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ABSTRACT

The present infistructure of energy delivery wagsigned over 60 years agiah the goal
to becentralzed. However, it is aging and is undgilized, which will potentially limit the world's
ability to achieve its energy objectiv&he lack of vibrant control on the grid makes it difficult to
stop cascading power faily@ndto achievehigh penetratioof renewable energy resourgesch
as wind and solathus resulting ingrid instability. A decentralized and distributed control
mechanism implemented with a definite communication protocol stohes issues mentioned
aboveThe electric power grid goirigto the future is expected to consists of distributed generators
and loadsThe implementation ad distributeccontrol will benefitutility servicesand will create
financial advantages.

One of the best solutisns to organize thesdistributed generats (DG)in a micregrid
structure which will therronnectto the main grid through the point cdmmoncoupling (PCC).
A proper organization and control of tMecrogrid is always a big challeng&o overcome this,
using cooperative control makes it polsl& to bring together different agents in the networked
systems as a group and realize the desired objective. The micro grid power objective is set by a
virtual leader ands transferred to the other agents in the system througbahcommunication
chanrel.

A distributedcooperative control is formulated to effectively organize all the DGs in the
Microgrid to produce th@ecessargctive and reactive power to satisfy multiple objectitesot
only satisfies the active power flow from the main grid tmastant but also reduces the reactive
power flow to the main grid. Moreover, the algorithm can be used to implement the demand
response continuously using a combination of DGs and their local controllablellbadgproach



is to use distributethvertas with the aid of multiple local communication channelsdctive

power compensation of tmeicro-grid in reakttime in a distributed andooperativemanner.
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CHAPTER ONE: INTRODUCTION

Energyis one of the leading contributors to the economic development of any country.
Energy plays a vital roleof developing countrieBke India because it has to serve its large
population[1]. Establishing a large power grid serving billionspafople requires aignificant
investment.

T h e wagrowind @opulation has createmlot of problems that exist today. The most
importantissueof all is global warming caused by the abundancgreenhouse gases present
the atmosphere. Many of thegeenhousgasesuch as C@are produced frorpowerplantsall
over the worldourning fossil fuel.

To reduce these emissions out into threasphere alternative sources of energy must be
used. In the last two decaddsoth solar and wind energhave becomean alternative to
conventionaénergyresourceg2]. These alternative energgsources are nepolluting,abundant
and renewable. In recent yeathanks to theadvancein technology better manufacturing
processes have decreased their capital dusssnaking them more attractive. This has led to the
outbusst of the distributed generators (DGs) &mart Gridconceptg3].

The United States of Americs among one of the leading countries in Wld and as
such, theynvest lots of money and resources inittigewable energy sourceq. Figurel shows
US maps of the solar and wind ener{iis illustration isprovided by the Natioal Renewable
Energy LaboratoryNREL)).

The other factors thahotivateconcepts such adicrogrid andSmart Gridareimproving
the reliability of the power systemWith the conventional centralized power system, any
disturbancecan cause the complete fare of the grid(not all disturbances cause complete grid

1



failure butthere is a possibility®]. For instancgtheblackoutghat occurredhappened ithe USA

in 2003[6] andin Indiain 2012[7] caused billions of homes looseelectricity for several days.
Theworld& power delivery system consists afarge numbebf substations, transmissidines

and distributiondines, which are not designed to withstand or quickly recover from outages. The
number and duration of power outages in the U.S. continue to rise, driven primarily by weather
related incidents such as Hurricane Irene and Superstorm Sandy. The averagelunataon in

the U.S. is 120 minutes amglrising annually{8].

Photovoltaic Solar Resource
oe United States

Annual average solar resource
data are shown for a tilt=latitude
ollector. The data for Hawaii and the
 contiguous states are a 10 km satedlite
modeled dataset (SUNY/NREL, 2007)
representing data from 1998-2005,

The data for Alaska are 3 40 km

dataset produced by the

Climatological Solar

Radiation Model

5 (NREL, 2003),
[ kWh/m?/Day ‘ P
E——— POy

=1

{D S S 0 S g ONRSL

8
uthor - Billy Roberts - October 20, 2008 This map was produced by the Naticnal Renewabile Energy Laboratory foe the US, Department of Energy.

