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Abstract- In this paper, a MEMF is proposed to manage power balance in grid-tied microgrids. The MEMF maintains two
virtual markets viz. Local market in which potential sellers and buyers will participate in trading within the microgrid using
CDA market auction, and Global market in which power mismatch (surplus/deficit) of the microgrid in the local market is
mitigated by the grid. In addition, a novel linear bidding algorithm is introduced for stake holders to decide their quote prices
for day-ahead trading intervals for ethical trading. The trading mechanism is modified dynamically to enhance benefits to both
sellers and buyers. It also enables customers with low priority loads to participate voluntarily in DR. The generally used
incentive policy is modified to yield more benefits to the customers. In the proposed MEMF, both MAS and grid-tied
microgrid are simulated using MATLAB/SIMULINK. The simulation results on a test system are presented for illustrating the
effectiveness of DR on the proposed trading and managing algorithm.

Keywords: Microgrid, Demand Side Management, Demand response, Multi-Agent System, and Continuous Double Action
Protocol.

NOMENCLATURE CDA protocol
MEMF Multi-Agent Based Intelligent Energy MCPpax ifrliilgsglcleanng price of DGx using CDA
Management Framework . . .
CDA Continuous Double Action MCPrpcx Market clearing price of LDCx using CDA
DR Demand Response protocol . .
. LCP Load clearing prices
MAS Multi-Agent System . .
. . APLpcx Supply demand mismatch in LDCx after
DG Distribution Generation .
DERs Distributed Energy Resources local market auction
. MCGSP Market cleared grid selling price
DSM Demand Side Management MCGBP Market cleared erid buying bri
DN Distribution Network cteicarcd g UyIng price

MCMGPipex  Market cleared DGx power to LDCx from

LDC Load Distribution Centre .
. ) local market using CDA protocol.
APpox Ask prices of potential sellers
. LDCxrL Load demand of LDCx.
APpai Ask price of DG1 . .
. GPoax Day-ahead real-time generation of DGx
APpac2 Ask price of DG2 )
A . Cbax Rated capacity of DGx
BPLpcx Bid prices of potential buyers )
. MDrbex Maximum demand of LDCx
BPipci Bid price of LDC1 o .
S UGA Utility Grid Agent
BPLpc2 Bid price of LDC2 . . .
. . . MIAA Microgrid Intelligent Aggregator Agent
GBP Grid Buying Price Lo .
. . . DGAx Distribution Generation Agents
GSP Grid Selling Price R
) L . . LDCAx Load Distribution Centre Agent
WALP Weighted average of limiting prices of grid
(GSP and GBP) LAxy Load Agents
Pme Consolidated power availability in microgrid

MCPsx Market clearing price of stake holder using
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TLwmc Consolidated load demand of microgrid

GLSPpox DGgx selling power in global market

GLBPrbcx LDCx buying power from global market

MGSPuc Microgrid selling power to grid in kW

MGBPuc Microgrid buying power from grid in kW

SPmc Microgrid Selling price/kWh

BPwme Microgrid Buying price/kWh

MCSPbax Total market cleared DGx selling price/’kWh

MCBPrpex Total market cleared LDCx buying
price/kWh

MIAPT MIA profit price / time interval

Lxy Load connected in LDCx

TLLxy Total Load consumption of Lxy

DLCF Distributed load consumption factor

Ccrp Clearing power of the customer
GPar Give-up power

1. Introduction

Integration of DERs into the traditional DN for
economic, environmental and security benefits, constitutes a
microgrid which can operate either in grid connected [1,2] or
islanded mode [3,4]. The large penetrations of these sources
and the implementation of smart distribution technologies
such as smart metering/smart appliances have changed the
DN from passive to active systems [5,6]. The  optimal
scheduling [7] and monitoring [8] along with the necessary
protection systems [9, 10, 11] are the related challenges.

The DSM [12] techniques, particularly employing DR
[13], can effectively ease the security constraints in a more
economical way. For this, DNs will have to accommodate
bi-directional power flows employing suitable trading
mechanism.  Incorporation of these facilities in to the
network will make the DN more complex, with changing
configuration and behaviour. An effective energy trading and
management system for the current competitive energy
market is therefore required.

The deployment of energy trading and management
system in smart DNs need a distributed intelligent
framework in terms of agents [14,15]. Agents are individual
entities that react to changes in the environment, schedules
auctions and are able to interact with other coexisting agents
[16]. A system developed with a group of such loosely
coupled agents is called MAS [17]. MAS are physically
and/or logically dispersed, and posses self-governing
behaviour. They are linked together through interaction and
cooperation to complete a complex task. MAS can co-
ordinate in: (i) centralized [18,19], (ii) decentralized[3,20],
and (iii) a combination of both [21,22] control strategies.

Integration of large number of local generation and
distribution companies into the power system has made
electricity markets to be organized as pools [23]. Generation
and distribution companies are most concerned about
building an optimal bidding strategy in order to maximize

profits in the present competitive electricity market [24]. In
[14,25,26] H.S.V.S. Kumar Nunna et.al., have presented a
zero-intelligence-plus bidding algorithm for the stake holders
to decide their quote prices for market auction, and a MAS
based energy trade mechanism using CDA protocol between
potential sellers and buyers (stake holders) in a grid-tied
microgrids. But the global market prices are fixed. In [27],
Kaixuan Chen et.al., have presented a prediction-integration
strategy optimization model for prosumers in the CDA-based
electricity market to allow the bidding auctions and
prosumer operations based on Extreme Learning Machine. In
[28], Jian Wang et.al., have reported a direct electricity
transaction mode between DG (seller) and consumer (buyer)
in a microgrid, based on the combination of blockchain and
CDA mechanisms. In [29], Y. Zhou et.al., have presented an
optimal algorithm to generate the residential appliances
working time table for minimizing electricity bill based on
the constraints with the appliances, personal life habit and
power limitations.

This article proposes a decentralized MEMF as an
effective energy management system incorporating a new
linear bidding algorithm for stake holders in the local market
and a novel energy trading mechanism producing varying
market clearing prices in the global market based on the
supply-demand mismatch of the microgrid. The proposed
energy trade mechanism will enable the microgrid to conduct
market auctions for potential sellers and buyers to achieve
benefits for all the stake holders.

The smart DN considered in present work is a grid-tied
microgrid. The prototype consists of two DG units, two LDC
(representing retailers) connected with smart homes
(representing customers), and this combination is connected
to the main grid. The proposed MEMF maintains two phases
of markets viz. Local and Global markets. Local market
facilitates internal trading within the microgrid using CDA
protocol [14,30,31,32]. Whereas global market facilitates
two types of trading mechanisms between microgrid and
main grid. A novel linear bidding algorithm is introduced to
decide quote prices of stake holders in real-time for market
auction to conduct ethical trading between the stake holders.
Besides assisting trading, MEMF encourage/allow customers
to participate in DR program voluntarily. It provides a
platform for customers to relinquish a part of their allotted
power from local resources to receive the available
incentives. This relinquished power will act as a virtual
generator.

The MEMF allows: (i) energy buyers and sellers to
decide their day-ahead quote prices (selling/ask and buying
prices) using proposed linear bidding algorithm, (ii)
organizes a day-ahead action according to CDA algorithm
and allows energy buyers and sellers to trade with each other
in local market, and (iii) power imbalance (surplus/deficit) in
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local market will be transferred to global market, wherein the
difference power is traded using a new mechanism.

The rest of the paper is organized as follows: Section 2
presents a new two-phase energy trade mechanism. Section
3 describes a linear bidding algorithm to decide quote prices
of stakeholders for day-ahead trade intervals. The multi-
agent based architecture to incorporate DSM and the roles of
various agents involved are discussed in Section 4. Section 5
reports the simulation results of a case study with 6 demand
intervals for a grid-tied microgrid system. Finally
conclusions are drawn in Section 6.

2. Energy Trade Mechanism

In this work, two phases of market auctions i.e. Local
and Global markets are modeled to clear the market trading.
All possibilities are considered to achieve power balance in
the local market using the available resources. If there exist
is a difference power in the local market, the global market is
used to balance supply and demand. To address the market
operations, an aggregator concept is used [33,34,22]. An
aggregator is an intelligent agent which collects the data
pertaining to: (i) power availability from DG units in the
microgrid, (ii)) load demand of the LDC, and (iii)
import/export power from/to grid to maintain the power
balance in the microgrid. Aggregator is also responsible for
collecting real-time day-ahead quote prices of stake holders
through their respective agents to match potential seller and
potential buyers, and to calculate the market clearing price at
which power will be traded in the power market.

2.1. Local Market

For local market auction, aggregator uses CDA trading
protocol to clear the market. In the CDA, potential buyers
submit their bids to purchase a unit of goods and potential
sellers simultaneously submit their ask prices to sell a unit of
goods to an auctioneer. Where lowest ask price is called the
outstanding ask (oa) and highest bid is termed as the
outstanding bid (ob) in the market [35]. The auctioneer
declares the clearance price of the market, where the clearing
price is the weighted average of the lowest ask and the
highest bid, thus providing 50% benefit weightage to both
seller and buyer. For each trader in CDA market, there is an
acceptable price range [PL and PU].PL is the lowest
acceptable price and PU is the highest acceptable price in the
market. In this work, GBP and GSP are the corresponding
limiting prices of the market.

In the proposed MEMF, two DGs are considered as
potential sellers and two LDCs are considered as potential
buyers for CDA market auction in local market. Potential
sellers submit their APpcx: APpai and APpaz to sell one unit

goods, and potential buyers simultancously submit their

BPLpcx: BPLpci and BPLpe: to purchase one unit of goods, to

the aggregator (acting as an auctioneer). The auctioneer

matches potential seller and buyers and declares the market
clearing prices in local market based on CDA market
clearing algorithm as follows:

i. Matches the potential seller and buyer. The bid price must
be greater than ask price for any match. The bid that
shows the highest willingness-to-buy is matched with the
respective quantity of those asks that state the lowest
willingness-to-sell. This is repeated with the remaining
bids until their willingness-to-buy does not any longer
exceed or equal the willingness-to-sell of yet unmatched
bids. All the remaining bids and asks cannot be allocated
because the stated willingness-to-sell does not exceed the
stated willingness-to-buy. In order to avoid this, in the
present work, the ask prices are restricted between GBP
and WALP, whereas the bid prices are restricted within
WALP and GSP.

ii. Calculates the MCPsx as the weighted average of

matched pairs of buy and ask prices:

_ APpgx + BPpex

MCPgy = MCPpgx = MCPpcx = > €Y

The power imbalance (surplus/deficit), if any, in the
local market will be transferred to second phase (global)
market to achieve power balance in microgrid.

