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CHAPTER|

INTRODUCTION

.1 Current Electric Grid

It is an undeniable fact that electric power is one of the major arichpwsant
technologies that led to the rapid industrialization and globalizatitmei twentieth century. The
electric power grid is over a century-old and is considered to bergesiand most complex
interconnected physical system on earth. Due to its vastness, comphexitgiag inextricably
linked to human development and involvement, it is termed to be an ecosystenh. iGlicdxlly,
there are more than 9,200 electric generating units with more than 1,000,000 negawatt
generating capacity and connected to more than 300,000 miles of transmmesda]li Life on
earth is totally dependent on energy in some form or other. As a mafthet,an abundant and
sustainable supply of energy is key to solving a plethora of global pralfemtisermore,
prosperity of a nation is highly dependent on its technological progrei&d,wn turn, depends
on the availability of affordable energy in various forms. Withexygonential growth in global
economy and incessant population growth, there has been an increasing pressuggyon ener
resources and the environment. Fossil fuel resources are gettinggdepld coupled with a long
list of geopolitical issues, prices are spiraling upwards. Gldeelreity usage is on the rise and
there is an increasing demand for higher reliability and better qualibe aflectric power

delivered by utilities.



It is a well-known fact that Thomas Edison and AlexanderrciBdih were the
key architects of the electric power and communication systesyectively. If both were
somehow transported to the*2dentury, Bell would hardly be able to recognize the components
of today’s communications systems. On the other hand, Thomas Edibastillvbe able to
recognize almost all the major components in today’s elecgrthlsystem. This proves the fact
that the existing electrical power system needs a lotsigdémprovements and vital upgrades to

cope up with the Zicentury needs.

The current grid works well in what it is designed to delyd®eping the costs
as low as possible. Also, an important aspect of the power debystem is that it is to be
consumed the moment it is generated. It is the epitome of &lhjtisme delivery systems. The
down side of this characteristic is that the entire delipeogess would have a cascading effect
and could prove catastrophic. Also, due to the digital revolutiordeh®and for higher quality of

power is increasing at a rapid rate.
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Figure 1.1 World Electricity Consumption [3]



Due to population growth and increasing reliance on electritity expected that
global electricity supply will need to be increased bygaificant amount. As seen in Figure 1.1,
global electricity consumption is expected to nearly double bye¢he 2050. More than 10,000
GW of new generation capacity is needed to fulfill this growdegnand. Also, as shown in
Figure 1.2, fossil fuels are expected to be on a depleting trenduahdasdecrease in supply will
lead to steep increases in prices, eventually increasing tlseof@dectricity worldwide. This has
indeed led to a global resurgence of interest in alternale éne sustainable energy generation

techniques and has gained considerable momentum in the past decade whattigtiks.
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Figure 1.2 World Liquid Oil & Gas Projections [4]

Due to an increasing awareness of global climate change, #en Gnergy
Revolution has gained considerable importance in the recent pastvétde energy utilization is
on the rise and is increasingly being integrated into exigfioigal electric grids. Research in the
fields of photovoltaic (PV) technology, Solar-thermal systemsndWElectric Conversion
Systems (WECS), fuel cells, hydrogen storage etc., has brougltbgather new dimension to

the electric power industry in the past couple of decades.



|.2 Shortcomings of Current Electric Power Grid

As already mentioned, the electric power grid is over a century old by ndw, a
many of its vital components have been operating beyond their useful lifeirvfmreantly, the
aging workforce of the electric power industry which is clearly showngargil.3 is of a

growing concern.

700 1
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Figure 1.3 Aging workforce trend (Typical Utility§ource: KEMA

Apart from this, in the U.S, it has been identified that, 70%e dfensmission
lines are 25 years old or older, 70% of the power transformermare than 25 years old and
30% of the circuit breakers are more than 30 years old [Shétthe short-sighted bureaucratic
policies of the regulators have led to a life-support level of inv&st in modernizing the electric
grid and deepened the operational morbidity of the nation’s elégisistem. Automation is still
at a very low level, especially on the distribution sidethaf electric grid system. When the

current electric power system was designed, it was basitddyded to serve linear loads



