance the electricity supply and demand @ th
generally located close to the loads [5], [6]. The introdtutt DN by considering both efficiency and economy; and (3) it de-
of DGs has both advantages and disadvantages [7]. On egébes the development and implement of the proposed MAS
hand, DGs can supply power to the network near the loabg using InterPSS (Internet Technology Based Power Sys-
without needing the transmission system, so as to signtficantem Simulator), JADE (Java Agent Development Framework),
decrease the power loss and cost, and share the loads witd JUNG (Java Universal Network/Graph Framework), and
the central generation. Also, DGs can provide supports demonstrates the simulation result.
voltage drop and loss to a DN during peak load [8]. On the
other hand, most DGs can only provide intermittent power to
the network due to the intermittent nature of the distridute The organization of this paper is as follows. Section Il
energy resources such as wind and sun. Also, the utilityllysuantroduces the principle and the objectives of the proposed
does not own the DGs, and has difficulty in controlling theiMAS. Section Il introduces three major mechanisms used
outputs. Therefore, with an increasing level of DG peni&mat in the MAS. Section IV shows how to develop the MAS

by using JADE. Section V demonstrates the performance of

F. Ren and M. Zhang are with the School of Computer Scienc&aftdare proposed MAS through a simulation, and Section VI
University of Wollongong, Australia, emafffren,minjie} @uow.edu.au . .

D. Sutanto is with the School of Electrical, Computer andetem compares the proposed MAS with some related work. F'na”y'
University of Wollongong, Australia, email:soetanto@uedu.au the conclusion is given in Section VII.

I. INTRODUCTION



Il. PRINCIPLE AND OBJECTIVE

A. Principle

Different modeling strategies could be used to model a D
[19], [20]. Since this paper focuses on the electricity disp
problem in a DN by considering DGs, five types of ageni
are proposed to simulate the five key electric components
a DN, i.e., the substation, the busbar, the feeder, the hrad,
the DG. The rationale of our design is to employ multiage!
technology to model each of the key components, and provi
them with the communication and decision making abilitie:
Then these components can make individual decisions oh lo
power management based on local information, and colkecti
decisions on regional/global power management throughtag
communication and cooperation. The proposed MAS contains
three layers, i.e., the power system layer, the multiagererl Fig. 1. The three layers view of the proposed MAS.
and the interface layer. As shown in Fig. 1, the lower powerriority
system Iayer presents the physical electric compone.nts_irP The broposed MAS has the following features by comparing
DN’. t_he mldd!e multi-agent Iaye_r handles the communlcatloalith classic centralized power management systems: (i) the
decision making, and cooperation between the control agemAS employs thedistributed system structurevhich means
of electric components, and the upper interface layertitiss

. e that agents are assigned to different components at differe
the MAS. The major characteristics of each type of agents Ef(")%atiogns in a DN g’herefore they are npot integrated, but
introduced below. . ) )

Substation Agent (SA): A SA represents a secondary sub?eza:;iﬁiggao?yetiih I\c;lt:gr, v(\;gi(t:kr:e;eer:atrzzhiﬁgtTr?graeg?smsgta
statior_m_ It monitors both the magnitude and the direction %sgntral controller in the MAS, and agents work automatycall
e!ectr|C|ty through the substatlon_. The SA handles the POWSased on the information they receive from the correspandin
dispatch requests from oth_er neighbor agen,ts .by. Con.sgjerg]ectric components and neighbor agents. No agent in the
Fhe capacity of the substation and the cable's limit Comrasystem can preset the global information of the whole DN; (ii
in-between them. . agents can only notice and communicate with their neighbor
Bus Agent (BA_):_A BA represents a physical busbar tha:tzlgents. Non-adjacent agents do not know the existence bf eac
conductg electrlqlty between electric components. The B(fther, but the information can still be exchanged among them
records information on the connected electric componenttﬁrough other agents in-between: and (iv) the MAS requires
such as electricity magnitude and direction, cable’s lim o dependency between agents, and the system architesture i

constraint, and the component’s capacity on power sup tendable. Agents play as a “plug and operate” component.
or consumption. The BA decides whether an power dispatc

request can be satisfied based on the information it has aémlOb' .
order operations on switches to fulfill its decision. : jectives
Feeder Agent (FA): A FA represents a physical feeder The multiobjective approach [21] is employed to represent
which delivers electricity to downstream components. TAe Ehe objectives of the MAS, which are to (i) dynamically
records the cable’s limit constraint, and monitors the enirr balance the power supply and demand in a DN; (i) maximize
magnitude and direction on the cable. The FA checks tHe power usage from DGs; and (iii) minimize the power
cable’s transmission ability to decide whether the reguird!sage cost in a DN. The restrictions such as cables’ limits,
power can be delivered. In case the electricity directioadse €lectric components’ limits, and generators’ power supply
to be changed, the FA needs to handle such a procedurecBpacities are also considered. Some related MASs also take
communicating with other agents along the feeder. the similar considerations into account, such as [22] d@rsi
Load Agent (LA): A LA represents a physical load whichthe cost minimization, [23] considers the voltage and aurre
consumes electricity from the network. Each LA is assigndinitation, and [14] considers the load maximization. Insth

a priority to indicate its significance. If the load needs tBaper, we combine these considerations together, andakiso t
be changed, the LA will contact the upstream component ¥ System balance and optimization of DGs into account.
apply the power consumption change. The LAs priority is () Balance Objective For each component in a DN,
considered by the upstream BA in determining how the LA%E must ensure that the power delivering to and froare
request is answered. balanced, N -