2.2. Global Market

In the proposed MEMF, two energy trade mechanisms
are designed for global market auction.

i. In the first mechanism, grid will sell/buy power at limiting
prices (fixed prices as in [14,25]) of the grid (GSP and
GBP).

ii.In the second mechanism, grid selling/buying power prices
vary based on APLpcx and limiting prices of the grid. The
MCGSP/MCGBP are calculated as:

MCMGP, pc
AP pcx = WX )
TL
If APpex =1
MCGSP = {(GSP+GBP)}
2
MCGBP = {(GSP+GBP)}
If APpex <1
(GSP+GBP)
MCGSP = {[1 + (1= AP p,)?] {222 }} C)

MCGBP = {[1 + (1 — AP,p¢,)?] GBP}
If APpey >1

MCGSP = {(GSP-;—GBP)}

MCGBP = {[1 — (1 = AP pcy)?] {@}}
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In this work, MCGSP is limited between WALP and GSP;
and MCGBEP is limited to be within GBP and WALP.

3. Linear Bidding Algorithm

In this work, a novel linear bidding algorithm is
developed to decide asks and bid prices of stake holders. The
linear bidding algorithm uses the concept of two-point line
equation [36]. The two point’s form of the equation for a line
can describe any non vertical line in the Cartesian plane
given the coordinates of two points which lie on the line.

X2-Y2)

Y1

Fig.1. Stright line in a plane

» Let the line L passes through two given points
A(x1,y1) and B(x2,y2).

» Let P(x,y) be a general point on L.

» The three points A,B and P are collinear, therefore,

we have

Slope of AP = Slope of BP

ie.

Y:Jﬁz YZ:yl 4)
X—X; Xp—X

» Thus equation of a straight line passing through
points A(x1,y1) and B(x2,y2) can be written as:

y2—y
y-y=——@—x) (5)

2 1

The linear bidding algorithm uses equation (5) with
different constraints to decide ask prices and bid prices of the
stake holder for day-ahead trade intervals.

i. The APpc: for day-ahead trade intervals depends on
limiting prices of grid, Cpax and GPpax. To fix APpay, (5)
is modified as:

[ (WALP — GBP) .
APpgx — GBP = { [ (Cpgx — 0.5Cpeyx) (6)
(GPpgx — 0.5Cpgy)

APpacx of DGx is varied between Cpaox and 50% of Cpox
from WALP to GBP. If Ppai of DGx is lesser than 50% of
Cbax, then APpox is limited to GBP.

ii.BPLpcx for day-head trade intervals depends on limiting
prices of grid, MDrpcx and day-ahead real-time LDCxtr.
To fix BPLpcy,(5) is modified as:
(WALP — GSP) .
(MDLDCX - O'SMDLDCX) (7)
(LDCxp, — 0.5MDypcy)

BPLDCX — GSP =

BPipcr of LDCx is varied between MDripcx and 50% of
MDripcx from WALP to GSP. If LDCxtr of LDCx is lesser
than 50% of MDLbcx, then BPLpcx is limited to GSP.

In this algorithm, APpc: of DGx is restricted to be
within GBP and weighted average of limiting prices of grid;
and BPLpcx of LDCx are in between weighted average of
limiting prices of grid and GSP, to match all potential seller
and buyers in the market auction.

4. Multi-Agent System Architecture and DR Options

4.1 The Multi-Agent System Architecture:

The proposed MAS architecture to conduct market
auction and embed DR in to the smart DN is shown in Fig.2.
The MAS is modeled as two layers of agents: (i)
Organizational layer and (ii) Perception layer. The
Organizational layer is designed to: (i) monitor in real-time,
output powers of DG units and their ask prices, (ii) monitor
the total load demand of LDCs, and their bid prices (iii)
monitor the limiting prices of the grid (iv) match seller and
buyer using CDA protocol (v) calculate the market clearing
price of local and global market, and (vi) generate action
signal for agents in perception layers to achieve power
balance in the DN. The Perception layer is responsible to
control the loads connected in the DN based on the action
signals generated by organizational layer and requirements
of the customer. M-function in MATLAB is used to
develop the proposed MAS architecture.

UGA
T Organizational layer

MIAA
/ N

DGA1 DGA2 LDCAt  LDCAf

%\ - ,\Perception layer

LA LATZ LATS LA LM LMG o Lam LA

Fig. 2. The MAS architecture

The organizational layer consists of MIAA and UGA.
The perception layer comprises of DGAx, LDCAx and
LAxy. These agents perceive information from the
These agents have interlayer
communication among each other. The functions of the
different agents are as follows:

concerned environment.
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A. Utility Grid Agent: UGA 1is in the organizational layer and
it holds GSP and GBP of the grid power, and informs the
same to MIAA to conduct market auction. It continuously
monitors the imbalance condition of the microgrid, and is
responsible for purchasing/selling surplus/deficit of power
from/to microgrid at the global market cleared prices.

B.Microgrid Intelligent Aggregator Agent: This agent is in
the organizational layer and is responsible for market
auctions taken up in the microgrid.

The MIAA will:

» Collect the grid limiting prices (GSP and GBP) from
UGA and communicates the same to DGAx and
LDCAX participating in the local market to decide
their ask and bid prices for day-ahead trading
intervals.

» Collects day-ahead ask and bid prices from stake
holders to match potential sellers (DGA1 and DGA?2)
and buyers (LDCA1 and LDCA2), and computes
MCPsx using CDA market trade mechanism.

MCMGP, pcx = GPygx of CDA matched DGx (8)

» Continuously monitor the real-time APrpcx. If
possible, MIAA will achieve the power balance in the
DN within the local market using DR options;
otherwise MIAA will initiate global market auction,
and communicate the same to respective Perception
layer agents.

» Collect day-ahead GPpax of all DGx to compute Puma.

n
Puc = ) Pho 9
x=1
» Collect day-ahead LDCxtL of all LDCx to compute
TLwmc.
n
x=1

» Compute GLSPpGx, which is the surplus power in
local market.
GPDGX -

GLSPoex = | (LDCxy, of CDA matched LDCX)] (D

» Compute GLBPLpcx to meet the load requirement
(which is not met by local market) of LDCx .
LDCxqp, —

GLBRipex = [(GPDGX of CDA matched DGx)] (12

Based on two phase (local and global) market auctions,
MIAA Compute:

» MGSPuc/MGBPuc after achieving balance condition
in microgrid and SPmc/BPmG .The MGSPuc/MGBPuG
is the buying/selling power of the grid from/to MG.

MGSPyg = (Pug — TLyg) (13)

MGBPyg = (TLyg—Pwuc) (14)

[(X%=1 GLSPyx )- (X%=1 GLBP.p¢x )] *
(Z_; GLSPyg, * MCGBP)
(erl=1 GLSPDGX)

SPyc = 15
MG = (T, GLSPoge) — (0 GLBPp)] )
[(X%=1 GLBP,pcy) — (XF=1 GLSPpgx )] *
(>r_; GLBP,pcx * MCGSP)
o (ST, GLBPpc) 6
M6 [(¥3-; GLBPpey) — (X—; GLSPpgy )]
» MCSPpcx and MCBPrpcx.
i. When grid sell/buy power at GSP/GBP
(GPpgx — GLSPpgy) * +
MCPp¢y
GLSP,, * GBP
MCSPy, = (GLSPhx ) (17)
GPDGX
[(LDCXTL - GLBPLDCX) * +
MCP,pcx
GLBP, * GSP
MCBPLDCX — ( LDCx ) (18)

LDCxyy,

ii. When grid sell/buy power at MCGSP/MCGBP

{[(GPDGX — GLSPpgy) * MCPpgy] +}
(GLSP, ., * MCGBP)

MCSPyc, = 19
DGx GPDGx ( )
{[(LDCXTL — GLBP,pcyx) * MCP pcy] +}
(GLBP,p, * MCGSP)
MCBP, ¢, = 20
LDCx LDCXTL ( )
> MIAP:

i. When }%_; GLBB ey > 201 GLSPyey
e When grid sell/buy power at its limiting prices

n

Z(GLBPLDCX * GSP) -

x=1

n n
( E GLBPLDCX - Z GLSPDGX) * +
x=1

x=1
GSP

n
<Z GLSPDGX * GBP)

x=1

MIAPy, = *B (21)

e When grid sell/buy power at MCGSP/MCGBP

(GLBPLDCX * MCGSP) -

x=1

n n
( E GLBPLDCX - Z GLSPDGX) * +
x=1

x=1
MCGSP

n

x=1

MIAP;, = *B (22)

ii.When }%_; GLBB ey < 27_; GLSPpgy
e When grid sell/buy power at its limiting prices
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n n
< E GLSPDGX - Z GLBPLDCX) * +
x=1

x=1
GBP

MIAP = "
(Z GLBPyg, * GSP

xX=1
n

Z(GLSPDGX + GBP)

x=1

) *B (23)

e When grid sell/buy power at MCGSP/MCGBP

n n
< E GLSPDGX - Z GLBPLDCX) * +
x=1

x=1
MCGBP
MIAPTI = <

z * B (24)
Z GLBPpg, * MCGSP

X=1
n

Z(GLSPDGX + MCGBP)

x=1

Where, B is number of hours in a one-time interval.

C. Distribution Generation Agent: The DGAx are in the
Perception layer and they perceive the generation
information from their owners. As soon as the market is
initialized, DGAX starts interacting with MIAA. In the
initial stage of trading, DGAX receives limiting prices of
the grid from the MIAA to decide the ask quotes (APpcx)
which are to be placed in the market for day-ahead trading
intervals using (6).