supplied with sinusoidal voltages drawing sinusoidal currentd, ®ith the advent of the
transistor and solid-state power electronic devicesetlmas been a surge in the usage of
technologies that employ these on a very large scale ranging from pe@opaters and various
other digital devices to large variable-speed drives whichntede life simpler, efficient and
more convenient in today’s world. The down side of this is that tiegees are highly sensitive
to voltage variations caused by voltage sags, spikes and variousadrdarsionics in the system
[5]. In the absence of appropriate back up supplies, the slightegeotiptions can bring down
computer servers, critical control systems, assembly liteeth& could prove to be economically
catastrophic. More importantly, all these constraints are ggwat a time when the pattern of
electricity demand is undergoing a profound shift. On the top eéthbere are growing security
concerns in regard to attacks by terrorists on the current grid to paralyze toeddst businesses
all across the country. Cyber sabotage on a militaryrelgmwer installation has the potential to
severely cripple the US military and Homeland securityaitedtons causing a dangerous ripple

effect across the US.

For a very long time, the electric grid has had a simyglsion namely to keep
the lights on. With an aim to reduce electricity costs, Idistance transportation of electricity
and interconnections are employed to switch between providensptove reliability. This has
led to increased stresses on the entire network. This hagdsogreater amount of congestion,
exemplified by the Eastern Interconnection and the network irh&autCalifornia. Significant
sums of money and resources are spent for peak power productiomgedtmm related issues.
In fact, an analysis done by the New York ISO, California #@ the Pennsylvania New Jersey
Maryland Interconnection LLC (PJM) reveal that billions of didlare spent towards congestion
and reliability related issues [Y]. Every day approximatedyf a million Americans experience
blackouts of two hours or more, and power interruptions cost the US inaor&100 Billion each

year [6]. Also, the current US electric grid has been resper@bthree major blackouts just in



the past nine years alone, the worst of all being the Grathéhst Blackout of August 2003 that
affected 50 million people and caused the US economy more than H#f Bi damages and

lost businesses [2].

The twin problems of unreliability and inefficiency in the currentrileystem is a
product of the overall system’s aging infrastructure and a sevarth de utility industry
innovation. The wide array of problems faced by the current grid compounded lasingre
pressure from the customers for higher reliability and quality of powéhéarevolving digital
society, has eventually led to temart grid movement. However, this would require large
investments in the energy/power sector as shown in Figure 1.4, which wastipltyfteehman
Brothers in 2007. As seen in this figure, significant capital investnaeatsequired for installing
long transmission lines all across the country which would indeed help tcatetéige renewable
energy generation potential in the central and southwest parts of theydouthe high density
load centers in the East and the West coasts.

Existing Net Plant in Service $750 Billion Investment Need for Next 15 Years: $900 Billion
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and Efficiency
$50 billion
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$90 billion
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5240 billion

Distribution

$300 billio
Generation Generation
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230+ GW

:egutlatory Transmission B ' -
ssets e nvironmenta
150 billion
$60 billion FSUE!:, § Retrofits
98 billion $50 billion

(excl. CO, ~$300B?)

Figure 1.4 Required electric capital investmenti®euLehman Brothers, 2007



Also, significant investment is required to automate the distoibusystem, which
currently is the most fragile and outdated segment of theegrawer delivery system. Energy
efficiency programs, pilot projects and research and deploymeatlufidlogies associated with
it will require additional investments. Such investments wdkfinitely bring notable
improvements in the overall working of the electric grid aaegform it into a robust, reliable,

intelligent (smart) and efficient grid.

The evolving Smart Grid is expected to provide a means to hamolieay power flows
and the problem associated with intermittency of renewablgeseurces. Also, shaving of the
peak demand by even a small amount can save millions of dualiirghe reduction in the
number of required standby power plants which is very much possiblemart grid scenario.
All of this has created an exciting set of unprecedented challenges amtlinpigs to the current
energy/power industry. They will have to deploy and utilize bettsrs for real-time monitoring
and control of their existing facilities as well as wags the consumers to do the same by
expanded monitoring and control throughout their distribution grids al#lyeto the consumers’
side of the meter. The use of advanced electronics, telecommumscdnternet, wireless sensor
networks and information systems is imperative to achievieehigfficiency, improved power

quality, enhanced reliability, lower costs, safety and security.

|.3 Objective of the Study

The concept of a Smart Grid has been the biggest and latksblegical boom for the
mature energy and power industry. With Billions of dollars in sigpagtinvestments, it has been
the topic of significance in an era of climate change aoldagization. The effective utilization of
smart grid technology for bi-directional power flow, integratiorreiewable energy generation
sources , and improving the quality and reliability of power supglyrequire wireless sensors,
internet and two-way communication protocols and technolodiegogking in unison. Further,

intelligent sensing and switching technologies with higher redundandiiei power delivery



sector are vital to provide effective avoidance and re@oraf power failures. This focuses on
the electric power network in the Stillwater campus ofaDkima State University. Possible
strategies concerning distribution automation utilizing voltagesors, current sensors and
distributed generation to transform the current grid into a S@ad are discussed. Different
scenarios are simulated to show the benefits of implementation of suchogasm the current

electric grid at the Stillwater campus of Oklahoma State Uniyersit

I.4 Organization of the Thesis

A brief outline of the chapters that follow are presented next.