Generation Agent (GA): A GA represents a physical DG in pi + Z Pj—i =p; + Z Pimk @

the network, and is also assigned a priority. The GA handles jert ke

the connections and disconnections of a DG to the netwoskerep; is the power generated by componenp; is the
through communicating with upstream BA. Also, the GApower consumed by componenp;_,; is the power delivered
monitors the power supply of the DG, and modifies the powss i from a neighbor component, and p;_, is the power
supply under requests by considering the DG’s capacity addlivered from: to another neighbor componeht

Multingent
Layer
(JADE)

(~o—

Power System
Laver (InterPSS)

L.oa

Generator




TABLE |

(i) Usage Objective In order to decrease the burden on THE EXPLANATION ON NOTATIONS.
the bulk generations, we want to maximize the power usage
from DGs. Notatior] Explanation
AID; Agenta;’s unique identification
maprj 2 maee the maximum current allowed by the electric component

Smer | the maximum power that componeintan supply
. . cmaer | the maximum power that componentan consume

(i) Cost Objective: We also want to minimize the power| AID; | neighbor agent;'s identification

. . . maz i . .
usage cost for a DN. Firstly, componeistcost on consuming | the maximum power that; can get througfu
C’”“z the maximum power thai; can take froma;

. L . ] m
an unit elecmCIty is defined as follows: I’Z‘“” the maximum current on the cable between componeatsd
. isi X Ci_yi J
c; = ZJE‘” Pi—i I 3 A the existing power transferring between componérdasd ;
] »J
Z]‘EJ+ Pj—i I; ; the existing current on the cable between compongiatsd j
. . . . P; ; the cost on delivering unit power from componepitfo ¢
wherec;_,; is the unit power price from componentlf com-
ponent; needs to further deIiver power to another compone Cﬂ’imm;) :
k, then the cost is; 1. = ¢; + ¢, wherec(’, is the cost on R e m\t\ﬁ
the cable between componemsndk Then the cost objective Sena q.} E 2 Thpllewedr 7 g
for dis/connect B v ~" -
is formulated as: i : (St respomse s ——
" i | Secresponssto [ Ipdate the
— L H neighbor
min Z i X p; (4) S : agents record
Is
i=1 < dis/connect /\| o omer
. . b llowed? o iA existin:
wheren is the total number of components in the network. ~ = (.,cib...,o..a‘";en.f}
The fulfillment of the objectives should not lead to vio I Epu"u]
. . . . = Update the TYES'
lation of operating limits of the components; hence, sdver T [ag.e.':i‘g.:xrdj VES
constraints are reinforced Repty e
(i) Limit on Cable: The current between components /;e,mi..;..:) et
andk should be not greater than the cable’s carrying capac i : B
Agent ai Agent !

rating to ensure that the upper thermal current limit wilk nc
be exceeded.

maz Fig. 2. The UML diagram for dis/connection mechanism
Lisk < G g
(ii) Limit on Generator : For each generator, the supplied Step (i): a; is created to represent the electric component

power should be not greater than its capacity. i, and is initialized according to component _
Step (ii): a; sends the connection request and its information

+ +mazx . .
pi <p; ®) (ie., < AID;, Sme= Cmaz P, >) to a;, and waits fora;’s
(iii) Limit on Busbar : Each bus’s voltage must be alwayg€SPONSE.
within its voltage limits. Step (iii): a; receives the request. If the connection is not
in o allowed, a; denies the connection, and the procedure goes to
Vit < Vil < Vs (") step (v) Otherwise, the procedure goesStep (iv).

(iv) Limit on Component: Each component also has cur- Step (iv): Firstly, a; creates a new neighbor agent record
rent rating limit. according to the information sent by;, i.e., n;; =<
Z I <™ @) AID;, S7e®, Cm‘”,ljmf”” 0,0,P + L;; > (whereL;; in-
dicates the loss in the cable between componérdad j)
andNj < {n;,} N N;. Secondly,a; informs other existing

I1l. AGENT MECHANISMS neighbor agents about its update on power supply and de-

In this subsection, we introduce three mechanisms used”}"imd by sendingS;"**, Cj"**). Thirdly, the neighbor agents

the proposed MAS, i.e., connection mechanism, dlscomctdeate their record oay’s electricity supply and demand, i.e.,

. . maxr max maxr mam maxr maxr
mechanism, and power management mechanism. iy o Syt S and Ot « G + O, Lastly,

a; repliesa;’s with its mformatlon ie.,< AIDJ,SW”” +
Smaw Cmaw + ) Cmaw P >

A. Connection Mechanism Zé%gp kzé\;)z If a receive%:kael\;Jé?lTsze respohse, the process

When a new electric componentneeds to connect to ais terminated. Otherwiseyg; creates a new neighbor agent
DN, a corresponding agent; will be firstly generated to record n; ; according to the information sent by;, i.e.,
represent the new component. Let be represented by alN; « {n; ;} N Nj, and thena; connects to the DN.
five-tuple < AID;, I"*®, Smer Cme® Py >, andn;; =<
AID;, S;ee, O I A, 4, 1 j, P j > be a;’s record on
its neighbora; (the explanation of notations is given by Tabl
). Then if the componentneeds to connect to the DN through An existing electric component may also need to be dis-
componentj (represented by:;), the connection process isconnected from a DN. Let suppose that agemntwants
given as follows (see Fig. 2 for the UML diagram): to disconnect from the DN, and ageaj is the upstream