Figure 1 Photovoltaic Solar Resources of the United States, Courtesy of NREL



TheGoal of My Thesis

The goal of my thesis is to develaghardwareexperimental setup o8mart Gridand
communication in collaboration with Texas Instruments. The experimssti#bis a Microgrid
testbedsetupcomprisel of multiple load locations. The various algorithms such as distributed
cooperative controland distributive cooperative optiization lave been developed and
implemented in the test bed. The algorithms have been simulated using the MATLAB SimPower
System toolbox and results have been obtained. The test bedagiapportunityfor various
people such as industrial experts, students, eseharcherto work hands omvith it and practice
their own algorithm. The main goal dfeveloping this demo setup is to check how various
evaluation modules can be interconnected in the system and how various algorithms gets reacted
to it in real time handare setup. The evaluation modules in Kerogrid test bed comprises of

smart meter, grid tie inverters, computer controllable loads and data concentrators.

Organization of My Thesis

The introductve chapter of my thesis defines the goal of my theass,well as the
background information of my thesis topics which incliMerogrid, Smart Grid, Advanced
Metering Infrastructure, Demand Response and Distributed Energy Resources.

Chapter 2 gives an overview of tihdicrogridt est bed t hat ésoftheeen bu
various equipment thdtasbeen used to build the experimental setup such as smart meters, grid
tie inverters and computer controllable logdsnd finally ageneral idea about how the different
equipmentsan communicate within themselves and with ogguwipmentslt also covers the

Graphical User Interface thiasbeen developed as a partlo¢ experimentasetup.



Chapter 3 provides a detailed explanation of the Cooperative Distributive Algorithm that
has been implemented to achieve the Demand Response (DRMictbgrid, andhow the DR
can be implemente&nd anoverview ofthe simulation andts resultswhich isdiscussed in this
chapter.

Chapter 4 provides a detailed explanation of the cooperdistributed optimization that
has been implemented to achieve the unified voltage profile acrosidtegrid and how the
algorithm has been implemewtusing the MATLAB Sim&ape Power Systems and the simulation
resultshave been shown and discussed.

Appendix A gives a detailed information about the code for communication between the
smart meters and steps involved inatd Appendix B offers programthatre being used to

develop the graphical user interface.

Microgrid

The concept of a Microgrid came considered to be a collection of various loads and
distributed generation on the distribution segment of the Miwtogrid [9] offersa viable solution
duringa suddenpower outage. During power outages or emergencies, the part of the grid which
is unaffected can detach itself from the utilities and coordinate the generator in the area and power
the grid. Rather than having backup geers turned on throughout the restoration peridu
illustrative construction and operation of tlkcrogrid [10] is shownin Figure2. According to
National Electrical Manufactures Association (NEMA)1], there are numerous advantages of
Microgrid beyond the backup generators,

1 It encouragethe installation of nomronventionaknergy resources suchtagwind, solar



and bigas.
1 Electrical eergystored in the battery and the Hybrid &lec Vehicles
TheMicrogrid cansensecritical loads in case of power outage, it reroutes pooveritical
areas as possible given any situatlen there is a power outage occurs inNterogrid and it
selfheals at any given situatioMlicrogrid comprisedour keypropertied12] as follows:
1 The ElectricityGeneration is local and distributdttough the installation of rooftop solar
panels at home, windmills and solar farms
1 The loads are distributed and local.
91 During power outage or system failure thkcrogrid has the ability to selfieal and
automatically detach itself from the main guiatil the system is brougbgckto the normal
stage.

i Utilities in theMicrogrid can work togther for the better performance
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utility connection_
or interconnection

Microgrid
control system
Active balancing
among energy sources
and energy-consuming devices.

Smart buildings,
smart campuses,
smart communities.