Chapter II: Review of Literature

This chapter briefly summarizes the historical evolutiorihef concept of a smart grid
and the various factors driving the smart grid movement. Vasmart grid technologies and the

benefits and challenges associated with it are outlined.

Chapter III: Current Grid at Oklahoma State University
This chapter presents the current scenario of the electrnibdisin system at the
Stillwater campus of Oklahoma State University and its shortageniApproaches to improve its

performance are discussed.

Chapter IV: Proposed techniques for a smart grid initiative at Oklalséate University

Load flow models with and without distributed generation and otheregitsmin the
current grid at OSU are presented. Different scenaniosthe potential benefits of the proposed
system configurations are studied using the simulation regbitsiparisons with the existing

system and the improvements that would occur are presented.

Chapter V: Concluding Remarks and scope for further work

This chapter summarizes the entire study and discuses scopetfer fuork.



CHAPTERIII

REVIEW OF LITERATURE

I1.1 Concept of a Smart Grid

Rapid Industrialization, urbanization and incessant infrastructurdagpenents have led
to a paradigm shift in the way electricity is generategindmitted and consumed and it has
resulted in immense stress on the age old electrical gridtimftaige. In addition, challenges due
to increasing energy demand with higher quality of power almbility are mounting. The rapid
increase in penetration of nonlinear loads such as data ceatges,variable-speed drives and
other power electronic devices across the grid have resultadtreased reliability and power
quality concerns. The concept of smart grid provides a host ofs@ub many of the issues
faced by the current electric grid by taking advantage of geRreration technologies such as
distributed generation, distribution automation, energy managemseirs; advanced metering
infrastructure (AMI), renewable energy generation technologlag;in hybrid electric vehicles,

two-way wireless communication and internet, to name a few.

Increased awareness of the depletion of energy consumption and emvitoneed for
safe and steady operation of the power grid to provide high quatityediable power supply to
consumers in the digital age have thrust activities in taénref smart grid to the forefront

throughout the world [7, 8].



I1.1.1 What isa Smart Grid
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Figure 1.1 Smart Grid concept (Source: EPRI)

The basic concept of a Smart Grid is to add monitoring, analysisrotoand
communication capabilities to the national electrical deliviefyastructure to maximize the
throughput of the system while reducing the energy consumption. mag grid will allow

utilities to move electricity around the system as efficiently and@uically as possible [7].

As illustrated in Figure 1.1, the smart grid can be define& aystem that employs
digital information and control technologies to facilitatee theployment and integration of
distributed and renewable resources, smart consumer devitemated systems, electricity

storage and peak-shaving technologies [9]. Some of the other definitionssofdheyrid are:

¢ Convergence of information technology and communication technology with power

system engineering.

10



e The smart grid is a broad collection of technologies that deliversetmnieity network
that is flexible, accessible, reliable and economic. Smart Gridtéded the desired
actions of its users and these may include distributed generation, deploymentand
management and energy storage systems or the optimal expansion and mainaigeme
grid assets [10].

¢ A smart grid is an electricity network that can intelligently gnége the actions of all
users connected to it — generators, consumers and those who do both — in order to
efficiently deliver sustainable, economic and secure eldgtsapplies [11].

e Application of digital information technology to optimize electrical pogeneration,
delivery and end use.

e Interaction of geographically dispersed equipment being able to perform @iedlin
operations through better communications and control.

e Set of advanced technologies, concepts, topologies and approacheswhgea#ration,
transmission and distribution to be replaced by organically intetligally integrated
services with efficient exchange of data, services and transscti

¢ Intelligent response and interaction between supply availability andndema

With increased automation, especially in the form of sensodistitbution levels, the
smart grid will significantly enhance and improve the qualind the amount of data
processed by the sensors and metering infrastructure. Such ancapmmad not only
significantly improve the efficiency, power quality and reliability lnd £ntire system but will
also lead to increased customer participation, reduction in pea&ndemeduced financial

losses and more importantly reduced,@@issions and other environmental impacts.