JjEI+

@. Disconnection Mechanism



component, then the disconnection process is given asuf®llo Step (ii): a; may receive many requests from different

(see Fig. 2 for the UML diagram): agents. Thereforgy; will rank all requests in queu€); by
Step (i) a; initializes the process, sends the disconnecti@monsidering the priority of the requestor and the time they
request taz;, and waits fora;’s response. received. A request with the higherest priority will be pat i

Step (ii): a; receives the request. If the disconnection is ndibte front of the queue. For requests with a same priority, the
allowed,a; denies the disconnection, and the procedure goearlier received request will be put in the front. For redsies
to Step (iv). Otherwise, the procedure goesStep (iii). with same priority and time label, they will be inserted into

Step (iii): Firstly, a; informs other neighbor agentsthe queue randomly. Therefore, onegreceives the request
about its update on power supply and demand by sendingy;,; from ag, a; will firstly insert reqy; into the queue.
(=87, =C7e*). Secondly, the neighbor agents update thelret us suppose that; already completes all requests in
record ona,’'s power supply and demand, i.eS;"¢* < front of reg,. If agenta; is a GA or SA,a; can make
Sper ST andC® « Cpre — e, Thirdly, a; deletes  decision on the requestqy.; without contacting other agents.
the record ofy; from its record set, i.eNj < Nj/n; ;. Lastly, In order to do thata; firstly calculates its remaining supply
a; repliesa; with an agreement. ability to aj, as S, = S — Z Nt S; ., and replies

Step (iv): If a; denies the disconnection request, the process to indicate the amount that; can actually supply, i.e.,
is terminated. Otherwise, will deletes the record af; from  rsp; ; = min(S],, [regx,|), then the procedure goes 8tep
its record set, i.e.N; < N;/n;;, and theng; disconnects (i) . However, if a; is a BA or FA, a; needs to contact
from componentg. other neighbors fou;’s request. To do thay; will initialize
another management process by seekKirgy, ;| amount of
power from its neighbors. Obviously, such a procedure will
be repeated until a GA or a SA is found (see Subsection

If any power unbalance occurs on any component, the powgrD on the discussion on the scalability and complexity).
management mechanism will be activated to balance the povagier «; receives all responses from its neighbor ageats,
supply and demand by considering all the objectives amgll generate a response tg, by combing all the responses,
constraints mentioned in Subsection 1I-B. e, TSpik = Ymen, TSPm.k. However, if a; receives a

Let a;, be the agent which firstly notices an unbalance. Letncelation request from, before the responsesp; , can be
Ny (€ Ni,Vngm € Ni = I, > 0) be the set ofux’s  generatedq; will also send the cancelation to its neighbors.
nelghboragents who get power fram, Ny (€ Ny, Vngm € Step (iii): a), receivesa;’s response. If;,'s request can be
Ny = Iim < 0) be the set oty;’s neighbor agents who sendfully satisfied bya;, i.e.,rsp; » = |regx|, then the procedure is
power toay, andreqx(# 0) be the amount of power thal. terminated and all related agents adjust their power agugrd
wants to change, then there are two possible scenarios, i€ their agreements. Otherwise, will seek for the remaining
reqr < 0 andregy > 0. Fig. 3 illustrates the UML diagram for power reqy + rsp;x — |reqi| (wWherereq] is initialized as
the management process, and the detail process is intrddugg;,) from next available supplier ilN,.*. Then stepgi) to
as follows. (iii) will be repeated untiky’s request is fully satisfied (i.e.,

1) Whenregy < 0: this scenario indicates thaf, needs req; = 0) or the ranked listN,." becomes empty. For the
more req, power. In order to satisfy théalance objective |atter case, the procedure goes3tep (iv).
two possible solutions are considered dy i.e., (&) seeking Step (iv): Because:;, cannot get enough power from its ex-
extra power from existing suppliers, @) decreasing output to isting suppliers, it has to decrease output to existing womess
existing consumers (i.e., load shedding). In order to mirém (j.e., load shedding). The load shedding strategy emplayed
the impact on consumers;, will seek extra amount power this paper is simple, i.e., performing load shedding adoord
req, from its existing suppliers firstly, and then performo the neighbor agent’s priority. Firstly;, ranks all consumers
the load shedding when necessary. Based on this rule, #teording to the ascending order of consumers’ priorities.
following procedures are performed: N, * be the ranked consumers amdbe the first agent. If;’s

Step (i): In order to satisfy theost objectivethe suppliers priority is higher thana;’s, thena;, will shed a;’s power by
with lower price will be considered firstly by, to seek sending requesteq ; + (—min(Ag,;, [reqs|), priy) to a;.
the extrareq;, power.a; ranks all suppliers according to theThen a;, removesa; from setN;", and the procedure goes
ascending order of their supply prices. I{ " be the ranked to Step (v) However if the waiting period is longer than a
suppliers and agent; be the first agent in the rank. Firstly,predefined periods;, will sheda;’s load without the response.
ay, estimates:;’s power supply ability assy ; = S — Sy ;. Step (v} a; will insert the request fronu, to its request
If Sp; > Ireqx], the requestregy; < (Teqmpmk) (prix  queueQ;. Let us assume thatg, ; is proceeded by; now.
is ay's priority) will be sent toa;; otherwise, the requestif a; is a LA, the load will be shed om; directly and the
reqr,i < (=Sk;,prix) will be sent toa; and leave the procedure goes t8tep (vi). Otherwise, ifa; is a BA or FA,
remaining .Sy ; — |reg| for the next supplier. Them,, will a; needs to contact other neighbors fors request. In order
remove a; from the setN,_" and wait for a;’s response. to do that,a; will initialize another management process by
However, if ay, fails to receive any response from within a  seeking thgreq,| amount of power from its neighbors. After
predefined time periody;, will abandon getting power from a; receives all responses from its neighbor ageatswill
a; by sending a cancelation, and reallocate the powef to reply a;, with the responsesp,, = >, eN, TSPm ks and the
the next supplier. procedure goes tBtep (vi). However, ifa;’s load was shed by