Ring pys . microgrid | erimeter
Figure2 Microgrid, CourtesyMicrogrid Institute

SmartGrid

The modern power system made up afnetwork ofvery long transmission lines,
substation, transformers and more that deliver power from the power plants to the home. The DOE
definition of theSmart Grid[13] is definedasi A s mar t er gri d toalpand i es t
techniques available now to bring knowledge to pdweowledge capable of making the grid
work far more efficientlyd

The Green American Design Gro{f4] notes that thenain advantages of the srtex
electric gridareas follows:

1 Smart grid updates existing power infrastructure which increases the reliability and safety
of the existing grid.

1 Easy tomaintain, service and decreases power outage.



1 Encourage more renewable energy generation across the system.
1 Reduces the pollution by promoting renewable energy.
1 Introducing advancements and efficiencies yet to be envisi¢@GadG).
The electricpowerindustry is set tdoring out arevolution from a more decentralized,
producer controlled network to the one that is less centralized and more coigenaetive. The
move to completelghange the grid is going to creaeevolutionin the history ofthe power

sector. With minimal humaimteraction the amount of energy is going to be saved is tremendous.

Advanced Metering Infrastructure

According to the Department of Energydvanced Metering Infrastructufé5] allows
utilities to collect, measure and analyze energy consumption data for grid management, outage
notification and billing purposes viavo-way communicatiorj16]. This utility network would
have four tiersn the Smart Grid architectuf&7]:

1. The core backboriethe primary path to the utility data center;

2. backhaul distributioii the aggregation point for neighborhood data;
3. the access poirittypically the smart meter;

4. Andthe HANT the home network.

Technologies that are requred for on-premises networking

Home Area Network (HANSs), the bandwidth needsat@omplish this will likely fall
between 10 and 100 kbps per node/device; the required level of reliability may fall into the 99
percent to 99.99 percent range; the ideal latency fbome applications should be between 2 and

15 second«ZigBed18] offers the convenience of being wireless while requiring little power, and



both techologies, notwithstanding being relatively ldsandwidth, are costffective andlexible.
Home Plud 9], a form of powerline networking that carries data over the existing electrical wiring
in the home.

Technologies that are required to transmit the informaton collected from the
premises
The availability of emergency peer backup at the meter will not be critical becaushame
metering services are not needed during outages.rRioeearrier (PLC) technology is tmeost
common in rurabndlow-density areashere wireless coverage is less availahle to theilow
bandwidth (often below 20 kbps) and requires bypasses this grid element that would normally
scramble the PLC signal (like transformers).

The backhaul of information from aggregation points to the utility typically function over
private network$20].

1 Backhaul can be accomplished using a varietyechnologies, such as fiber, T1, or
microwave networks. Star networks may also be used for backhaul of data from the hub to
the utility, often utilizing commercial wireless connectivity.

1 Many AMI networks only have intermittent connectivity to the utiéisydata concentrators
are used to collect the data of various smart meters atimesabnd send it to the utility
companies both periodically and in real time.

1 Backhauling reatime or nearealtime data from the billions of devices require not only
tremendoudandwidthbut also data storage capacities well beyond the current installed

base.



Demand Response

According to the Department of Energy (DOE), demand response can be defthed as
fichanges in electric usage lBynduse customers from their moal consumption patterns in
response t@hanges in the price of electricity over time, or to incentive payments designed to
induce lower electricity use at times of high wholesale market prices orsylm reliability is
jeopardized [21].

Demand Responsis implemented to reduce the electrical usage of the customers in
response to increasing energy price or during the peak loads times. The communication
requiremenf22] for the demand response is very similar to the Advancedrivigtinfrastructure.

The DR is not implemented throughout all @diyhe year, it is implemented during special
days when the present demand is more than the forecasted demand. During DR event utilities
senses the increase in demand, instead of turning on the expensive geldEratas to cut down
the demand by decreag/ increasing the temperature of your air conditioning or reducing the rate
of charging your hybrid electric vehicle or communicating with your inverter to supply the
excessive power from the stored unftke DR can be implemented by the utilities, upetting

necessary approval from the customers and the utilities pay the customer in debates.

Distributed Energy Resources and Storage

According to the Electric Power Research Institute (EPRI) theributed Energy
Resources (DER[16]c an be def i nDER arassnallér pdwer sourses thdt can be
aggregated to provide power necessary to meet regular demattte Alectricity grid continues

to modernize, DER such as storage and advanced renewable technologies can help facilitate the



transition to a smartegrid. © I n present power grid, the DER
complex control mechanism to intece with the existing utility grid. The communication
requirement for the DER is same as that of the AdvaiMetgring Infrastructure During peak

load times, DER can be used to supply the excessive loads. During bright sunny days and heavy
windy days, [ER can be used to store the excessive energy it prodaodean be utilized during

the peak demand time. The complex part is effectively integrating the multiple DER in the grid

and controlling themThe communication network requirement for the vari@chmologies has

been tabulated in table 1, courtesy of Department of Energy.