11



I1.1.2 Scope of a Smart Grid

Though a clear and concise definition of the Smart Grid is stillvang, there are several
characteristics that remain common to many smart grid arthiéscThese characteristics
clearly define thesmart Grid's potential benefits to the overall elechiwver system. They

are:

» Anticipates and responds to system disturbances in a self-healing manner
» Incorporates information and communication technologies into every agpect o
electrical generation, delivery and consumption in order to
. Minimize environmental impacts
o Enhance markets
. Improve reliability and service
. Reduce costs and improve efficiency
» The smart grid further employs digital information, distribution aut@naand
various control strategies to facilitate deployment and integration of
. Distributed Energy Resources
. Renewable energy generation
. Automated systems
o Energy Storage systems
. Peak shaving technologies
Accommodates all types of generation techniques and energy storage opt
Provides higher power quality required for thé' 2&éntury digital economy

Operates effectively and optimizes the utilization of existing @wdassets.

vV V V V

Operates resiliently and effectively against attacks ahdalalisasters.

12



Table 1.1 shows a comparison between the traditional or the curremiceigict and the

proposed smart grid.

Centralized Generation Distributed Generation

No energy Storage Energy Storage
One way Communication Two way communication

Electromechanical Digital
Manual Restoration Self-healing

Failures and Blackouts Adaptive and Islanding
Reactive Approach Proactive Approach

Total control by Utility Increased customer participation

Lack of real time monitoring Extensive real time monitoring

Slow Reaction time Extremely quick reaction time

Table 1.1 Comparison of traditional grid and sngnit

It can be clearly seen that effective two-way commuianan a Smart grid will help in
significantly reducing the peak demand as well as the oveoabumption. Further, higher
penetration of renewable energy generation technologies edlice CQ emissions and the
associated global warming. Effective and well planned operatigheo$mart grid will lead to
reduced operational costs, increased reliability, power qualfity operating efficiency while

optimizing asset utilization.

13



I1.2 Need for a Smart Grid

[1.2.1 Power Quality

In the past, power quality denoted the ability of electricitiesl to provide
electric power without interruption. But with higher penetratddmon-linear loads, digital
devices and other advanced power electronic equipment, power qualifyresent
encompasses any deviation from a perfect sinusoidal waveform winicludes
Electromagnetic Interference (EMI) and Radio Frequency Ineréer (RFI) noise,
transients, surges, sags, brown outs, black outs and any otluetiatistto the sinusoidal
waveform. Harmonic distortions, a serious power quality issue aasecoverheating of
transformers, malfunctioning of equipment and even cause damalge digital electronic
control systems in operation. With increasing density of senstiugoment on the electric
grid, there is increasing pressure on the regulatorgytetiict rules regarding power quality

issues.

In a smart grid system, smart meters installed at endlos&tions have the
capability to determine the THD (Total Harmonic Distortiaf)the supply voltage. Such
information will allow the utilities to determine the source hafrmonic distortions. The
location where the maximum THD is observed on the feeder casdoened to be the source

of the harmonics and remedial measures can be taken accordingly [12].

I1.2.2 Increasing Renewable Energy Integration

The integration of renewable energy generation technologiéscieasingly
gaining importance due to concerns about global warming. At presemgirgieon of
renewable energy generation is very low and can be handled yuitent electric grid

reasonable well. However, as the penetration increases, senguevements and

14



modifications would be needed to accommodate and integrate varistidehastic)

generation.

Legacy grid
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Figure 11.2 Electric grid showing key elements lné -REEDM system [13]

With higher penetration levels, the electrical grid woulguree more fast-start and fast-
ramping resources to make up for the generation shortfalls whbnresources are not operating
at their expected output levels [14]. Considerable amount @ares is going on in this field and
proposed systems such as the Future Renewable ElectricyHDeligery and Management
(FREEDM) illustrated in Figure I.2 promises many of the isstée objective is to have an
efficient electric power grid integrating highly stochastistributed and scalable alternative
generation sources and energy storage with existing powemnsyste facilitate a green and
sustainable energy based society, mitigate the growing enasyy &and the impact of carbon

emissions on the environment [13]. Thus the introduction of smals will not only reduce

15



greenhouse gas emissions but also encourage increased integratmewdble sources and

energy storage assets with the electric power grid.