D. Load Distribution Center Agent and Load Agents:
LDCAXx are perception layer agents, representing the load
entities (potential buyers) participating in the market. Each
LDCAX represents a group of LAxy. The subscript X and
Y indicates an agent’s locations and association in
distribution center. The LDCAXx: (i) supervise and control
the connected loads, (ii) aggregates the information of the
loads for which DR options are available, (iii) compute
the bid quote prices using proposed linear bidding
algorithm, and (iv) predict the load consumption of
individual customers based on their history of
consumption.

The LDCAx will:

» Collect the information about grid limiting prices from
MIAA and perceives the load demand from LDCx to
determine the bid quotes(BPLpcx) using (7) which are to
be placed in the market for day-ahead trading intervals.

» After local market auction, compute the real-time DLCF
for all the customers connected to respective LDCAX.
DLCF is introduced to allocate the available power
(MCMGPipcx) of LDCAx to their aggregated
customers. DLCFLpcx of respective LDCAX is based on
MCMGPipcx and MDipcx. The DLCFvLpcx is
determined as follows:

If MCMGP, pcx < MDpcx
MCMGP,pcy
MDypcx (25)
If MCMGP,py = MD
DLCFLDCX =1

DLCFLDCX =

»Then computes Ccrp for the LAxy aggregated to
respective LDCAX using,
Ccrp = Allotted Power of LAygy * DLCF| p¢y (26)

» Communicates action signals (Ccre, MCPrpcx, GSP,
GBP, MCGSP and MCGBP) to LAxy.

» Work as DR agent, to receive and serve the DR options
placed by LAxy in the DN.

Based on these action signals, LAxy will decide their
power consumption level either by: (i) limiting customer
power consumption within their Ccre, or (ii) consuming the
power according to their load requirement.

4.2 DR options

In the MEMF, LCP of a customer depends on market
cleared prices of local and global markets. Customer
participation on DR will also affect the LCP. In this work, a
customer friendly DR options called capacity market,
[37,38,39] is designed. Further, the control over the DR
participation is provided to the customers rather than to the
aggregator. Capacity market DR program will restrict the
total power consumption level to the available supply within
a given time frame. Individual customers are supplied with
this reduced supply, and then load agents control the
energizing of prioritized appliances (loads) of the customer
with in their Ccre. Suppose some part of power remains
unused after energizing the prioritized loads, but which is not
sufficient to energize the next preferred appliance. This
amount of power will be automatically made available to the
local center and is called GPar. A suitable incentive is
offered to the customer for this power.

In the developed energy trade mechanism, as discussed
in section 2, local market uses CDA protocol to clear the
market, where as two trade mechanisms are designed for
global market auction. In the first mechanism, grid will
sell/buy power at limiting prices, and in the second
mechanism, grid will sell/buy power at MCGSP/MCGBP.
The market cleared LCP of the customer is determined as
follows:

i. When grid is selling/buying power at its limiting prices
(GSP and GBP) in the global market.
» LCP of the customer participating in DR.
{[( TLyyxy — GPap)MCP,pcy | +}
(GP4p * GBP)
TLixy

(27)

LCPyith pr =
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» LCP of the customer not participating in DR.
If Cerp 2 TLiyy
LCPwithout br = MCPpcy
If Cerp <TLpyy
(CeLp * MCPypex) + (28)
{[(TLny B CCLP) * GSP]}
TLyxy

LCPwithout br =

ii. When grid sell/buy power at MCGSP/MCGBP in the
global market.
» LCP of the customer participating in DR.
{[( TLyyxy — GPap)MCPpc, | +}
(GPyp * MCGBP)
TLixy

LCPyith pr = (29)

» LCP of the customer not participating in DR.
If Cerp 2 TLiyy
LCPwithout pr = MCPypcy
If Cerp < TLiyy
(CeLp * MCPypex) + (30)
{[(TLLXy —Cerp) * MCGSP]}
TLixy

LCPwithout DR =

5. Market Simulation and Result Analysis

For validating the proposed MEMF architecture and the
market algorithms a test smart distribution system is used.
The test DN is a grid-tied microgrid system incorporating all
the features of a real system, as shown in Fig.3. The
integrated system is simulated using MATLAB/SIMULINK.

The grid-tied microgrid consists of: (i) MIAA as an
aggregator for managing and trading power in the microgrid,
(i1) two representative DG units, DG1 and DG2 with a total
installed capacity of 100kW each, (iii) two LDCs, LDC1 and
LDC2 with a maximum load of 100kW each. LDC1 is an
aggregation of six smart homes/customers with controllable
loads. A specified total power is allocated to each of the
customer (L11=Li3=L16=20kW, Li+=10kW and
Li12=L15=15kW). Similarly LDC2 consists of four customers
(L21=20kW,L22=30kW and L23=L24=25kW).

Large Load

——
|
DG1 ID

MICROGRID

Fig.3. Test distribution network (grid-tied smart
microgrid)

In this study, a day is divided into six time intervals of
four hours each for taking market auction. The duration of
the time blocks can be varied if necessary.

For the case study, following assumptions are made:

1. Limiting prices of the grid i.e. GSP is taken as 13.5 INR
(Indian Rupees)/kWh and GBP is taken as 9 INR/ kWh.

2.Lis and Lie in LDCI1 are having low priority appliances of
total capacity 28kW and L21 and L2z in LDC2 are having
low priority appliances of total capacity 41kW.

The Table 1 tabulate the generation of DGx, load
profiles of LDCx and load requirement of customers
connected to respective LDCs of the test system from time
interval 1 to 6. The mismatch column of the Table 1
indicates surplus/deficit power in the corresponding interval.
The values are selected so that, both local market and, at
least some of the trading agents, are forced to participate in
global market transactions are initiated.

Table 1. Generation and Load Data for Case Studies

Int. |DG1|DG2 LDC1 LDC2 MIS-
kW)|(kW) kW) kW) MATCH
(kW)

Li1|Liz2|L13|L14|{L1s{L1s| TP |L21|L22(L23 [L2g| TP

80 | 70 11219 1216 |9 [12]160]16|24]20]20|80 +10

90 | 70 |20]15[20(10|15]20]100|16(24]20(20|80 -20

80 | 90 120|15]20(10]15[20{100{12|18|15]|15]60 +10

70 | 80 |20]15]20(10]15|20{100{20]30[25]25 100 -50

90 | 60 |16]12|16] 8 [12]16]|80|16(24]20[20|80 -10

N || AW [—

30 | 70 |12]9 [12]16 |9 [12]60]20|30[25|25|100 -60

#: + sign indicates surplus and — sign indicates deficits

To analyze the market behaviour under dynamic power
balance conditions, two market scenarios are simulated.

1. Case 1: In this case, to clear the market auction, the trade
mechanism uses CDA protocol in the local market, and the
grid will buy/sell power at its fixed limiting prices
(GSP/GBP) in the global market. In addition, the market
behaviour without DR and with DR options are simulated
and analyzed.

a. Market simulation without DR: Here, none of the
customers in the distribution network have opted DR. The
load clearing of the customers in the DN is as follows:

» If the TLLxy of a customer is within their Ccrp, then all
the required loads are cleared for that customer.

» In case, TLLxy of the customer is more than their Ccr,
then LAxy will meet the customer load requirement
by initiating purchasing the additional power from the
global market. For this case, the LCP of customer is
calculated by using (28).

» In case of surplus/deficit power in the microgrid, then
MIAA will initiate global market to sweep out the
imbalance condition at the grid limiting prices.

Table 2 shows the Market auction trading details with
respect to DGx and LDCx in Case 1 without DR. Table 3
shows the share of local and global market auctions on load
consumption of customers connected to the respective
LDCx.
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From the Table 2, it is observed that, during the time
interval 1, DGA2 initiate MIAA to sell its surplus power in
global market at GBP. During the time intervals 2,4 and 6,
LDCA1 and LDCA2 will initiate MIAA to purchase their
deficit power from the global market at GSP. During the
time interval 3, DGAI initiate MIAA to sell its surplus
power in global market and LDC1 initiate MIAA to purchase
its deficit power from global market. In this case, MIAA
meet the additional load requirement of LDCI from
available surplus power of DGl at GSP and sell the
remaining surplus power of DGI in global market at GBP.
During the time interval 5, DGA1 initiate MIAA to sell its
surplus power in global market and LDCA1 initiate MIAA
to purchase its deficit power from global market; in this case
MIAA will meet the additional load requirement of LDC1
from available surplus power of DG1 at GSP and purchase
the remaining deficit power of LDC1 from global market at
GSP. From the column MIAPry, it is observed that, during
the time intervals 3 and 5, MIAA will sell/buy the
deficit/surplus power of the stake holders to/from the grid in
global market. MIAA makes profit, when there is both
surplus and deficit power in stake holders after CDA trade
auction in the local market. Otherwise, MIAA act as a
mediator to exchange the power between stake holders and
the grid at the market cleared prices in global market.

b. Market simulation with DR: In this case, Lis and Lis in
LDCI1, and L21 and L2 in LDC2 have opted capacity
market DR. Load clearing of the customers in the DN is as
follows:

» All the loads of the customers are cleared if the CcrLp
is sufficient to meet the present load.

»In case of deficiency, (i) LAxy of DR participating
customer limits their consumption to Ccre. The loads
are supplied based on the set priority. For this case,
the LCP of a customer is calculated by using (27). (ii)
LAxy of non DR participating customer will meet the
customer load requirement by initiating purchasing
the additional power from the global market. In this
case, the LCP of the customer is calculated by using
(28).

Table 4 shows the Market auction trading details with
respect to DGx and LDCx in Case 1 with DR and Table 5
shows the share of local and global market auctions on load
consumption of the customers connected to respective
LDCx.

From Tables 4 and 5, it is observed that, market auction
of the trading agents and load clearing of the customers in
time interval 1 is similar to Casel-without DR. During the
time intervals 2 to 6, due to the effect of DR participation of
the customers, there is a substantial reduction in the level of
global participation.

2.Case 2: In this case, to clear the market auction, the trade
mechanism uses CDA protocol in the local market, and the
grid transaction prices vary based on the APrpcx and
limiting prices of grid. The grid selling price is now
MCGSP and grid buying price is MCGBP. Again, in Case
2 also, the market behaviour without DR and with DR
options are simulated and analyzed.

a. Market simulation without DR: In this case, market
auction of the trading agents and load clearing of the
customers are similar to Case 1 market simulation without
DR, except LCP of customer is calculated by using (30).