C. Power Management Mechanism



v Agent &,
[Rank N, " according to } Requestreq,

ascending order of priority

YES

NO
req, <0 3

Send request reqkl‘ to the
next Agent &, on the list

Rank N/ according to

Rank N, 'according to ascending
ascending order of price

order of price, and a' is the next

&, 's price YES
higher than g
Send requestreq
to g )
Send request req,; to
the upstream Agent g

Agent au inserts request
req, inits queue and
handle all request orderly

i replies I'S
The upstream agent il,' a’: direc?l?/‘}
starts another proces$'to T
send power to the network
Is req,
Satisfied
=

o
Is the list
empty

ai, before the responsesp; ;. can be generated,; will shed the procedure goes tBtep (iii). However, ifa; is a BA or

the same amount of load on its consumers by considering thek, a; needs to contact its neighbors fay’'s request by

priorities. initializing another management process. Such a procedure
Step (vi): ax receivesa;’s response. Ii,’s request can be will be repeated until a GA or a SA is found. After;

fully satisfied bya;, i.e.,rsp; ,, = |reqx|, then the procedure is receives all responses from its neighbor agemtsyill send

terminated and all related agents adjust their power agu@rda requestrsp; , = ZmeNi TSpm.; 10 ap. However, if a;

to their agreements. Otherwise;, will seek the remaining receives a cancelation request fragnbefore the response can

power req, < 7sp; ., — |reqy| from next available consumerbe generateds; will also send the cancelation to its neighbors.

Agent «‘51J inserts request
req,, inits queue and
handle all request orderly

Send requestreq,; to thg
next Agent & on the lis

o
=

inserts request

Agent &
req,, inits queue and
handle all request orderly

YES
YES

Agent @; inserts request
req,, inits queue and
handle all request orderly

NO

ajstarts another
process for réqy;

aj repllesI’SpIK
to ak directly
and repliesI'SP
Is req,
Satisfied
=
S
Is the list
empty

Fig. 3. The UML diagram for power management

Is & a

GA or SA

YES
NO
NO

Q, starts another

process forreq,;

and repliesI'SP;,
T
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L
Is regy
Satisfied

=
o

alslarts another process
for req,, and repliesj’SpIk

ES

ES

Is the list ES

empty

¥

YES Process
Terminated

in N,7*. Then stepg(iv) to (vi) will be repeated until’s Step (iii): ax receivesa;’s response. lii;'s request can be
request is fully satisfied (i.ereq;, = 0) or no agent's priority fully satisfied bya;, i.e., 7sp; r = reqs, then the procedure is
in the ranked list is lower thany's priority. terminated and all related agents adjust their power agogrd

2) Whenreq;, > 0. this scenario indicates; has extra to their agreements. Otherwisg, will deduce the remaining
power. Let P, be the unit power price providing byx. In  powerreq) + reql —rsp; x (req} is initialized asreqy,) from
order to satisfy thebalance objectivetwo possible solutions next supplier inN, *. Then Step (i) to Step (iii) will be
are considered, i.e(a) decreasing power input from existingrepeated untiki;’s request is fully satisfied (i.eseq; = 0)
suppliers, or(b) delivering the extra power back to theor the first supplier, whose price is not higher than is met.
upstream components. By considering bothuibage and cost For the latter case, the procedure goeStep (iv).
objective the two options should be combined, i.e., firstly Step (iv): a; will send the requesteqy. ; + (reqy, priy) to
trying to decrease the power from suppliers whose price iis upstream agent, i.eq,,. Thena, will start another power
higher thanP;,, and then delivering the remaining extra powemanagement procedure to megis request by repeatingtep
back to the upstream components. The procedures are(igo Step (iv). We assume that the extra power can be sent
follows: back to the substation eventually. Therefaug, can always

Step (i) ax ranks its suppliers according to the descendingily satisfy a;’s request.
order of suppliers’ prices. L&V, " be the ranked suppliers and
a; be the first agent. I&;'s price is higher thamy's, aj will
send the requestqy ; < (min(reqy, A; i), prix) to a;. Then
ar removesa; from the list and the procedure goes $tep It can be seen that the propossalver management mecha-
(i) . Otherwise, ifa;'s price is not higher tham,'s price, the nismemploys a recursive strategy to search for power sources
procedure goes t8tep (iv). However, if a;, cannot receives and dispatch the appropriate power accordingly. By compari
a;'s response within a predefined periad, will cancel the with the conventional centralized management, the prapose
request taz; and contact the next supplier. mechanism does not require knowledge of the DN as a whole,

Step (ii): Onceq; receives the request to decrease its powand can make quick response based on local information.
output toayg, a; will insert the request to its queug@,. Let However, the proposed mechanism will have a higher re-
us assume that requestqy ; is processed now. Ifi; is a quirement on agents’ communication ability. This will na b
GA or a SA, it can make the decision without contactingignificant for small radial distribution systems, but het
other neighbor agents. The actual deduction on output amowmrk needs to be carried out to investigate its impact on very
will be sent back toa;, as a response, i.ersp; . Then long distribution systems.