10



Tablel Wireless Capability for Different Purpose

Bandwidth Latency Reliability Security Backup Power

10-100 Kbps 2-15sec 99 High Not Necessary
99.99%
14Kbpsi 100 500ms 99 High Not Necessary
Kbps severamin. 99.99%
6001500 20msi 99.99i High 24-hour
Kbps 200ms 99.9999% supply
9.67 56Kbps 20msi 99 High 1 hour
15sec 99.99%
9.67 100 2secs 5 99 Relative Not necessary
Kbps min 99.9999% High
9.67 100 100msi 2 99 High 241 72 hours
Kbps secs 99.9999%

11



CHAPTER TWO: MICROGRID TEST-BED SETUP

Introduction

Reactive power is present everywhere in the modern electrical system that demands careful
compensation. One of the modern appreaththe reactive power compensation is to use locally
advanced inverters coupled to the grid/battery for the local reactive power compensation. A
Microgrid setup with distributed energy resources is built in collaboration with Texas Instruments.
This chapterdeals with he Hardware seidn, consists of various evaluation modules used in
building the tesMicrogrid setup and how the communication between the evaluation modules has
beenestablishedThe evaluation modulediscussed later in the chaptee smarmeter, grid tie
inverter and computer controllable loads. The other topics discussed in the chapters are
communication between the smart meter and the communication between treigverter and

the smart meter.

Microgrid Description

The systenshown in Figure2 comprise®f three load location i.e. loddcationl, load
location2 and loadocation3. The loads in thdlicrogrid consists of both theonstant impedance
loads andvariable impedance loads the current setup, load 2 @ adjustable AC load bank,
either inductive or capacitiv&he loads in thdlicrogrid vary arbitrarily, the requirement for the
active and reactive power also vari€he main objective is to minimize the amount of reactive
power supplied from the main griihe main approach is to use distributed inverters, with aid of

multiple local communication channels, for reactive power compensation dfithegrid in a

12



reakttime, distributed and cooperative mannérhe schematic diagram of tiMicrogrid setup is

shown inFigure3.

TL

0.128+i0.064 0.128+i0.064
4 v \ 4

L1 L2 L3

TL - Tie line which connects Main Grid and Microgrid

L1 - Load location -1 with Distributed Generator (DG)

L2 - Load location -2 with out Distributed Generator (DG)
L3 - Load location -3 with Distributed Generator (DG)
MG - Main Grid

GTI - Grid Tie Inverter

Figure 3 Schematidiagram of theMicrogrid Setup

Smart Meter

Energy meteis a type of equipment used to measure amount of electrical energy consumed
by the device or the un®Poweris defined as the product voltage and curref3]. Energy is the
power integrated over time and is measurddawatt-hours(kWh). Thereare two types of energy
meters: electromechanical meters and electronic meters. The electromechanical [déter
operates on the principle thasdrotates at a rate directly proportional to the power consumption
and by counting the number of rotations the disc made the power consumed is cdR%bijaldo:

reading of the electromechanical meter is done manually. The electronic meter makes use of the

13



digital signalprocessorgDSP)and microcontrollers for the metering purp@sel isextremely

accurate for the measurement reading and display it on the LCD sEheesmart meteshown

in Figure 3 has special features such as NILM (Natrusive Load MonitorindP6]. Each and

every device has its owroltage and current signatuiz7]. NILM is a procesdy examining the

changes in the voltage and current signature of the powensgstbvhat type of device or units

is turned on. The main objective of using the smart meter in this system is to measure the real time

AC power values. Themart meter is used to calculate the following parameters and it can be
calculated in real time shcasreal power, reactivepower, apparenpower, RMS voltage, RMS

current, frequency and power factor. These smart meters can be easily interfaced with the PCs
[28]. The smart meter wused to build this test be

smart meter is shown Figure4.