I1.2.3 Technology Development

The current electric grideverely lacks automation, especially on the distribution side of
the grid. Though real-time load monitoring is used in the currestesy they lack the ability
to integrate information from a wide array of sources and equipreenlting in reduced
situational awareness. Further, with an increase in energyeeffy programs, there is a
severe shortfall in the ability to understand and act on the acquired data. Fgyahes the
technological evolution of the smart grid. The move to inangBsactive distribution
networks with stochastic generation, energy storage, and corigadiath observable load is

going to change the way electric power networks are planned and operated [15]

L

Functionality

Smart Grid (Interconnected
Network of Microgrids with
Distributed Control)

Two-Way Automated Metering
Infrastructure (AMI)

Electromechanical
Meters

»
Return-on-Investments

Figure 11.3 Evolution of Smart Grid [16]
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I1.2.4 Peak Demand Reduction

As explained in the previous chapter, electricity is thitome of the just-in-time
process since electricity must be consumed the momentanergied. Peak demand occurs
during times of greatest need for electricity and prices odhee being at its highest. Due to
a lack of anticipation of the time and nature of peak demaral @articular time, utility
operators are forced to operate peaking plants longer thanisvhatessary to meet the
demand and maintain availability of power. The generating unitgrtbat the peak demand
are generally expensive to operate since the fuel used in phests are bought on the
volatile “spot” market and most of the time are fossill§uthat contribute extensively to

greenhouse gas emissions.

By introducing smart grids, advanced metering infrastructiemand response
and increased customer participation significant reductionheopeak demand will result.
Such a smart grid implementation would help utilities drive doasts and in some cases

even eliminate the use of these plants thus saving the planet frioom @mnissions.

1.3 Smart Grid Technologies

11.3.1 Advanced Metering I nfrastructure

The evolving smart grid is built upon distribution automation [Egt a long
time the term smart grid, especially from the vendors’ dids, been synonymous to smart
metering, the advanced metering infrastructure (AMI) beingntlhé focus of discussion
involving smart grids [19]. An advanced Energy Managemente8y$EMS) coupled with
smart metering (at the end user level) as is shown in Figdrevould offer a variety of
opportunities to reduce energy consumption and for peak shaving. The onae Area

Networks (HAN) would strengthen demand side programs and with advanced fuitgtioinal
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the advanced metering infrastructure the following additional ifmmalities would be

realized:

o Real-time pricing/Time-of-use pricing

e Peak demand shaving

e Demand profiling

¢ Remote condition monitoring of sensitive equipment
¢ Load monitoring

e Outage detection and islanding
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CcONSumer ___control computer

..'--*.- = E TP Ry Ys v

—IAN

user energy 4 1 'Elcctlril:i[}' mll.lzlmion
management system § “information and billing system

i ,_______@;-_-_-_-_-_—_-_;—_-_-_-_-_-_-_-_-_; """"" g

i

] '

\ L) ]

" L) H L)

‘ <=8  MDMS .

A 4 /database”

: *--......: .po“.tlr '='ﬁ :

e y : = ]

:....*‘5 -I: & “..__-.-....-l-:‘22‘!’22}...---'-'-!..-._..-' — ..'.
. = TT————————

: WAN__. =
inhome display

Figure 1.4 AMI composition, structure and Datavfldiagram [18]

Smart meters and other remote digital electronic dewtat can be reached through a
two-way communication network can generate massive amountiataf which need to be
organized in a synthetic fashion to make them accessible tousansers within the utility
organization [12]. With an enhanced two-way communication technolgyamic pricing
models and load shedding techniques, load distribution managemeneduradion in peak
demand can be achieved effectively and efficiently. lalg very important that the control
center resynchronizes the pricing signals with the uslidg database at regular intervals, which
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could otherwise jeopardize consumer’s billing data and plantafnafor energy conservation.
Further, features such as data recording, power monitoring apeértgmotection can prove vital

in the long run.

11.3.2 Demand Response

Demand response (DR) is an important ingredient of the emgeBgnart Grid paradigm
and an important element in market design to keep the poterttgetrpower supply in check
[20]. DR refers to the policy and business areas whereby eigcttustomers reduce or shift

their electricity use during peak demand periods to ‘price signals’ ar tythee of incentives.