D. Discussion on Scalability and Complexity



TABLE Il

In general, the proposed recursive mechanism will complete ONTOLOGY FOR AGENT COMMUNICATION
when (i) the power resources are found and the power supply
and demand are balanced; or (i) the procedure is abando %@me ((Tcy)pe) fS'Ot Name ((T%pei) . T
. P . . ower rom-power oat), to-power oal
begause of a time restriction. L_Jsually, by cons!dermg anadr = © from-cost (Float), to-cost (Fioat)
radial DN, the number of times of recursion to send @Lmi (C) imit-power (Power)
request from a load/DG to a secondary bus is three (i.ekine (C) i(dl(St)ring), limit (Limit), power (Power), cost
Float
load/DG = local _bus¢ feeder= secor_wdary bus), then thel Neighbor (C) hame (String)_ype (String)_Tevel (Sng) T
secondary.bus will take an extra recursion (i.e., sgconblasy (Line), cost (Cost), limit (Limit)
= substation) to get a response from a substation, or thfe®gis/Connect (A) type (String), level (String), Tine (Line), cost (Cosf),
extra recursions (i.e., secondary bus feeder= local bus limit (Limit)
. UpdateCost (A) cost (Cost)
= DG) to get a response from another DG on a differefg,arerimi (&) | imit Gmiy
feeder. For an extreme complex case when multiple DGs a@n@hangePower (A) | change (Float), cost (Float)

the unbalanced load are located on different feeders, iarord

to fulfill the usage and cost objectivethe secondary bus making a decision, and replying the message) in order to
agent will contact all DG agents, which have not reachd@sponse a request. Therefore, there will be andther+n"/)
their maximum power outputs, before it contacts the suiostat Passes (the worst situation), which results in the compylexi
agent. Therefore, the total number of recursion will be tHef step one tol + 4n®/ + 3n®. For the load shedding step,
three times of the feeder’'s number in the DN. Of course, if wi8e analysis is similar as the first step, but we just replace
consider to share DGs from different substations, the numtige DGs and the substations with the loads. Therefore, the
of recursion will also increase exponentially in order ta gdotal passes for the load shedding step (the worst sitJaiton
cheaper power from other areas. Therefore, theoretidadiyet 1+4n"/ +3n!. Eventually, the complexity of the mechanism is
is no limitation on the scalability of the proposed mechanis 7'(n) = (1+4n"7 +3n%)+(1+4n" +3n') = 2+43n+5nt7 <

But if we consider the practical issues such as restrictioBst 8n = O(n).

on time and communication, the efficiency of the proposed

mechanism may be impacted when the system scale is large. IV. MAS DEVELOPMENT

However, such practical issues in a large scale DN will al%) Java Agent Development Framework (JADE)
be of concerned to other modern and conventional power

management mechanisms. The complexity of the proposedVe employ the Java Agent Development(JADE) Framework

mechanisms are given below. to implement the proposed MAS. The communication among
According to the UML diagram in Fig. 2, for both the@gents in JADE_ is_carried out according to FIPA-specified

dis/connection mechanisnbecausen; needs to spend time Agent Communication Language (ACL) [24].

on initializing (one pass), exchanging messages wijtiftwo

passes) and updating;’s information (one pass); needs B. Agent Development

to spend time on exchanging messages wijtlftwo passes),

updatinga;’s information (one pass) and broadcasting its u

dating to other agents:(passes for the worst case); and oth

In order to fulfill the communication between adjacent
pafgents, we define the ontology that agents must follow during
Gheir communications in Table Il to ensure that one agent’s
Prﬂessages are understandable by others. Five concept (C)
ontologies, e.gPower, Cost Limit, Line and Neighbor and
five action (A) ontologies e.gConnect/DisconnecUpdate-

. . Cost Update-Limit and Change-Power are defined. The
management mechanisthe complexity of the casecq; < 0 actual work that an agent does is carried out in behaviors. We
IS more complex than the caseqy > 0, therefore the com- define six agents’ behaviors, e@onnectDisconnectUpdate
plexity of the whole mechanism depends on the complex%/ost Update Limit Change Power SupplandChange Power

(;Lrt:l?erciﬁgjgfng<al?bée; ;L; dbtﬁetrsllejbtgglioggvggrtﬁgl:;faelSConsumptiorin Table Ill. A detailed explanation on how to
’ [ tsb ing JADE be found in [24].
load’s number, anch?/ be the total number of buses an(fleve Op agents by using can be found in [24]

feeders in a DN, then we should haxe= n® + n! + nb7.
According to the mechanism whereq, < 0, an agent
performs two steps, i.e., (i) seeking extra power and (ii) In this section, we demonstrate the performance of the
performing load shedding. For the first step, the agent wpkoposed MAS through a case study. The simulation con-
firstly spend one pass on initializing the procedure. Altilou tains three layers, i.e., (i) we employed InterPSS (Interne
the exact information of the agent’s neighbors is unknowrchnology based Power System Simulator) to simulate a
(including neighbor’'s number and type), each bus or feedeN [25]. InterPSS is an open-source Java-based development
cannot immediately make the final decision and needs pooject to enhance power system design, analysis, diagnosi
initialize other procedure. Therefore, there will be amwoth and operation; (ii) we employed JADE on top of InterPSS to
n/ passes (the worst situation) for initialization. Also, foimplement the proposed MAS, and it is linked with InterPSS
all the involved bus, feeder, substation and DG agents, edolmonitor and control the DN; and (iii) we employed JUNG

of them will spend three passes (i.e., receiving a messafigva Universal Network/Graph Framework) [26] on top of