Table 6 shows the Market auction trading details with
respect to DGx and LDCx in Case 2 without DR, and Table
7 shows the share of local and global market auctions on
load consumption of customer connected to respective
LDCx.

b. Market simulation with DR: Here, market auction of the
trading agents and load clearing of the customers in the
DN are similar to Case 1 market simulation with DR,
except that LCP of DR participating customer is calculated
by using (29), and that of non participating customer is
calculated by using (30).

Table.8 shows the Market auction trading details with
respect to DGx and LDCx in Case 2-with DR, and Table 9
shows the share of local and global market auctions on load
consumption of customers connected to respective LDCx.

The supply and demand curves and microgrid
import/export power from/to grid, before and after executing
DR program are shown in Fig. 4 and 5. From Fig.4 and
Fig.5, it is observed that: during the time interval 1, before
and after execution of DR program, the total load
consumption of the microgrid is 140kW and selling power to
grid is 10kW. In the time interval 2, load consumption of
microgrid is 180kW and importing power from grid is 20kW
before execution of DR program; and the corresponding
values are 163kW and 3kW, after execution of DR program.
The details of these values are summarized in Figs. 4 and 5.
Clearly, the MEMF is very effective in reducing supply-
demand gap of the microgrid and dependency on the grid.

Figure 6 to 9 depicts the comparison of ask/bid prices
and market cleared prices in the two cases of without and
with DR options. It can be noted from these figures that, the
proposed linear bidding algorithm and second energy trade
mechanism in global market auction are beneficiary for the
stake holders as these will improve their profit margin. e.g.:
in Fig.6, during the time interval 3 (for the seller), APpgi1 of
DG1 before and after the execution of DR program in both
the cases is 10.35 INR/kWh. MCSPpa: before the execution
of DR program in Case 1 is 11.025 INR/kWh and in Case 2
is 11.27 INR/kWh, and after the execution of DR program in
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Table 2. Case 1-Trading details of the microgrid without DR

Int. Market DG1* DG2* Market LDC1* LDC2* MG*E/I | MIAPT
(price)

GPpex/APpcx 80/10.35 70/9.9  |LDipcy/ BPipex 60/13.05 80/12.15

1 Local/MCPpcx 80/11.25 60/11.48 |Local/MCPrpcx 60/11.48 80/11.25 -10/9 0
Global/GBP 10/9 Global/GSP
GPpax /MCSPpax 80/11.25 70/11.12 | LDipcx /MCBPLpcx 60/11.48 80/11.25
GPpex/APpcx 90/10.8 70/9.9  |LDipcy/ BPipex 100/11.25 80/12.15

5 Local/MCPpcx 90/11.03 70/11.03 |Local/MCPrpcx 90/11.03 70/11.03 420/13.5 0
Global/GBP Global/GSP 10/13.5 10/13.5
GPpax /MCSPpax 90/11.03 70/11.03 | LDipcx /MCBPLpcx 100/11.28 80/11.39
GPpex/APpcx 80/10.35 90/10.8 | LDrpcx/ BPipex 100/11.25 60/13.05

3 Local/MCPpcx 60/11.7 90/11.03 |Local/MCPrpcx 90/11.03 60/11.7 -10/9 180
Global/GBP 20/9 Global/GSP 10/13.5
GPpax /MCSPpax 80/11.025 | 90/11.03 |LDipcx /MCBPrpex 100/11.28 60/11.7
GPpex/APpcx 70/9.9 80/10.35 |LDuipcyx/ BProcx 100/11.25 | 100/11.25

4 Local/MCPpcx 70/10.57 80/10.8 |Local/MCPrpcx 70/10.57 80/10.8 +50/13.5 0
Global/GBP Global/GSP 30/13.5 20/13.5
GPpax /MCSPpax 70/10.57 80/10.8 |LDipcx /MCBPrpex 100/11.45 | 100/11.34
GPpex/APpcx 90/10.8 60/9.45 | LDipcx/ BPipex 80/12.15 80/12.15

5 Local/MCPpcx 80/11.48 60/10.8 |Local/MCPrpcx 60/10.8 80/11.48 +10/13.5 180
Global/GBP 10/9 Global/GSP 20/13.5
GPpax /MCSPpax 90/11.20 60/10.8 | LDrpcx /MCBPioex 80/11.47 80/11.48
GPpex/APpcx 30/9 70/9.9  |LDipcy/ BPipex 60/13.05 100/11.25

6 Local/MCPpcx 30/11.03 70/10.57 |Local/MCPrpcx 30/11.03 70/10.57 +60/13.5 0
Global/GBP Global/GSP 30/13.5 30/13.5
GPpax /MCSPpax 30/11.03 70/10.57 | LDipcx /MCBPLpcx 60/12.26 100/11.45

*: Units for market share are in kilowatts, price is in INR/kWh, #: + sign indicates Import from grid and — sign indicates Export to grid

Table 3. Case 1-Load details of residential loads connected to respective LDCx without DR.

LDC1 LDC2
Int MCMGPLpc: £ Lu* | Liz* | Liz* | Lis* | Lis* | Lig® |MCMGPipc2 £ Lai* | La2* | Las* | Las*
(MCPvpc1) @®) @®) @®) @P) @®) P) | MCPibc2) @®) @®) P) P)
Cerp 14 10.5 14 7 10.5 14 Cerp 16 24 20 20
(MCPipc1) |(11.48)|(11.48)|(11.48)|(11.48)|(11.48)|(11.48) (MCPipc2) [(11.25)[(11.25)[(11.25)[(11.25)
! 70 07| TLixy 12 9 12 6 9 12 a 18%5) o0g| TLixy 16 24 20 20
(11.48) "| (LCPLy) [(11.48)[(11.48)|(11.48)[(11.48)[(11.48)|(11.48) ’ | (LCPLy) [(11.25)|(11.25)|(11.25)|(11.25)
GL GL
(GSP/GBP) (GSP/GBP)
Cerp 18 13.5 18 9 13.5 18 Cerp 14 21 175 | 175
(MCPrpc1) |(11.03)|(11.03)|(11.03)|(11.03)|(11.03)|(11.03) (MCPipc2) [(11.03)[(11.03)[(11.03)|(11.03)
5 90 09| TLixy | 20 15 20 10 15 20 70 07| TLixy 16 24 20 20
(11.03) 7| (LCPLy) [(11.28)[(11.28)[(11.28)[(11.28)|(11.28)[(11.28)[  (11.03) | (LCPLy) |(11.39)[(11.39)[(11.39)|(11.39)
GL +2 +1.5 +2 +1 +1.5 +2 GL +2 +3 +2.5 | +2.5
(GSP/GBP)| (13.5) | (13.5) | (13.5) | (13.5) | (13.5) | (13.5) (GSP/GBP)| (13.5) | (13.5) | (13.5) [ (13.5)
Cerp 18 13.5 18 9 13.5 18 Cerp 16 24 20 20
(MCPrpc1) |(11.03)[(11.03)|(11.03)|(11.03)|(11.03)|(11.03) (MCPipc2) | (11.7) [ (1L.7) [ (11.7) | (11.7)
3 90 09 TLrxy 20 15 20 10 15 20 80 08 TLLxy 12 18 15 15
(11.03) 7| (LCPLy) [(11.28)[(11.28)[(11.28)|(11.28)|(11.28)|(11.28)]  (11.7) | (LCPLy) |17 (L7 | (AL7) | (11.7)
GL +2 +1.5 +2 +1 +1.5 +2 GL
(GSP/GBP)| (13.5) | (13.5) | (13.5) | (13.5) | (13.5) | (13.5) (GSP/GBP)
Cerp 14 10.5 14 7 10.5 14 Cerp 16 24 20 20
(MCPioc1) |(10.57)|(10.57)|(10.57)|(10.57)|(10.57)|(10.57) (MCPioc2) | (10.8) | (10.8) [ (10.8) | (10.8)
4 70 07/ TLixy | 20 15 20 10 15 20 80 0g| TLixy | 20 30 25 25
(10.57) | (LCPLy) |(11.45)[(11.45)|(11.45)[(11.45)[(11.45)|(11.45)]  (10.8) | (LCPLy) [(11.34)[(11.34)|(11.34)|(11.34)
GL +6 +4.5 +6 +3 +4.5 +6 GL +4 +6 +5 +5
(GSP/GBP)| (13.5) | (13.5) | (13.5) | (13.5) | (13.5) | (13.5) (GSP/GBP)| (13.5) | (13.5) | (13.5) | (13.5)
Cerp 12 9 12 6 9 12 Cerp 18 27 225 | 225
(MCPrpc1) | (10.8) | (10.8) | (10.8) | (10.8) | (10.8) | (10.8) (MCPipc2) [(11.48)[(11.48)[(11.48)[(11.48)
5 60 06 TLrxy 16 12 16 8 12 16 90 0.9 TLLxy 16 24 20 20
(10.8) | (LCPLy) |(114D)|(A1AT)|(11.47)|(11.47)|(11.47)|(11.47)| (11.48) 7| (LCPLy) |(11.25)|(11.25)[(11.25)|(11.25)
GL +4 +3 +4 +2 +3 +4 GL
(GSP/GBP)| (13.5) | (13.5) | (13.5) | (13.5) | (13.5) | (13.5) (GSP/GBP)
Cerp 6 4.5 6 3 4.5 6 Cerp 14 21 175 | 175
(MCPipc1) | (11) | (1) | (A | ah | an | an (MCPioc2) [(10.57)[(10.57)[(10.57)[(10.57)
6 30 03| TLixy 12 9 12 6 9 12 70 07| TLixy | 20 30 25 25
(11) 7| (LCPLy) [(12.25)[(12.25)[(12.25)[(12.25)[(12.25)[(12.25)|  (10.57) | (LCPLy) |(11.45)[(11.45)[(11.45)|(11.45)
GL +6 +4.5 +6 +3 +4.5 +6 GL +6 +9 +7.5 | +7.5
(GSP/GBP)| (13.5) | (13.5) | (13.5) | (13.5) | (13.5) | (13.5) (GSP/GBP)| (13.5) | (13.5) | (13.5) [ (13.5)
*: Units for market share are in kilowatts, B:MCMGPipcx , £:DLCF, GL:Global Market.#: + /- sign indicates Import/ Export of power from/to grid