In recent years, DR has gained considerable interest anemgators and the
government due to its economic and socio benefits. Texas beirgler i@ renewable energy
generation, experienced a sudden, unanticipated and dramatic evioypl ipower generation one
afternoon in early 2008 causing a shortfall of around 1300 MW intlwuse hours. At this
juncture, an emergency demand response program was initiateddn latge industrial and
commercial users restored most of the lost generation wehiminutes, acting as a buffer for
this intermittent resource. This is an excellent examplenadrt grid principles in action [1].
Demand response technologies which primarily focus on end edendlogies such as smart
meters, time-of-use (TOU) pricing, and smart load controllingces will increase customer
participation providing tangible results for utilities and aoners in terms of economic benefits.
The end users/building management offices may make use of tlgy emestemand prediction
logic of smart meters to implement their peak shaving rarag such as switching off some
chiller loads to reduce the peak and save both electricity and money as welh24,]with more
awareness and understanding of the smart grid technology and dees@otise programs
consumers will be able to increase financial benefits and pérsmmaenience, at the same time

reducing greenhouse gas emissions.
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11.3.3 Optimal Asset utilization and Operating Efficiency

One of the most important features of the smart grid is tocedser the operating
efficiency of the overall grid and reduce operations and mainteneosts of the electric power
grid. The smart grid employs technologies that essenti@kemse of information including grid
operating parameters and real-time data of reflectingstate of health of equipment etc,
monitors equipment condition to detect the degradation in performianeg assesses its
reliability to optimize its operation, even develop condition-based nmainte strategy according

to fault type, and analyze its failure and maintenance clegistats to predict its life-span during

its life cycle [22].
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Figure 11.5 Transformer reliability comparison [23]

A comparison of transformer failure rates with and without monigois illustrated in
Figure IL.5. It clearly shows that the risk of failure i®w@nd 0.7% without monitoring. With

condition monitoring implemented to have a more proactive approachiskiseof catastrophic
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failures decreases to 0.028% which is 2.5 times less than haveagtaze approach. Thus, the

annual expenditure on maintenance can be reduced significantly withgsidamplementation.

11.3.4 Energy Storage

With increasing cases of blackouts, low power quality and isergarenewable
energy generation, energy storage has become a major conaéimg e aggressive investments
in energy storage technologies. Economic energy storagghiy desirable for peak shaving and

power quality improvements. Energy storage devices enable the povesn systvork to [24]:

e integrate renewable sources with the power system by convertmgriteea smoother
and dispatchable format;
e provide ride through capability when the distributed generation éadapply required
energy; and
e manage the amount of power required to supply during peak power demand by storing it

during off peak hours

Storage systems such as batteries (BESS), flywheels ,(FB8ipressed air
(CAES), pumped hydro (PHS), ultra capacitors (UC), super conduti@ggpetic energy storage
(SMES), hydrogen storage etc. store energy in different foutis as electrochemical, kinetic,

pressure, potential, electrostatic, electromagnetic, chemichtharmal [25 - 29].

Lead Acid batteries are still used on a large scale duthdir low cost and
ruggedness but are losing popularity because of weight and dewsity issues. Sodium Sulfur
(NAS) battery systems which are already in use at gviel ley Tokyo Electric Power Company
(TEPCO) since 1980's and are gaining much popularity due to trghr gower and energy
densities, temperature stability, low cost and good safety [3@h Storage technologies can
complement the current power plants for peak shaving, emeygoower supply, uninterrupted

power supply and can be integrated later with various renewablgyegeneration resources.
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Lastly, the value of energy storage technologies must besagseith consideration to costs of
installation in the short term, maintenance costs and revenwiogs provided by the energy
storage in the medium term, and finally the potential long tegmefits to the overall electricity

infrastructure [31, 32]

I1.4 Smart Grid challenges

I1.4.1 Technical challenges

The smart grid is at a nascent stage of development. As such theter@m®us

technical challenges to be overcome [34, 41, 42].

e Merging planning and real-time analysis
e Very large system models

¢ Handling a large amount of AMI data

e AMI-based decision making

e Time series simulation

o DG integration and protection

o Cheap energy storage technology

Apart from the abovdpr effectiveinteroperability of smart grid devices, robust
standards need to be developed. Furthermore, with increasstiments in the smart grid sector,
a number of smart grid technologies are already being implemientieel electric power grid. In
the absence of universal standards, these technologies éadanfjer of becoming prematurely

obsolete or face its security being compromised.