Figure4 Smart Meter

Communication between the Smart Meters

An interesting featurabout the smart meter is that they can talk to each other, with other

entities in the system andd¢astomershrough the interactive Graphical User Ifisee (GUI). The

14



smart meter can communicate with other smart devices and technologies through wirelgss
communication. The ieless communication can be done in two w8 HAN (home area
network) and WAN yide areanetwork).

The HAN is a secure network similar to the wireless systems in your home internet
connectionlt allows the smart metéo communicate with the other meters in your home such as
gas meter, water meter, personal compuated irhome displays.

The WAN is atype of mobile network thais usedto send and receive data. It allothe
smart meter to send and receive {afj and alsdo communicate securely outside the home using
the mobile network. Once the data is collected in the smart meter, it transfers the data back to the
energy supplier for billing and other purposes.

The wired communication can be daheough Ethernetables or USB cables connected
to the computer. In &rgersystem the communication between the smart meters are achieved
through the data concentrators. Data concentrators are the combination of the hardware and the
software module that connects a large number of the smart meters to one destinatien trel th
data values are transferred to the utilities for various functions such as loéihgime pricing,
etc.

Both the wired and wireless communication has been implemantad Microgrid test
bed. The wired communication for tMécrogrid testbedhas been implemented using the RS232
USB cable, the RS232 pin is attached to the smart meter and the USB part of the pin is attached to
the computer. In the computer each USB pin act as a serial COMapdgach smart meter is
assigned t@ particular @M portsuch as COM9The smart meter sends in the data pack to the

COM port and a program is written in order to fetch data pack from the COM port and convert it

15



to the real time values. The data pack consists of lot of information such as size ofcHata pa
voltage, current, active, reactive, apparent power vandsdentification number for each smart
meters. The big disadvantagkthis method is the assigning of the COM port to the smart meters
and its overcome by the wireless communication.

The wireless communicatioaf the smart meter is implemented using the RF wire cars
from the Anaren RF. Each smart meter is attadoethe RF card which act as a transceiver,
transmit the data packet from the smart meter. They have a common receiver, whies rtheei
signal and transmits to the utilities for other functions. The receiset8B devicewith the RF
receiver in it. The USB is attached to the computer which at@$B serial COM port, then the
program can be used tead the incoming data pacland then the smart meter identification
number in the data pack is used to identify whichipaar smart meter these datrresponds to.
Irrespective of the large number of the smart meter, there will be only one receiver attached to the

computer whib receives all the data packs.

Grid-tie Inverter

The grid tie invertef31] shown inFigure5 is a power inverter that comie direct current
(DC) electricity into an alternating currerAQ). This allows synchronizing to interface with a
utility line. The main application of the grid tie inverter is converting the power produced by the
solar andvindmill into an alternatinggwer for tying itin withthegridToday 6s gri d ti e
is more advanced, as they can monitor the solar output, track the maximum power and operate at
that point,compensatesgeactive power, monitor the grid and islanding operafitrese inverters

are active as long as sun/wind is available, if the sun is out or the wind is not blowing the inverters
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becomes idIB2]. The best way tmcrease the effective use of grid tie inverters is to operate them
as VAR compensators to generate reactive power whenever pg3siblEhe GTI inverter used
in the Microgrid setup buildup is donated by the Texas Instruments and the grid tie inverter is

shown inFigure5 and the graphical user interfaafethe grid tie inverter is shown Figure6.

Figure5 Grid Tie Inverter

¥l €2000 Solar Micro Inverter, F28035

Inv GuiHardware Setup

PV Panel Measurement PV Inverter Control
Panel Volt 2059 vois
el Vo “ Tnv Start
| Panel Current 008 amps

DC Bus 444 vois

Grid Measurements °
nnnnnn Status
Grid RMS Voltage 122,92 volts

Inverter State

Grid RMS Current  0.02  Amps
Idle

Power Fedinto Grid  0.89  watts

Grid Frequency 59.875 1z

. e

iafivigzer
s 51 T- s
’ﬁTE:?:j: SRSk L :;l{—

1 1

Figure6 GTI- GraphicalUserInterface
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Communication between the Smart Meter and the Grid Tie Inverter

The smart meter can communicate with the other dewieesshare datandsend signals
to control. IntheMicrogrid test bed, there is a multimode communication betweesntlagt meters
and the grid tie inverters. The smart meters send in control signals to the inverters how much of

the active and reactive powmustbe produced out of their actual capacity.