203



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
H.M. Manjunatha and G.K. Purushothama, Vol.11, No.1, March, 2021

Table 4. Case 1-Trading details of microgrid with DR

Int. Market DG1* | DG2* Market LDC1* | LDC2* | MG*E/l | MIAPn
(price)
GPo/APpex 80/10.35| 70/9.9 | LDipcs/ BPiocs 60/13.05 | 80/12.15
| |[Local/MCPos: | 80/11.25 | 60/11.48 | Local/MCPupcx 60/11.48 [ 80/11.25 | 010 o 0
Global/GBP 10/10.94 | Global/GSP :
GPoox /MCSPoay | 80/11.25 | 70/11.12 | LDipcx /MCBPipcy | 60/11.48 | 80/11.25
GPo/APpox 90/10.8 | 70/9.9 | LDwipcx/ BPiocs 93/11.56 | 70/12.6
5 | LocalMCPoox | 90/11.18 | 70/11.25 | Local/MCPiocy 90/LLI8 [ 70/11.25 | .\ 0
Global/GBP Global/GSP 3/13.5 :
GPoox /MCSPoy | 90/11.18 | 70/11.25 | LDipcx /MCBPioey | 93/11.25 | 70/11.25
GPo/APpex 80/10.35 | 90/10.8 | LDipcy/ BPiocs 93/11.56 | 70/12.6
3 | Local/MCPpox | 70/11.47 | 90/11.18 | Local/MCPiocs 90/1LI8 [ 70/1147] - 53
Global/GBP 10/9 Global/GSP 3/13.5
GPox /MCSPoGx | 80/11.16 | 90/11.18 | LDinex /MCBPinex | 93/11.25 | 70/11.47
GPoG/APpex 70/9.9 | 80/10.35 | LDipcy/ BPipcx 93/11.56 | 80/12.15
4 | Local/MCPoc, | 70/11.03 | 80/10.96 | Local/MCPiocy 80/10.96 | 70/11.03 | o+ ¢ 0
Global/GBP Global/GSP 13/13.5 | 10/13.5 :
GPoax /MCSPoasx | 70/11.03 | 80/10.96 | LDinex /MCBPinex | 93/11.31 | 80/11.33
GPo6/APpox 90/10.8 | 60/9.45 | LDrpcy/ BProcy 73/12.46 | 80/12.15
s |Local/MCPbox | 80/11.48 | 60/10.96 | Local/MCPioc 60/1096 | 80/11.48 | . - ¢ 180
Global/GBP 10/9 Global/GSP 13/13.5 :
GPox /MCSPoax | 90/11.20 | 60/10.96 | LDinex /MCBPinex | 73/11.41 | 80/11.48
GPo6/APpex 30/9 70/9.9 | LDincx/ BPincx 46/13.5 | 80/12.15
¢ | Local/MCPpex | 30/11.25 | 70/11.02 | Local/MCPiocy 30/11.25 | 70/1L.02 | o0 a s 0
Global/GBP Global/GSP 16/13.5 | 10/13.5 :
GPpox /MCSPoay | 30/11.25 | 70/11.02 | LDipcx /MCBPipcy | 46/12.03 | 80/11.33
Table S. Casel-Load details of residential loads connected to respective LDCx with DR.
LDC1 LDC2
Int MCMGProc: £ Lu* | Liz* | Lis® | Lie* | Lis* | Lis® |[MCMGPipc2 £ Lar* | La2* | Las® | Loag*
(MCPuoct) ® | ® | ® | @ | ® | @ | MCPcx) ®» | ® | ® | @
Cerp 14 | 105 | 14 7 | 105 14 Cerp 16 24 20 20
(MCPypcr) |(11.48)](11.48)((11.48)|(11.48)|(11.48)|(11.48) (MCPioc2) |(11.25)[(11.25)[(11.25)|(11.25)
! 70 07| TLixy 12 9 12 6 9 12 80 o0g| TLixy | 16 | 24 | 20 20
(11.48)  |77| (LCPLy) [(11.48)[(11.48)|(11.48)[(11.48)(11.48)|(11.48)| (11.25) || (LCPL,) |(11.25)|(11.25)|(11.25)|(11.25)
GL GL
(GSP/GBP) (GSP/GBP)
Cerp 18 | 135 | 18 9 | 135 | 18 Cerp 14 21 | 175 | 175
(MCPyrpcr) |(11.18)(11.18)[(11.18)|(11.18)|(11.18)|(11.18) (MCPipc2) |(11.25)|(11.25)[(11.25)|(11.25)
) 90 09| TLixy 20 15 20 10 12 16 70 07| TLixy 12 18 20 20
(11.18) |77 (LCPLy) [(114D)|(11.41)|(11.41)[(11.41)[(10.90)|(10.90)| (11.25) || (LCPL,) |(10.87)[(10.87)|(11.53)|(11.53)
GL 2 [ 15| 42 | 41 | 15 ] 2 GL -2 3| 425 | 425
(GSP/GBP)| (13.5) | (13.5) [ (13.5) | (13.5) | 9 | 9 (GSP/GBP)| (9) | (9) [(13.5)]| (13.5)
Cerp 18 | 135 | 18 9 | 135 | 18 Cerp 16 24 20 20
(MCPyrpcr) [(11.18)(11.18)[(11.18)|(11.18)|(11.18)|(11.18) (MCPipc2) |(11.47)|(11.47)[(11.47)|(11.47)
3 90 0o TLixy | 20 15 20 10 12 16 80 08| TLixy 16 24 15 15
(11.18) |77 (LCPLy) [(114D)|(11.41)|(11.41)[(11.41)[(10.90)|(10.90)| (11.47) |"°| (LCPwy) |(1147)|(11.47)|(11.47)|(11.47)
GL 2 [ 15| 42 | 41 | 15 ] 2 GL
(GSP/GBP)| (13.5) | (13.5) | (13.5) | (13.5) | 9 | 9 (GSP/GBP)
Cerp 16 12 16 8 12 16 Cerp 14 21 | 175 | 20
(MCPypcr) |(10.96)](10.96)[(10.96)|(10.96)|(10.96) | (10.96) (MCPioc2) [(11.03)[(11.03)[(11.03)] (10.8)
4 80 o0g| TLixy | 20 15 20 10 12 16 70 07| TLixy | 12 18 | 25 25
(10.96) |°| (LCPLy) |(1147)|(11.47)[(11.47)|(11.47)|(10.96)|(10.96)| (11.03) | '| (LCPLy) |(10.69)|(10.69)|(11.77)|(11.77)
GL +4 | 43 | +4 | +2 GL -2 3| 475 [ +7.55
(GSP/GBP)| (13.5) | (13.5) | (13.5) | (13.5) (GSP/GBP)| (9) | (9) [(13.5)]| (13.5)
Cerp 12 9 12 6 9 12 Cerp 18 27 | 225 | 225
(MCPypcr) |(10.96)](10.96)[(10.96)|(10.96)|(10.96) | (10.96) (MCPioc2) |(11.48)[(11.48)[(11.48)|(11.48)
5 60 06| TLixy 16 12 16 8 9 12 90 09| TLixy 16 24 20 20
(10.96)  |"| (LCPLy) |(11.60)|(11.60)|(11.60)[(11.60)|(10.96)|(10.96)| (11.48) || (LCP.,) |(11.25)|(11.25)|(11.25)|(11.25)
GL +4 | 43 | +4 | +2 GL
(GSP/GBP)| (13.5) | (13.5) | (13.5) | (13.5) (GSP/GBP)
Cerp 6 4.5 6 3 4.5 6 Cerp 14 21 | 175 | 175
(MCPypcr) |(11.25)(11.25)[(11.25)[(11.25)|(11.25)|(11.25) (MCPioc2) |(11.02)[(11.02)[(11.02)|(11.02)
6 30 03| TLixy 12 9 12 6 3 12 70 07| TLixy | 12 18 | 25 25
(11.25) |77 (LCPLy) [(1237)[(12.37)|(12.37)[(12.37)[(10.12)|(10.12)|  (11.02) || (LCP.,) |(10.68)(10.68)|(11.76)|(11.76)
GL +6 | +45 | +6 | 43 | 15 | -2 GL -2 3| 475 | 475
(GSP/GBP)| (13.5) | (13.5) [ (13.5) | (135 | 9 | 9 (GSP/GBP)| (9) | (9) [(13.5)]|(13.5)
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Table 6. Case 2-Trading details of microgrid without DR

Int. Market DG1* DG2* Market LDC1* LDC2* MG*E/1 MIAPT
(price)

GPpax /APpcx 80/10.35 70/9.9 LDipcx/ BPipex 60/13.05 80/12.15
Local/MCPrcx 80/11.25 | 60/11.48 | Local/MCPrcx 60/11.48 80/11.25

! Global/MCGBP 10/10.94 | Global/MCGSP -10710.94 0
GPpex /MCSPpax | 80/11.25 | 70/11.40 | LDipcx /MCBPipcx 60/11.48 80/11.25
GPpax /APpcx 90/10.8 70/9.9 LDipcx/ BPipex 100/11.25 80/12.15

) Local/MCPrcx 90/11.03 | 70/11.03 | Local/MCPrcx 90/11.03 70/11.03 190/11.40 0
Global/MCGBP Global/MCGSP 10/11.36 10/11.43
GPpex /MCSPpax | 90/11.03 | 70/11.03 | LDipcx /MCBPLpcx 100/11.06 80/11.08
GPpax /APpcx 80/10.35 | 90/10.8 | LDripcx/ BPipex 100/11.25 60/13.05
Local/MCPrcx 60/11.7 | 90/11.03 | Local/MCPrcx 90/11.03 60/11.7

3 Global/MCGBP 20/10 Global/MCGSP 10/11.36 -10710 >4
GPpex /MCSPpax | 80/11.27 | 90/11.03 | LDipcx /MCBPipex | 100/11.063 60/11.7
GPpax /APpcx 70/9.9 80/10.35 | LDipcy/ BPipex 100/11.25 100/11.25
Local/MCPrcx 70/10.57 | 80/10.8 | Local/MCPrcx 70/10.57 80/10.8

4 +50/12.04 0
Global/MCGBP Global/MCGSP 30/12.26 20/11.7
GPpex /MCSPpax | 70/10.57 | 80/10.8 | LDipcx /MCBPipcx 100/11.07 100/10.98
GPpax /APpcx 90/10.8 60/9.45 LDipcx/ BPipex 80/12.15 80/12.15
Local/MCPrcx 80/11.48 | 60/10.8 | Local/MCPrcx 60/10.8 80/11.48

5 +10/11.95 352
Global/MCGBP 10/11.07 Global/MCGSP 20/11.95
GPpex /MCSPpax | 90/11.43 | 60/10.8 | LDipcx /MCBPipcx 80/11.08 80/11.25
GPpax /APpcx 30/9 70/9.9 LDipcx/ BPipex 60/13.05 100/11.25

6 Local/MCPrcx 30/11.03 | 70/10.57 | Local/MCPrcx 30/11.03 70/10.57 +60/12.88 0
Global/MCGBP Global/MCGSP 30/13.5 30/12.26
GPpex /MCSPpax | 30/11.03 | 70/10.57 | LDipcx /MCBPLpcx 60/12.26 100/11.08

Table 7. Case2-Load details of residential loads connected to respective LDCx without DR.