Increased dependence on distributed generation, demand sidecessand
distribution system applications significantly increase thetegys exposure to cyber

vulnerability [35]. The entire security architecture canbldt on existing communication and
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technology infrastructures, further merging it with the eleagrid to enable the Smart Grid
implementation at various levels in the electric power systeurthermore, a robust framework
for conformity testing and certification of smart grid devieesl systems need to be established

to ensure interoperability and cyber security [33].

I1.4.2 Business & Financial challenges

The business case for a smart grid needs to be estabfhedccessfully
deploying the smart grid plans in real world. In its most genterais, a business case provides
the basic rationale for investment in projects for busicbssige. In the smart grid arena, the
entities looking into building business cases are primarilyvorét operators and possibly
electricity retailers and newly emerging players sucgeseration and demand aggregators [36].
The initial capital cost of a full-fledged smart grid deph@nt would be significantly high and
justifying it with site-proven benefits is the biggest bussnesallenge facing the utility industry.
Furthermore, consumers are skeptical about the cost benefitstofia investment as the cost
benefits appear to be small compared to the investment madeaillse,macro policy level, the
power industry needs to meet the requirements of resource-savihgnvironment-friendly
society, adapt to climate change and confirm with sustaireivieonment [37]. Further, sharing
the cost of common infrastructure across the benefits defieed various applications will
provide a more realistic cost / benefit ratio for each agptio in an integrated system for full

roll out beyond the pilot stage [38, 39].

With so much investments put into the smart grid scenai®jmportant for the
utilities to recover their investment costs. Mostly smart grab#&ociated with costs savings at the
consumer end, but it is also vital to note that on a broader pgvspsmart grids can lead to
potential savings by increasing the reliability of the elegiower grid. For example, with the

implementation of wide-area measurement systems (WAMS) aadoplmeasurement units
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(PMUs), the 2003 great northeast blackout could have been aveagédg the U.S. an

approximately $10 Billion in economic damages.

Lastly, there is a need to address consumer concerns regidg-in hybrid
electric vehicles (PHEVs) in terms of pricing, costs besefiechnical specifications and
reliability. The plug in hybrid vehicles which will play amportant role in future smart grid
networks are currently very expensive and considered as a luxilngr than a way to save
money and reduce carbon emissions. At present, the cost of cogwetybrid vehicle to a plug
in hybrid electric vehicle is high and also there is vetlelihfrastructure in the form of charging
infrastructure to support this new technology. Also, PHEV'sehatill not gained universal
acceptance as a contributor to reduced greenhouse gas emissioashe fossil fuel base load
plants are the ones powering these vehicles. All thesesissude PHEV sector need to be
resolved to achieve universal acceptance of its technologthaadconomic and environmental

benefits.

I1.4.3 Regulation challenges

With investments for smart grid deployment in the form of adwvéhmeetering
infrastructure estimated to be around $27 Billion, and the Br@itbup’s estimation of around
$1.5 Trillion to update the grid by 2030 (Chupka et al. 2008) it is obvi@tgfth cost factor and
the regulation to permit the recovery of such investments are the bitygdlsehges the smart grid
movement faces. Though the Smart grid is seen as a collettimechnologies that enable an
entirely new way of operating power systems, the utilities ragtilators often view it as a
collection of new kinds of transmission and distribution investmesash yielding unfamiliar
new products and service streams. The utilities, regulatorsptaed stakeholders will have to
evaluate these investments by measuring their value to custoimeir impact on utility rates,

and how customers and generators who use the new capabilities are chattggiddse [40].
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Today, with increased expectations from the smart grid, regulatoryiaegéace
a monumental task of making sure the investements made in this sectbpdavedutile. With
a limited talent pool in this sector and increasing requirement foamuwesources, the regulators
need to take up this challenge with determination and perseveranassfortrathe current grid

into a smart grid.
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CHAPTER 11

CURRENT ELECTRIC GRID AT OKLAHOMA STATE UNIVERSITY

I11.1 Overview

[11.1.1 Design of Distribution Network

Distribution networks are the most complicated, most reljabled also the most
economical means for distributing power [43]. As is commonly doneQlkdahoma State
University, the distribution system is broken down into thredspaamely, the distribution
substation, distribution primary and distribution secondary. Veltagel is reduced at the on-
campus substation for distribution to various buildings and atlemtrical installations in the
Stillwater campus. OG&E is the primary power supplier for tinéversity. In addition, the
university has an on-campus power plant which has an 8 MW geigecapacity using natural
gas as fuel. Due to its small generating capacity, it is limited to powed 8riuildings out of the
more than 80 building located on campus. It is found that the total cgehefating power and
transmitting it is higher than purchasing the same amoupbwér from the utility. Due to such
an economic constraint, the on-campus power plant keeps theaty@meof power at a bare
minimum and the chiller plants are used more frequently forirfgegurposes all across the
campus. But during peak load conditions, especially in summeontcampus power plant does