Computer Controllable Loads

The three load locations i.e. load dbon 1, load location 2 and load locationdhsists of
loads that can be varied from a compuiBne load locatiorl and load location 2 consists of
constant impedance lodil$n the current setup, the load location 2 is an adjustable AC load bank
both with aninductiveload bank as shown Figure7 and capacitive loaldackas shown irFigure
8. The loads in thMlicrogrid test bed are computer controllabléne loads can be turned on and
off alsocan be controlled from the graphical user interface using the buitdhe screens. The
computer sendasignal to theanicrocontroller unit that controls the relay which is used to turn on

and off the load loads.

R —
INDUCTIVE LOAD

Figure7 Inductive Load
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Figure8 Capacitive Load

Development of Graphical User Interface

The screesshot of the graphical user interface (GUI) that has been developed using the
processingoftware has shown figure8 for your reference. IRigure8,then SMART METER
-1, I, and lllo display the voltage, current, active, reactive and apparent power values of the smart
meters in real ti me. The 0 Co nNkigune8 picturizesithegr i d o
controls implemented in thdicrogridtestbed The buttons Al NVERTER ONC¢
OFFO0 will send command signals to turn on and
below the control algorithmareused to writeéhe algorithms in the pictures.

The powerproduced by theespective grid tie invertsiare also shown in the GUI. The
buttons in the bottom of the GUI is used to control the inductive and capacitive loads from the
GUI by sending signals to the GUIhe djective of theGUI is to givean easyinterface for the

people to work on thiest bed and virtually see the results in the computer.

19



=aEs

SMART GRID DEMONSTRATION : % TEXAS
DiSTRIBUTED ACTIVE € REACTIVE POWER CONTROL INSTRUMENTS

SMART METER INVERTER FUNCTIONS
VOLTAGE . 122460 Volts Conventional Grid T
CURRENT : 50.000 mA A
ACTVEPOWER © 80 VA ey
REACTIVE POWER : 4360 VAR (~B00MW or more)

APPARENT POWER : 30.315  Watts SRR oree WVERTER 20FF
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APPARENT POWER : 28.303  Watts S =
SMART METER_II c"y Power Plants ‘ INTELLIGENT CONTROL
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CURRENT : 10.000  mA g
ACTIVE POWER  : 0200 VA U REERIEEGRE
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Al a =] City Network gt
~5 MW substations

LOAD LOCATION -2 (VARY INDUCTIVE & CAPACITIVE LOAD IN STEPS) LOAD LOCATION-1  LOAD LOCATION -3

Figure9 Graphical User Interface

Development of Smaiicrogrid testbed

This is an experimental setup for communication and control for the SmarE@ude10
shows a higHevel setup of the Energy Grid with Distributed Energy Resources (DER) to form a
micro-grid. The system is made up of three different loads (Load 1, Load 2 and Load 3) at locations
marked Location 1, Location 2 and Location 3. These areblaniaductive and capacitive load
units that can be changed intermittently. In the current setup, Load 2 is an adjustable AC load bank,
either inductive or capacitive; Load 1 and Load 3 are constant impedance loads. These loads in the

Microgrid vary arbitarily and the quantityf active and reactive power fluctuates. The primary
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objective is to minimize the amount of reactive power supplied frorm#hiegrid. The approach

is to use distributed inverters with the aid of multiple local communication clsafureleactive

power compensation of the miegoid reattime in a distributed andooperativamanner. The test

bed

is flexible and we can

add 6ndé number

be obtained with eas@/hen load changes, reaa power is suppliedistributiveby the inverters,

and uniform voltage is achieveB@emand responses so inverters (together with their simulated

storage devices) can maintain active power dispatch from the maiinghd islanding operation,

frequencyregulation is ensured collectively by inverters

GRID WITH DISTRIBUTED ENERGY RESOURCES

Central
Generating Station ﬂL - MAIN GRID
(~800MW or more) .,s

Extra High Voltage

‘ Transmission Line
Medium Sized Power gﬁg

Plants

150MW
Subtransmission
City Power Plants
Distribution Grid
L CATION -3
Rural Network LOAD LOCATION-1 LO‘“AT'ON'Z é '
[ ]