LDC1 LDC2
Int| MCMGP1ipci £ Lu* | Li2* | Liz* | Lis* | Lis* Lis* |MCMGPipc2 g Lar* | La2* | Las* | Los*
(MCPrpci) ® | ® | ® | ® | ® | ® |(MCPnx) ® | ®» | ® | ®
Corr 14 | 105 | 14 7 10.5 14 Corr 16 24 20 20
(MCPinc1) | (11.48)[(11.48)|(11.48)|(11.48)|(11.48)| (11.48) (MCPripc2) |(11.25)[(11.25)|(11.25)|(11.25)
! 70 07| TLixy 12 9 12 6 9 12 80 0 TLixy 16 24 20 20
(11.48)  [7'| (LCPuy) |(11.48)|(11.48)[(11.48)[(11.48)|(11.48)| (11.48) | (11.25) | 7| (LCPuLy) [(11.25)|(11.25)[(11.25)|(11.25)
GL(MCGSP/ GL(MCGSP/
MCGBP) MCGBP)
Cerr 18 | 135 | 18 9 135 18 Cerr 14 21 | 175 | 175
(MCPioc) | (11.03)[(11.03)|(11.03)|(11.03)[(11.03)| (11.03) (MCPipcz) |(11.03)[(11.03)|(11.03)](11.03)
5 90 09| TLixy 20 15 20 10 15 20 70 07| TLixy 16 24 20 20
(11.03)  [77| (LCPLy) [(11.06)|(11.06)|(11.06)|(11.06)|(11.06)| (11.06) | (11.03) |"| (LCPL,) [(11.08)|(11.08)|(11.08)|(11.08)
GLMCGSP/| +2 | +1.5 | +2 +1 | 415 | 42 GL(MCGSP/| +2 +3 | 25 | 25
MCGBP) | (11.36) |(11.36)|(11.36)|(11.36)|(11.36)|(11.36)) MCGBP) |(11.43)|(11.43)|(11.43)|(11.43)
Corr 18 | 135 | 18 9 135 18 Corr 16 24 20 20
(MCPioc1) | (11.03)[(11.03)|(11.03)|(11.03)[(11.03)| (11.03) (MCPiwe») | (11.7) | (11.7) | (11.7) | (11.7)
3 90 09| TLixy 20 15 20 10 15 20 80 o0g| TLixy 12 18 15 15
(11.03) |77 | (LCPLy) [(11.06) [(11.06)|(11.06)|(11.06)|(11.06)| (11.06) | ~ (11.7) “l @werny | (L7 ALY |17 | (1))
GL(MCGSP/| +2 +1.5 +2 +1 +1.5 +2 GL(MCGSP/
MCGBP) | (11.36) |(11.36)|(11.36)|(11.36)|(11.36) | (11.36)) MCGBP)
Cerr 14 | 105 | 14 7 10.5 14 Cerr 16 24 20 20
(MCPrpci) |(10.57) [(10.57)|(10.57)| (10.57)|(10.57)| (10.57) (MCPripc2) | (10.8) | (10.8) | (10.8) | (10.8)
4 70 07| TLixy 20 15 20 10 15 20 80 o0g| TLixy 20 30 25 25
(10.57)  |7'| (LCPuy) |(11.08)](11.08)|(11.08)|(11.08)|(11.08)| (11.08)| (10.8) P (LCPLy) [(10.98)](10.98)|(10.98)|(10.98)
GLMMCGSP/| +6 | +45 | +6 +3 | +45 | +6 GL(MCGSP/| +4 +6 +5 +5
MCGBP) | (12.26) | (12.26)|(12.26)| (12.26) | (12.26) | (12.26) MCGBP) | (11.7) | (11.7) [ (11.7) | (11.7)
Corr 12 9 12 6 9 12 Cerr 18 27 | 225 | 225
(MCPinc1) | (10.8) | (10.8) | (10.8) | (10.8) | (10.8) | (10.8) (MCPipcz) |(11.48)[(11.48)|(11.48)|(11.48)
5 60 06| TLixy 16 12 16 8 12 16 90 09| TLixy 16 24 20 20
(10.8) Pl (LCPLy) |(11.08)[(11.08)|(11.08)|(11.08)[(11.08)| (11.08) | (11.48) | | (LCPLy) [(11.25)|(11.25)|(11.25)|(11.25)
GL(MCGSP/| +4 +3 +4 +2 +3 +4 GL(MCGSP/
MCGBP) | (11.95)|(11.95)[(11.95)|(11.95)|(11.95)| (11.95) MCGBP)
Cerr 6 45 6 3 45 6 Cerr 14 21 | 175 | 175
(MCPioc1) [(11.0.3)[(11.03)|(11.03)|(11.03)|(11.03)| (11.03) (MCPipc2) |(10.57)[(10.57)|(10.57)|(10.57)
6 30 03| TLixy 12 9 12 6 9 12 70 07| TLixy 20 30 25 25
(11.03) |77 (LCPuy) [(12:26)(12.26)|(12.26)| (12.26)|(12.26)| (12.26) |  (10.57) | "| (LCPLy) [(11.08)|(11.08)|(11.08)|(11.08)
GLMCGSP/| +6 | +45 | +6 +3 | +45 | +6 GL(MCGSP/| +6 +9 | +75 | +75
MCGBP) | (13.5) | (13.5) | (13.5) | (13.5) | (13.5) | (13.5) MCGBP) [(12.26)|(12.26)|(12.26)|(12.26)
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Table 8. Case 2-Trading details of microgrid with DR