(n passes), so the complexity of thes/connection mechanism
isT(n)=2n+7=0(n).
According to the UML diagram in Fig. 3, for thpower

V. SIMULATION



TABLE Il

DESCRIPTION OF BEHAVIORS ASSOCIATED WITH AGENTS

Behaviors | Send Message Receive Message Description

Connect performative “REQUEST”, ID “connect{ performative “AGREE/REFUSE”, ID| Sends connection request to an upstream
parent”, sender “Downstream agent”, re-“connect-parent”, sender “Upstream agent; receives “AGREE/REFUSE” for &
ceiver “Upstream agent”, content “(type, agent”, receiver “Downstream agentf, successful/unsucessful result; exchanges information
‘child’, line, cost, limit)” content “(type, ‘parent’, line, cost, limit)”| in predefined format.

Disconnect| performative “REQUEST", ID| performative “AGREE/REFUSE”, ID| Sends disconnection request to an upstream
“disconnect-parent”, sendef “disconnect-parent”, sender “Upstreamagent; receives “AGREE/REFUSE” for a
“Downstream agent”, receiver “Upstream agent”, receiver “Downstream agentf, successful/unsucessful result; exchanges information
agent”, content “(type, ‘child’, line, cost| content “(type, ‘parent’, line, cost, limit)’| in predefined format.
limit)”

Update performative “INFORM”, ID “update-| performative “INFORM”, ID “update-| Sends/receives/forwards price change infofm

Cost cost”, sender “Neighbor agent”, receiver cost”, sender “Neighbor agent”, receiver to/from/to other neighbor agents.

“Neighbor agent”, content “(cost)” “Neighbor agent”, content “(cost)”
Update performative “INFORM”, ID “update-| performative “INFORM”, ID “update-| Sends/receives/forwards limit change inform
Limit limit”, sender “Neighbor agent”, receivef limit”’, sender “Neighbor agent”, receive| to/from/to other neighbor agents.

“Neighbor agent”, content “(limit)” “Neighbor agent”, content “(limit)”

Change performative “AGREE/REFUSE”, ID| performative “REQUEST”, ID “change{ receives change power supply “REQUEST” from|a

Power “change-power-supply”, sender “the power-supply”, sender “a neighbdr neighbor agent; replies “AGREE" if can fully satisfy

Supply agent”, receiver “a neighbor agent], agent”, receiver “the agent”, content the request and “REFUSE” if cannot; replies actual
content “(power, cost)” “(power, cost)” power supply change and the new price.

Change performative “AGREE/REFUSE”, ID| performative “REQUEST”", ID “change-{ receives change power consumption “REQUEST”

Power “change-power-consumption”, senderpower-consumption”, sender “a neigh- from a neighbor agent; replies “AGREE” if can full

Consump- | “the agent”, receiver “a neighbor agent[, bor agent”, receiver “the agent”, content satisfy the request and “REFUSE” if cannot; replies

tion content “(power, cost)” “(power, cost)” T actual power consumption change and the new prjce.

Bus4 BusS provides the remaining power (i.€7) MW) to the network.
It is assumed that another Generator2, wants to connecéto th
network through Bus5 at this moment. The Generator?2 is rated
Substation Busl at50 MW. |I’,l the f0||OWIng, we o_lemonstrate the simulation of
— | Generator2’s connection by using our MAS.
s In Fig. 5 (Messages (M) from 224 to 235), the commu-
| S u Fs nications between agents for implementing the Generator2’
[ 10 MW 40 MW r connection are displayed, and are explained in below.
i — |_/_| i (M224) G_A2 sends a reques_t and self’s |_nformat|on to BAS
Load1 | | | | for connection(M225) BAS5 replies GA2’s with an agreement
20 MW ol . .
— | | somw 20mw | _and also sends self’s mformat_lon to GA@N226-235) BAS
Load2  Generatorl Load3 Load4 informs FA2 and LAG6 about this update. Then FA2 and LA2

Fig. 4. An InterPSS output showing the one-line diagram ofsarilution

network.

network.

further inform this update to their neighboring agents.aifin
this information is broadcasted in the network.