Secondary Distribution
460V -220v BN

A AF

g3 Ly Oz |
.1 RE
] =2 City Network

~5 MW substations

Farm

Qi
My 71
%

Industrial Customer

~2M

Figure10 Main Grid Interfaced to Microgrid with Distributed Energy Resources
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Whenload changes, reactive power is supplred distributive fashioty the inverterso
maintan a uniform voltageBy usingthedemandresponsenechanisnalong withtheir simulated
storage devicesactive power dispatch from thmeain grid can be maintainedin an islanding
operation, frequency regulation is ensured collectively by inveridreMicrogrid testbed33] is
shownin Figure1l1. The main functionality of the test bed is as follows

1 Aggregate active power dispatch
1 Reactive Power Compensation
1 Multimode Communication

1 Distributed optimization and odrol

Figurell Microgrid Test Bed
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Thel i st of equi pmentéds requi rskownintbe Table2.1 d t he

Table2 List of Equipment's used to Build the Experimental Support

_ MSP430F6779 Single Phase Heter 4
_ TMDSSOLARUNIVKIT  Grid Tie Inverter 2
_ MSP430F5529 Launch Pad 2
_ Relay Shield Seed Studio 2
_ E3631 A DC Power Supply 2
_ MODEL 8321 Inductive Load 1
_ MODEL 8331 Capacitive Load 1
_ 300Watt Resistive Load 1
_ 300VA AC Source 1
_ Connecting Wires As Req.
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CHAPTER THREE: DEMAND RESPONSE BY COOPERATIVE
CONTROL

Introduction

Theelectricgrid and its effective delivery of energy calls for the balanggeaotration and
demand. Throughout every minute of every day these two values are in a chase to stay as close as
possibleto each otherAs demand varies throughoutyagiven day, generation sources need be
adjusted and sometimes can lead to less efficiedtcostlier sources of energy being utilized to
serve these increased loads. In order for utilities and grid operators to reduce the need for these
costly generators at peak times, they look to the end user to curtail their demand. Remember, with
a scaleyou can compensate one side or the other to find a balance. Today many utilities are

implementing programs that curtail loads on the residential, or demand side of the grid.

Electric Grid Demand Curve

35

30

-
b 25 Electricity Demand - No DR
E
8 Action
20
K] Reduced Demand - DR Call
s 15 Event
=
10 = Demand Shifted - Day of
DR Call Event

FFFFFFFFFFFFF
E & £ € £ E £ £ E E E £ £

Figurel2 Electric Grid Demand Curve

ControlMethodologies for Demand Response

An example of a program that some utilities use currently is a Demand Response program

[34] in which customers get a rebate or credit per billing cycle for afiguhe utility to turn off
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their air conditioning unit for 15 minutes a certain number of times per month or year. If this
program is offered and gets accepted by millions of customers, utilities can reduce peak demand
by signaling the 1¥ninute AC unit otages across their customer base, enabling a reduced peak
demand on a given daYerify with your local utility to see what programs they are currently

offering to their customers and see if they are doing something similar.

Demand Response Approach

Distributed generation consists of gidde intermittent generation that utilities are
learning to grow with. This type of generation can come in the form of solar photovoltaic, wind,
geothermal, biogas, natural gas, energy storage, etc. Many of thesatigensources, like wind
and solar, require inverters to convert the DC power to AC power. The overall grid is generally
sectioned off ito three major segments; generation, transmission, and distribution. Distribution
being furthest from central geneaoat facilities, contains all of the residential and commercial
loads. The concept of Mlicrogrid can be considered to be a collection of various loads and
distributed generation on the distribution segment of the grid. Inhiéss the overall conceptfo
Demand Responseas to keep th@eneration on the main grid as stable as possible, while

adjusting local production from distributed generation as the load increases or decreases.