Int. | Market pGI® | DG Market e e e L
GPoGx /APpcx 80/10.35 | 70/9.9 | LDincy/ BProes 60/13.05 | 80/12.15
| [ Local/MCPic: 80/11.25 | 60/11.48 | Local/MCPrcx 60/1148 | 80/11.25 | 0100, 0
Global/MCGBP 10/10.94 | Global/MCGSP :
GPpox /MCSPpox | 80/11.25 | 70/11.40 | LDipex /MCBPincx | 60/11.48 | 80/11.25
GPpGx /APpcx 90/10.8 | 70/9.9 | LDincy/ BPinex 93/11.56 | 70/12.6
5 | LocalMCPicx 90/11.18 | 70/11.25 | Local/MCPicx 90/1LI8 | 70/11.25 | ..\ oo 0
Global/MCGBP Global/MCGSP 3/11.26 ’
GPpox /MCSPpox | 90/11.18 | 70/11.25 | LDipex /MCBPincx | 93/11.182 | 70/11.25
GPpGx /APpcx 80/10.35 | 90/10.8 | LDuincy/ BPioes 93/11.56 | 70/12.6
;3 | Local/MCPicx 70/11.47 | 90/11.18 | Local/MCPrcx 90/1L18 | 70/1147 | ) o 588
Globa/MCGBP | 10/11.02 Global/MCGSP 3/11.26 : :
GPpox /MCSPpox | 80/11.41 | 90/11.18 | LDipcx /MCBPinex | 93/11.182 | 70/11.47
GPoGx /APpcx 70/9.9 | 80/10.35 | LDipcy/ BPipcs 93/11.56 | 80/12.15
4 | Local/MCPicy 70/11.03 | 80/10.96 | Local/MCPrcx 80/10.96 | 70/11.03 | 21 4o 0
Global/MCGBP Global/MCGSP 13/11.47 | 10/11.43 |
GPpox /MCSPnox | 70/11.03 | 80/10.96 | LDipcx /MCBPincx | 93/11.03 | 80/11.08
GPoGx /APpcx 90/10.8 | 60/9.45 | LDincs/ BPincx 73/12.46 | 80/12.15
s | Local/MCPucx 80/11.48 | 60/10.96 | Local/MCPrcx 60/1096 | 80/11.48 | ..\ )16
Globa/MCGBP | 10/11.07 Global/MCGSP 13/11.61 ’ :
GPpox /MCSPpox | 90/11.43 | 60/10.96 | LDipex /MCBPincx | 73/11.08 | 80/11.25
GPoGx /APpcx 30/9 70/9.9 | LDincx/ BPinex 46/13.5 | 80/12.15
¢ | Local/MCPicx 30/11.25 | 70/11.02 | Local/MCPicx 30/11.25 | 70/11.02 | 000 e 0
Global/MCGBP Global/MCGSP 16/12.61 | 10/11.43 :
GPpox /MCSPpox | 30/11.25 | 70/11.02 | LDipex /MCBPinex | 46/11.72 | 80/11.07
Table 9. Case2-Load details of residential loads connected to respective LDCx with DR.
LDC1 LDC2
Int| MCMGPLpc: g Lu* | Liz* | Lis* | Lis* | Lis* | Lis® | MCMGPipc2 g Lai* | Lao* | Las* | Las*
(MCPrpci) ® | ®» | ®» | ® | ® | ® | MCPwx) ® | ®» | ® | @®
Cerr 14 | 105 | 14 7 105 | 14 Cerr 16 24 20 20
(MCPinc1) [(11.48)](11.48)|(11.48)|(11.48)|(11.48)|(11.48) (MCPipc2) |(11.25)|(11.25)| (11.25)|(11.25)
! 70 07| TLixy 12 9 12 6 9 12 80 o0g| TLixy 16 24 20 20
(1148) |7'| (LCPuLy) |(11.48)[(11.48)[(11.48)|(11.48)|(11.48)|(1148)| (11.25) | °| (LCPL,) [(11.25)|(11.25)|(11.25)|(11.25)
GL(MCGSP/ GL(MCGSP/
MCGBP) MCGBP)
Corr 18 | 135 | 18 9 135 | 18 Corr 14 21 | 175 | 175
(MCPioc) [(11.18)[(11.18)|(11.18)|(11.18) [(11.18) | (11.18) (MCPipc2) |(11.25)|(11.25)| (11.25)|(11.25)
5 90 09| TLixy 20 15 20 10 12 16 70 07| TLixy 12 18 20 20
(11.18) |77 (LCPuy) |(11.19)[(11.19)|(11.19)|(11.19)[(10.91)|(10.91)|  (11.25) |"| (LCPu,) [(11.25)|(11.25)|(11.25)|(11.25)
GLMMCGSP/| +2 | +15 | +2 +1 | <15 | -2 GL(MCGSP/| -2 3| 425 | 425
MCGBP) |(11.26)|(11.26)|(11.26)|(11.26)| (9.01) | (9.01) MCGBP) |(11.25)|(11.25)| (11.25)|(11.25)
Corr 18 | 135 | 18 9 135 | 18 Corr 16 24 20 20
(MCPioc) [(11.18)[(11.18)|(11.18)|(11.18) [(11.18) | (11.18) (MCPipc2) |(11.47)|(11.47)| (11.47)|(11.47)
3 90 09| TLixy 20 15 20 10 12 16 80 o0s| TLixy 16 24 15 15
(11.18) |77 (LCPLy) |(L19)|(11.19)[(11.19){(11.19)[(10.93)|(10.93)| (11.47) |"°| (LCPL,) [(1147)|(11.47)[(11.47)|(11.47)
GLMMCGSP/| +2 | +15 | +2 +1 | <15 | -2 GL(MCGSP/
MCGBP) |(11.26)|(11.26)|(11.26)| (112) | (9.01) | (9.01) MCGBP)
Cerr 16 12 16 8 12 16 Cerr 14 21 | 175 | 20
(MCPioc1) [(10.96)](10.56)|(10.96)|(10.96) | (10.56) | (10.96) (MCPipc2) |(11.03)[(11.03)|(11.03)| (10.8)
4 80 0g| TLixy 20 15 20 10 12 16 70 07| TLixy 12 18 25 25
(10.96) || (LCPLy) |(11.06)|(11.06)|(11.06)|(11.06)[(10.96)|(10.96)| (11.03) | ~"| (LCPy) [(10.71)|(10.71)|(11.15)|(11.15)
GL(MCGSP/| +4 +3 +4 +2 GL(MCGSP/| -2 3| 475 | +755
MCGBP) |(1147)[(1147)[(11.47)|(11.47) MCGBP) | (9.14) | (9.14) | (11.43)|(11.43)
Corr 12 9 12 6 9 12 Corr 18 27 | 225 | 225
(MCPioc1) [(10.96)](10.96)|(10.96)|(10.96) | (10.96) | (10.96) (MCPipcz) |(11.48)|(11.48)|(11.48)|(11.48)
5 60 06| TLixy 16 12 16 8 9 12 90 09| TLixy 16 24 20 20
(10.96) || (LCPuy) |(11.12)[(11.12)[(11.12)|(11.12)[(10.96) | (10.96)|  (11.48) |~ | (LCPL,) |(11.25)|(11.25)|(11.25)|(11.25)
GL(MCGSP/| +4 +3 +4 +2 GL(MCGSP/
MCGBP) |(11.61)[(11.61)[(11.61)|(11.61) MCGBP)
Cerr 6 45 6 3 4.5 6 Cerr 14 21 | 175 | 175
(MCPinc) [(11.25)[(11.25)|(11.25)|(11.25)|(11.25) | (11.25) (MCPipcz) |(11.02)[(11.02) | (11.02)|(11.02)
6 30 03| TLixy 12 9 12 6 3 12 70 07| TLixy 12 18 25 25
(1125) |77 (LCPLy) |(11.93)|(11.93)[(11.93)[(11.93)[(10.67)|(10.67)| (11.02) || (LCPL,) [(10.70)|(10.70)|(11.14)|(11.14)
GL(MCGSP/| +6 | +4.5 | +6 +3 ] <15 | -2 GL(MCGSP/| -2 3| 475 | +75
MCGBP) |(12.61)](12.61)|(12.61)|(12.61)|(10.09) | (10.09) MCGBP) | (9.14) | (9.14) [ (11.43)|(11.43)
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Case 1 is 11.16 INR/kWh and Case 2 is 11.41 INR/kWh.
Clearly the selling prices are increased.

Similarly, in Fig.8, during the time interval 3 (for the
buyer), BPipci of LDC1 before the execution of DR
program in both the cases is 11.25 INR/kWh and after the
execution of DR program is 11.56 INR/kWh. MCBPrpc1
before the execution of DR program in Case 1 is 11.25
INR/kWh, and in Case 2 it is 11.182 INR/kWh. Again, it is
clear that the buying price has decreased. Thus, the proposed
trading mechanism is beneficial to both the stake holders.

em=gu== DISTRIBUTION GENERATION SUPPLY IN MICROGRID
e=g== MICROGRID LOAD CONSUMPTION BEFORE DR
z wsfp== MICROGRID LOAD CONSUMPTION AFTER DR
%300

Z

gzoo

= 100 r | I #
=}

~ 0

INTL INT2 INT3 INT4 INT5 INT6
Time intervals

Fig. 4. Supply and Demand curves.
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2
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20 Leoplo 2 M3T g 5 6
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Fig. 5. Microgrid Import/Export power before and after
DR.
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Fig. 6. DG1, ask and market cleared prices before and
after DR.
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12,15 m LDC2 market cleared
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12,15
= LDC2 Bidding Price in
case2 after DR2
12,15
5 12,15 m LDC2 market cleared
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12,15 DR
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2 12,15 m LDC2 Bidding Price in
126 casel before DR
12,15
12,15
1 12,15
12,15
12,15
r T 1
10 12 14
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Fig. 9: LDC2, bid and market cleared prices before and
after DR.

Fig. 10(a) and 10(b) shows the comparisons of LCP in
both the cases, before and after the execution of DR for the
customers Li1 (DR non participating customer) and Lis (DR
participating customer). It is clear that, the customers
participating in DR options are benefited by the proposed
incentive policy, and in addition, there an effective variation
in LCP of non DR participating customer. (e.g.: during the
time interval 2, LCPr;; and LCPr;s before execution of DR
program in Case 1 is 11.28 INR/kWh and in Case 2 is 11.06
INR/kWh, and after execution of DR program, LCPL:; in
Case 1 is 11.41 INR/kWh and Case 2 is 11.19 INR/kWh, and
LCPLis in Case 1 is 10.9 INR/kWh and Case 2 is 10.9
INR/kWh.)

Fig.11 shows the comparison of MIAPt, before and
after the execution of DR in both the cases. It is observed
that, DR participation of some of the LAxy and the proposed
second energy trade mechanism effectively decreases the
MIAPT. (e.g.: during the time interval 3 in Fig.11,MIAPT
before execution of DR in Case 1 is 180 INR/time interval
and Case 2 is 54.4 INR/ time interval, and after execution of
DR in Case 1 is 52INR / time interval and Case 2 is 2.88
INR/ time interval). Thus the proposed second energy trade
mechanism increases the profit margin of the stake holders.
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E mLCPof L11 before DR in
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&= mLCP of L11 before DR in
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11,48
1 11,48
11,48
11,48
r T T 1
10 11 12 13
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Fig. 10(a). LCP of L1t
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Fig. 11. Comparison of MIAPt before and after DR.
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6. Conclusions

The microgrids are becoming more complex and active
systems. Although there are several advantages of this
development, there exist diverse set of challenging issues as
well. The management of the DERs with a competitive
trading mechanism is one among these challenges.

In this paper, a MEMF for trading and managing the
power in a grid-tied microgrid with DR is presented. The
proposed MEMF and energy trade mechanisms to co-
ordinate local and global market auctions are validated using
a test distribution system. The effect of DR participation on
bidding and market clearing prices of DGs and LDCs from
the proposed novel linear bidding algorithm and energy trade
mechanisms are presented. The simulation results indicate
the effectiveness of the proposed new trading mechanism in
the global market, as it enhances the profit margin of stake
holders compared to a similar trading mechanism used in
[14,25]. The MEMF with DR is also very effective in
mitigating/reducing the overall peak demand and
dependency on the grid. It is also found that the customers
participating in DR were benefited by the proposed incentive
policy and effective variation in LCP of non DR
participating customer due to DR participation of some of
the customers in the DN. The main outcomes of this work
can be summarized as follows:

1. A linear bidding algorithm is introduced to decide the
quote prices of stake holders for day-ahead market
auction.

2. A new trade mechanism is designed for global market
auction based on supply demand mismatch of microgrid
and limiting prices of the grid in order to increase the
profit margin of stake holders.

3. A novel load distribution management mechanism is
introduced in LDCs by introducing a factor (DLCF) and
clearing power for customer (Ccrp) in the local market
auction.

4. The control to exercise the DR options is given to the
customers rather than the aggregator.

5. A novel 'give-up' policy is introduced for the customers
and the generally used incentive policy is also modified
to yield more benefits to the customers when they are
participating in DR program.

Acknowledgement:

This research was supported by Visvesvaraya Technological
University, Jnana Sangama, Belagavi-590018, Karnataka,
India.

References

[1] C. M. Rangel, D. Mascarella, and G. Joos, “Real-Time
Implementation & Evaluation of Grid- Connected
Microgrid Energy Management Systems,” IEEE

Electrical Power and Energy Conference (EPEC),
Ottawa, ON, Canada, pp. 17-19, 12-14, Oct- 2016.