After GA2 was connected, it requests to supply MW

to the network through BA5 immediately. In Fig. 5 (messages
JADE to implement the interface of the proposed MAS witfrom M236 to M248), the communications between agents for
InterPSS. JUNG is a free software library that provides implementing the power dispatch are displayed. The explana
common and extendible language for the modeling, analysiigns are given below.
and visualization of data that can be represented as a graph qM236) GA2 requests to delive§0 MW to BA5. (M237)
BA5 receives GA2's request and performs the power man-
In Fig. 4, a DN is simulated by using InterPSS. The DMgement, i.e., BA5 will use GA2’s power to replace the power
contains one substation, two feeders, five buses, six l@ads, from FA2 to support LA6 20 MW), and deliver the remaining
one generator. The limits of power flow for substation, bysower 0 MW) back to FA2 (i.e., the power flow direction
and feeder are set tt00 MW. The maximum power supply changes). So, BA5 further sends a request to EiM238) FA2
ability for the substation is set tbt00 MW, and is connected receives BA5’s request and performs the power management,
to a 50 MW generator resource. The power consumption fare., FA2 will use BA5’s power to replace the power from
each load is set t@0 MW, and we assume that all loads’'BAl to support BA4 20 MW), and deliver the remaining
consumption and the DG’s supply can change dynamically frower (0 MW) back to BAL (i.e., the power flow direction
an unexpected way. It is also assumed that a DG’s power prideanges). So, FA2 sends a request to BA#239) BA1
is cheaper than a substation’s power price, and we set thoseeives FA2’s request and performs the power management,
two prices t0$10 and $20, respectively. We set the length ofi.e., BA1 will stop the power supplyingt( MW) to FA2, and
all cables tol km, and assume that the cost for deliveringse the extra powern( MW) from FA2 to support FA1 and
1 MW power on a cable i$1. Because all loads and DGsLAL. Therefore, BA1 will decrease the power from SA1 3y
are dynamically changed, the power dispatched by the DN\W, and BA1 sends this request to SAM240) SA1 receives
is also changed accordingly. Fig. 4 shows a moment whBA1's request and replies BA1 with an agreement to decrease
the Generatorl provideé®) MW to Bus2, and the Substationlits power supply by50 MW. (M241) BAl receives SAl’s
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Fig. 5. The agents’ communications when GA2 is connected

SA1 (substation) GA2 (genel atlon) BAS(bus) LA5(103‘1)

s « the substation, and is implemented by a controller agengusi
j_i%_vst_ﬂ.{r' §M->.]\ JADE. All loads and DGs are selected as the measurement
P rsdont points, and their statuses are reported to the controllentag
< > irec ocal monitor agents. The communication scheme
A “\) directly by local tor agents. Th t h
St (=13 etween the central controller agent and all local monitor
»/’l} between the central controll t and all local monit
i LAm T agents also follows FIPA's ACL scheme. Comparing with the
,\ proposed distributed bus agent, the central controllentage
13 J].E acts more likes a super bus agent with the global information
3 ';-/W d" and control ability. For comparison purpose, the objestive
E\%J “*?  and constraints of the central controller agent are set to be
the same as the proposed MAS (see formulas (1)-(8)). The
optimal solution for the objectives can be calculated diyec
. Nl by the central controller agent with the global information
i4 =1 ;+—‘" ,]\ # and then the controller agent adjusts the substation’s faad t
= DGs’ power output accordingly.

Fig. 6. The simulated distribution network after G2’s coctiwn. We keep both the decentralized and centralized systems
on running for 48 hours after GA2’s connection, and let
response, and replies FA2 with an agreement to take the exallaloads and DGs dynamically and randomly modify their
10 MW. (M243) FA2 receives BAl’s response, and repliesonsumptions and supplies, respectively. In Fig. 7, welaysp
BAS5 with an agreement to take the exs@MW. (M244) BA5 the historical record monitored by InterPSS on Bus2. The
receives FA2’s response, and replies GA2 with an agreeménttuation displayed in Fig. 7 is caused by the random change
to take the50 MW. (M245-248)GA2 starts to supply power of loads’ consumption and DGs’ supply. We can see that the
to the network through BA5, and all related agents arrangeoposed MAS can always balance the supply and demand by
their power according the agreements mentioned above. T@#sidering the economy.
simulation of the network after GA2's connection by using Then we summarize the time (which includes the time of
JUNE is illustrated in Fig. 6. information exchange between InterPSS and JADE) spent by
The results from the demonstration show that the proposth@ two systems to respond to all loads and DGs’ requests
MAS is effective in dynamically executing power managen Table IV. It can be seen that the average response time
ments in a DN when the power supply and/or demand changggent by the proposed decentralized system is ®2I§% of
We also employed the classical centralized managemennh[4]tbe time spent by the centralized system. That is because the
the same network to repeat the above connection and powentralized system needs to deliver all messages to theatent
dispatch procedures. According to [4], the centralizedagan controller agent for decision making (i.e., large amourtirog
ment scheme should contain a distribution managementsyste consumed on communication and computation), while the
controller, which accepts equipment status measurementpmposed decentralized system can make the decisionyocall
selected locations in a distribution network. The conémwll However, the response time spent by the proposed decentral-
would then use the global information of the network tized system on each agent’s request is impacted by the agent’
estimate the ‘best’ dispatching solution by consideringhealocation and nearby components, and is not as consistent as
equipment’s specification. In this paper, we also followsthithe centralized system. Generally, the decentralizedesyst
well accepted scheme in the simulation of the centralizepent less time on answering the agents, who have energy
management. The central controller is assumed to be loaatedesources nearby, such as LAL, LA2 and LA6, but more time

)ﬂ
LAZ(load)



Cost from/to neighbours (BA2)