Overview of the Powebbjective

The actual power consumed by any deviceguipments called actual or real powend
it is always denoted by the capital | etter 0P
loads does not really consume any power but it actually drops voltage by drawing more current

giving a false impression that it actually consumes power, it dischargeshatdype of power is
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called reactive powerantli i s al ways denoted by the capital

combination of the active and reactive power consumed by a dewabed apparent power, it is
denoted by capital l ett er &6 &éery tymedf generator has i t
limits. Some operatkest at certain points and caheaceed certain thresholds.the Microgrid
testbedwe assume that the Dggnerators behind the AC inverters are capable of producing up to
144VA each This value of 144/A is characterized as S. If tiMicrogrid increases its demand

for both real and reactive power, the utilization ratio will determine what amount of power is
produced by each invertek fair utilization ratio is determined so as not to overuse any particular

inverter beyond its limit and equal contribution of power output from each inverter

Active Power Control
The real power utilization ratio is introduced to determine what percentage of the real

power is to be generated by each and every Tig. active power utilization ratio is defined as
the ratio of active power generated by the DG to the maximum available active power of the DG
and it is denotedyy

0

0 (3.1)
Where,

O H@oMdRQE Qi AID ¢ VPE ic 8

Ca

O {6 QAD WD QUTSLONID QWi £t 0 I8

Ca

| 0O HnoWEROL QI QRODOEWE E

26

N



Reactive Power Control
The nominal power rating of each inverter is given By (Qp ¢ i¢ 8Since Y
0 0 ,itis possible to provide both real and reactive power if proportionecigyojtf the
active power generated by a DG is less than this nominal rating S, the unused nominal power
capacity may be utilized by generating additional reactive power. The reactive power utilization
ratio| is introduced to determine what percentafi¢he reactive power is to be generated by
each and every DG.

. o~ . (3.2)

Where,
0 O Generated reactive power by tHeunit 1 or 2.
0 O Maximum available reactive power by tif&unit.

| O Reactive powr utilization factor.

Distributed Control Algorithm

In this section, the distributive cooperative algorithendeveloped that will regulate the
power output of the multiplgeneratios in a distribution networf8]. Thetwo-level control has
been explained and the control strategytifier fair utilization ratio has been develoga8]. The
two-level controlcan make the system operate well and all the DGs output converge actording
the desired utilization factor profil@he communication layer that has been involvethe DGs
and its contribution in the consensiifie first level control is to control the virtual leader that

monitor the power flow from the main grachd thesecand level control is to control the followers
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i.e. to control the power output of the individual DG in the system whidétail discussed in the

later section.

CommunicatiorStrategy

Within a power grid, there are two key values to pay attentioth&oreal and reactive
power. Both play vital roles in the successful operation of the delivery of electricity. In this
document the measurement of real and reacpesver values will be represented by P and Q
respectively. The grid and both inverters will measure their own delivery of P and Q.

In this testbed the grid has committed to only providing 60 W of real power to the
Microgrid. If the Microgrid load increases bend 60 W, the main grid will communicate to the
two inverters to increase their production of real power. The main grid senses the increased demand
of theMicrogrid and measures the amount of real power above 60 W that is needed. The net real
power differece that théicrogrid must produce is communicated from the main grid to the two
inverters through control signals representetlby

As for reactive power, Q, the main grid does not deliver any reactive power to the
Microgrid at all. If the Microgrid demands any amount of reactive power, the main grid will
communicate a control signal () to the two inverters to compensate accordingly.

The two inverters have their own respectivel( ) pairs for real and reactive power and
they must follow whatewe t he main griddés U values are. | f
the first inverter were to fail, the gridés U

The instantaneous communication maf8&] [37] is defined by the fdbwing matrix:
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If the communication link is lost between the main grid and the Grid Tie Inverter {GTI)
1. GTI-1 can communicate with the main grid througke GTF2. This shows that despite the

communication loss, there remains a globally reachable node (Main Grid). We validate that
consensus is guanteed. Refeto Figurel3.

Figure1l3 Communication Topology of System with One Globally Reachable Node-(GTI
Communication Link Failed)

If the communication link is lost between the Main Grid and the iGZ;Ithe GTI-2 can

communicate with the Main Grid through the GIIIThis shows thalespite the communication

loss, there remains a globally reachable node (Main Grid). We validate that consensus is
guaanteed. Refeto Figurel4.
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