[2] Ram Shankar Yallamilli and Mahesh K Mishra, “Power
Management of Grid Connected Hybrid Microgrid with
Dual Voltage Source Inverter”, 5" International
Conference on Renewable Energy Research and
Applications, Birmingham,UK,pp.407-412,Nov-2016.

[3] Q. Li, F. Chen, M. Chen, J. M. Guerrero, and D. Abbott,
“Agent-Based Decentralized Control Method for
Islanded Microgrids,” IEEE Trans. Smart Grid., vol.7,
PP. 637-649, March-2016.

[4] Sertac Bayhan,Yupeng Liu and Sevki Demirbas," A
Novel Energy Management Algorithm for Islanded AC
Microgrid  with Limited Power Sources", 6%
International Conference on Renewable Energy
Research and Applications, San Diego,CA,USA,pp.64-
69,Nov-2017.

[5] L.Bagherzadeh,H. Shahinzadeh and G. B. Gharehpetian,
“Scheduling of Distributed Energy Resources in Active
Distribution Networks Considering Combination of
Techno-Economic and Environmental Objectives,” The
34th International Power System Conference (PSC2019)
9-11,December,NirooResearch Institute, Tehran,Iran.

[6] Abdulfetah Shobole,Mohammed Wadi,Mehmet Rida
Tur and Mustafa Baysal,"Real Time Active Power
Control in Smart Grid", 6™ International Conference on
Renewable Energy Research and Applications, San
Diego,CA,USA,pp.586-590,Nov-2017.

[7] Teppei Baba,Yuji Mizuno,Yoshito Tanaka, Fujio
Kurokawa and Masaharu Tanaka, “Comparison of
Optimum Energy scheduling of Emergency Generators
of Large Hospital with Renewable energy System Using
Mathematical Programming Method”, 6 International
Conference on Renewable Energy Research and
Applications, San Diego,CA,USA,pp.519-523,Nov-
2017.

[8] H. Shahinzadeh, J. Moradi, G. B. Gharehpetian, S. H.
Fathi, and M. Abedi, “Optimal Energy Scheduling for a
Microgrid Encompassing DRRs and Energy Hub
Paradigm Subject to Alleviate Emission and Operational
Costs,” 2018 Smart Grid Conf., pp. 1-10, Oct- 2019.

[9] Matin  Meskin,Praveen Iyer, Alexander = Domijan
and Ilya Grinberg “Enhancement of over current
protection in active medium voltage distribution
networks” IEEE 6" International Conference on
Renewable Energy Research and Applications, San
Diego, CA, USA,pp.937-942,Nov-2017.

[I0]N. Bayati, H. R. Baghaee, A. Hajizadeh, and S.
Member, “Localized Protection of Radial DC
Microgrids with High Penetration of Constant Power
Loads,” IEEE Systems Journal,June-2020.

[11]N. Bayati, H. Reza, A. Hajizadeh, M. Soltani, and Z.
Lin, “Mathematical morphology-based local fault
detection in DC Microgrid clusters,” Electr. Power Syst.
Res.,pp.106981,Nov-2020.

[12]W. Li, T. Logenthiran, W. L. Woo, V.-T. Phan, and D.
Srinivasan, “Implementation of Demand Side
Management of a Smart Home using Multi-Agent
System,” IEEE Congress on Evolutionary Computation
(CEC), Vancouver, BC, Canada, pp. 2028-2035, 24-29
July 2016.

209



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
H.M. Manjunatha and G.K. Purushothama, Vol.11, No.1, March, 2021

[13]A. Malik and J. Ravishankar, “A Review of Demand
Response Techniques in Smart Grids”, IEEE Electrical
Power and Energy Conference (EPEC),Ottawa, Canada,
12-14,0ct.2016.

[14]H. S. V. S. K. Nunna, S. Doolla, and A. Shukla, “Multi-
agent application for demand response in microgrids”
IECON Proc. (Industrial Electron. Conf.) ,Vienna,
Austria,pp.7629—-7634,Nov-2013.

[15]1Z. Zhou, F. Zhao, and J. Wang, “Agent-Based
Electricity Market Simulation With plug-in hybrid
electric vehicle penetration” [EEE Trans. Smart Grid,
vol.2,pp.580-588,july-2011.

[16]T. Logenthiran, Dipti Srinivasan and David Wong,
“Multi-Agent Coordination for DER in MicroGrid”
IEEE International Conference on Sustainable Energy
Technologies, Singapore pp. 77-82, Nov 2008.

[17]S.D.J.Mcarthur, EuanM.Davidson, VictoriaM. Catterson,
Aris L. Dimeas, Nikos D. Hatziargyriou, Ferdinanda
Ponci and Toshihisa Funabashi, “Multi-Agent Systems
for Power Engineering Applications-Part I:Concepts,
Approaches  and  Technical = Challenges”,/EEE
Transactions on Power Systems, vol. 22, pp. 1743—
1752, Oct-2007.

[18]D. E. Olivares, S. Member, and C. A. Caiiizares, “A
Centralized Energy Management System for Isolated
Microgrids” IEEE Trans. Smart Grid,vol. 5, pp. 1864—
1875, july-2014.

[19]S. K. Agrwal and R. Kumar, “Centralized Multi-agent
Self-healing Power System with Super Conducting Fault
Current Limiter” IEEE Conference on Information &
Communication Technologies, Thuckalay, Tamil Nadu,
India, India, pp. 622-627, April -2013.

[20]M. Sabounchi and Jin Wei, “A Decentralized P2P
Electricity Market Model for Microgrids”, IEEE Power
Energy Soc. Gen. Meet., pp. 1-5, Aug -2018.

[21]M. Mao, P. Jin, and N. D. Hatziargyriou, “Multiagent-
Based Hybrid Energy Management System for
Microgrids” [EEE Trans. Sustain. Energy, vol. 5, pp.
938-946,April -2014.

[22] T. Samad, E. Koch, and P. Stluka, “Automated Demand
Response for Smart Buildings and Microgrids: The
State of the Practice and Research Challenges” Proc.
IEEE, vol. 104, pp. 726744, April-2016.

[23]W. Fushuan and A. K. David, “Bidding strategies in
electricitymarkets” Dianli Xitong Zidonghue/Automation
Electr. Power Syst., vol. 24, pp. 5—6, 2000.

[24]M. Prabavathi and R. Gnanadass, “Electric power
bidding model for practical utility system”Alexandria
Eng.J.,vol.57,pp.277-286, March -2018.

[251H. S. V. S. Kumar Nunna and S. Doolla, “An intelligent
energy management framework to incorporate demand
response and storage in microgrids,” 2012 Annu. IEEE
India Conf. INDICON 2012, pp. 1063—-1068, 2012.

[26]H. S. V. S. K. Nunna and S. Doolla, “Energy
Management in Microgrids Using Demand Response
and Distributed Storage-A Multiagent Approach”, IEEE

Transactions on Power Delivery ,vol. 28, pp. 939—
947,April-2013.

[27]1K.Chen,J.Lin,andY.Song, Trading strategy optimization
for a prosumer in continuous double auction- based
peer-to-peer market: A prediction-integration model,”
Appl. Energy, vol. 242 | pp. 1121-1133, Feb-2019.

[28]J. Wang, Q. Wang, N. Zhou and Yu. Chi “A Novel
Electricity Transaction Mode of Microgrids Based on
Blockchain and Continuous Double Auction,” energies,
pp. 1-22, Nov-2017.

[291Y. Zhou, Y. Chen, G. Xu, and C. Zheng, “Home Energy
Management From Demand Side in Smart Grid *,”
IEEE Innovative Smart Grid Technologies - Asia (ISGT
ASIA) pp. 180-185, 2014.

[30]P. Vytelingum, D. CIiff, and N. R. Jennings, “Strategic
bidding in continuous double auctions” ,Artificial
Intelligence ,Science direct, vol. 0505, pp. 1700-1729,
Sep -2008.

[311M. Anufriev, J. Arifovic, J. Ledyard, and V. Panchenko,
"Efficiency of continuous double auctions under
individual evolutionary learning with full or limited
information", Journal of Evolutionary Economics ,vol.
23,pp.539-373. May -2013.

[32]H. S. V. S. K. Nunna, S. Member, and S. Doolla,
“Demand Response in Smart Distribution System With
Multiple Microgrids” [EEE Trans. Smart Grid,vol. 3,
pp. 1641-1649, Dec -2012.

[33]H. Kim and M. Thottan, “A two-stage market model for
microgrid power transactions via aggregators” Bell Labs
Tech. J., vol. 16, pp. 101-107, 2011.

[34]W. Shi, S. Member, X. Xie, C. Chu, and R. Gadh,
“Distributed  Optimal Energy = Management in
microgrids” IEEE Trans. Smart Grid, vol. 6, pp. 1137—
1146, May- 2015.

[35]H. S. V. S. K. Nunna and S. Doolla, “Demand Response
in Smart Microgrids” IEEE PES Innovative Smart Grid
Technologies — Kollam, Kerala, India ,pp. 0-5, Dec -
2011.

[36] Mathcentre, “Equations of straight lines,” Math Cent.,
pp-1-11,2005,[Online]. Available:http://www.mathcentr-
e.ac.uk/resources/uploaded/mc-ty-strtlines-2009-1.pdf.

[37]K. Margellos and S. Oren, “Capacity Controlled
Demand Side Management: A Stochastic Pricing
Analysis” IEEE Trans. Power Syst., vol. 31, pp. 706—
717,Jan-2016.

[38]0. Abrishambaf, M. A. F. Ghazvini, L. Gomes, P. Faria,
Z. Vale, and J. M. Corchado, “Application of a Home
Energy Management System for Incentive-Based
Demand Response Program Implementation”,27th
International Workshop on Database and Expert
Systems Applications (DEXA), pp. 153—-157, Sept- 2016.

[39]D. Chen, L. Xie, H. Zhong, and Q. Xia, “The scenario
approach for demand response providers in capacity
markets” 2017 IEEE  Manchester — PowerTech,
Manchester, UK, June -2017.

210