22.5] a multiagent systems with three types of agents, i.e., atgul
agent, capacitor agent, and DG agent, were proposed to solve

|
|
3 17.5|  emv— this incoordination problem through agent communicatiot a
o 15-°| = e “***"  cooperation. The power management problem studied by our
125 / Seswnesd paper has similar motivation as Farag and El-Saadany’s.work
i 11:17:30 11:17:40 11:17:50 11:18:00 11:18:10 11:18:20 BUt Our proposed MAS ConSIders more eleCtrIC Componentsl
Time and eventually optimized the power management results by
Fower fromito neighbours (EA2) considering both efficiency and economy.
g Miller et al. [27] modeled the electricity balance problem
_ 501 between DGs and loads as an optimal dispatch problem, and
g 25 solved the problem through minimizingO, emissions of a
o .
"i DN. Firstly, a factor graph was created based on the straictur
e e = : of a DN by considering only DGs and loads, then the optimal
TR0 ATAL40 1750 11:18:00 1180 11120 solution was calculated to set the electricity output fochea
me . . .
eIy generator by targeting the satisfaction of all loads and the
minimization of all DGs'CO-, emissions. However, their work
Fig. 7. The historical records of BA2. only focused on the balance problem between DGs’ supply
TABLE IV and load demands, but other practical issues such as economy
TIME NEEDED OF THE PROPOSEMAS electricity delivery, and variabilities of DGs and loadse aot
Centralized Time (Sec)|[ Decentralized Time (Sec considered. Also, it is not clear how their proposed MAS was
Agent [ Min Max | Avg Min | Max | Avg implemented and operated to fulfil the systemic goals.
LAL 1 0.015 | 1.322 1 0.201 | 0.002 | 0.030 | 0.020 Kok et al. [10] proposed a MAS to match the electricity
LA2 | 0.018 | 1.317 | 0.250 || 0.004 | 0.059 | 0.021 | dd din electrici Kb iderina th
LA3 | 0.020 | 1.511 | 0.289 | 0.007 | 0.949 | 0.028 supply and demand in electricity network by considering the
LA4 | 0.020 | 1.584 | 0.216 || 0.006 | 0.863 | 0.026 economical optimization. The electricity supply and cangu
LAS | 0.021 | 1.403 | 0.286 || 0.004 | 0.771 | 0.025 tion devices were modeled by agents, and they communicated
LA6 | 0.020 | 1.378 | 0.245 || 0.003 | 0.055 | 0.020 th the SD-Match t 1o bid the electricity price. Timh
GAL | 0.022 | 1.661 | 0.235 || 0.016 | 0.742 | 0.058 with the SD-Matcher agent to bid the electricity price. Tu
GA2 | 0.024 | 1.828 | 0.320 || 0.020 | 0.747 | 0.054 the cooperations between SD-Matcher agents in different

. hierarchical levels, the price agreements between eatdytri
on answering other agents, who do not have energy resourggspiers and consumers were created. Finally, a contract ne

nearby, such as LA3, LA4 and LAS. Also, the, decentralizegfork was constructed based on physical connections between
system spent longer time on answering DGs requests AR electric devices, and the price agreements were achieve
loads’ requests on average. That is because the DGs’ réqueglyyever, their work focused more on the electricity market

have higher chances to impact the substation’s power SUpRlq tried to achieve the economical optimization. Our work

than the the loads’ requests. presented more details on electric components management,
agents communication, agents cooperation and MAS imple-
mentation.

Some agent-based systems were already implemented bpuang et al. [22] proposed a market-based MAS to perform
researchers to provide supports on power system contigé automatical reconfiguration of radial electric shiploa
and management by considering DGs. To list few of therpower system. The issues such as power cost and limitation
Pezeshki et al. [3] reviewed the use of multiagent systeraa components were also considered. Through communication
to model the impacts of high levels of photovoltaic systemith neighbor agents, the behaviors such as switching lestwe
in Perth Solar City project, and investigated the potentipbwer suppliers and modifying power supplying could be
problems caused by voltage regulation though agent-basgfdomatically performed. However their MAS focused on a
simulation. The simulation results confirmed that the uss#ge shipboard power system with a fixed electricity network, levhi
DGs could cause problems such as over-voltage, short Gircaur MAS pays attentions on the DN by considering DGs’
protection desensitization, and incorrect operation in M. Dvariabilities.
Finally, the paper suggested to employ more agents to nronito
and control the loads, the DGs, the feeders, and the power
quality in a DN, which is also consistent with our motivation

Farag and El-Saadany [8] studied the voltage regulation inDG has been considered as a supplemental energy resource
unbalanced distribution feeders with high penetration GfsD to existing electricity network, and can provide additibna
Their research showed that the traditional control tealesq supports to solve the voltage drop and energy loss problems.
was no longer suitable for voltage regulation when DGs akowever, the uncertainty of DG’s location and the varidpili
considered, and could cause overvoltage and/or undegeoltaf DG’'s electricity output has caused a serious systemic
problem because of incorrect operations on voltage regnglat management problem to the existing control techniques. The
The reasons behind such incorrect operations were maintynventional control techniques were no longer suitable to
because the regulator only employs one-way communicatioontrol an electricity network with DGs due to their limita-
with other components and lacks of DGs information. Finallyions on flexibility, communication, cooperation, and déamn

VI. RELATED WORK

VII. CONCLUSION
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making. In this paper, a multiagent solution was proposms] C. Lin, C. Chen, T. Ku, C. Tsai, and C. Ho, “A Multiagenaged

to solve the power dispatching problem by considering the
variabilities of DGs and loads. Five types of agent were
proposed to model the key electric components in a DNy]
and three system objectives were formulated to guarante th
system balance as well as to optimize the system’s efficiency
and economy. Through the communication and cooperation
between the proposed agents, unexpected imbalances inlife
DN were effectively resolved by considering all objectives
We also introduced the details on the MAS implementatigmo]
by using InterPSS, JADE and JUNG, and demonstrated the
good system performance through the simulation.
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