help in meeting the peak demand.
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Figure Ill.1 shows one of the six segments of the current dittsib system at the
Stillwater campus of Oklahoma State University. It sed@duildings out of which 4 of them
are considered as critical loads due to the density of sensifjuipment in them and the amount
of research work being conducted in these buildings. These cliadd are more sensitive to
power outages and voltage fluctuations. The protection sysieets all across the university’s
distribution grid are fuses manufactured by S&C. The on-campusr pbave is not connected to
the grid shown in Figure 1ll.1, thus lowering the redundancy of the ibwBs&ribution system
under consideration. Also, the number of distribution lines acrassutiiversity campus is

significantly large and all the distribution across the campus is done usingnanshel cables.

As illustrated in Figure lll.1, buses are represented as ntiddesknown that there are

different types of buses, an understanding of which would be very benefidiaisfgtudy.

The different types of buses are basically distinguished demgrati their actual,
practical operating constraints. The two major types ofsdasd which are of particular interest
in distribution systems are load buses and generator buses. Load buses atettoefsrPQ buses
since, at the load bus an assumption is made that the power consudaé are provided by the
end user. Thus both real power and reactive power are specifiedeiy load bus. In Figure
1.1, there are 13 load buses namely; Bus 9, Bus 10, Bus 14, Bus 15, Haiss189,Bus 22,

Bus 23, Bus 31, Bus 32, Bus 35, Bus 36 and Bus 37.

In principle, at the generator buses P and Q can be specifiegviigyproblems would
arise with this. The first has to do with balancing the poweds@f the system, and the second
with the actual operational control of generators. As altreisuurns out to be convenient to
specify P for all but one generator connected to the slack hdstoause the generator bus
voltage, V, instead of the reactive power Q as the second lear@nerator buses are therefore

called PV buses [44].
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Figure 1Il.1 A segment of the current distributisystem layout at Oklahoma State University

28



Table 1ll.1 summarizes the known and unknown variables for theustypes of buses

used in load flow studies.

Type of Bus Given Variables Unknown Variables (Calculated)

LOAD BUS Real Power (P) Voltage Magnitude (V)
Reactive Power (Q) Voltage Angle (6)

GENERATOR BUS Real Power (P) Reactive Power (Q)
Voltage Magnitude (V) Voltage Angle (6)

SLACK BUS Voltage Magnitude (V) Real Power (P)
Voltage Angle (6) Reactive Power (Q)

Table Ill.1 Types of buses and associated varidhlesad flow study

Using Power World Student v.13 software, load flow model for theentistribution
system at Oklahoma State University was developed forsegment. With the load data, bus
voltages and distribution line parameters as known values inddeflbw analysis of the system
under consideration, variation of bus voltages under changing loadicosdit outages can be
calculated. In addition, currents through the different lines caraloealated by the application of
ohms law to each individual link. Also, it is important to kndwattall the currents at an instant
are to be determined in order to compute the overall linedosske system. Depending on the
user’s choice of programming the software, the basic ougighles such as currents for all the
lines can be stated in amperes, or it is even possible tosexpeeflow in each and every link in

terms of the real (Megawatts) and reactive power (MVAr) values.
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I11.1.2 Distribution Substation

Distribution substation design has been somewhat standardized biedtric autility
industry based on past experiences. A typical substation may irtbkeidellowing equipments:
(i) power transformersji} circuit breakers,ii{) disconnecting switchesiv] station buses and
insulators, ) current limiting reactors,v() shunt reactors,v{i) current transformers,vifi)
potential transformers,ix) capacitor voltage transformers) (coupling capacitors,xi) series
capacitors, Xii) shunt capacitorsxiii) grounding systemxiv) lightning arrestors/or gaps

line traps, Xvi) protective relaysxii) station batteriesxyiii) other apparatus [45].

There are two distribution substations on campus, one rated at 14.AdKMeaother at
24 KV. These substations feed the entire distribution syste@kihoma State University,

Stillwater campus.

[11.1.3. Distribution Feeders

The majority of the distribution feeders at Oklahoma Stativeisity are either radial or
loop feeder type. It is a known fact that radial feeder desigmsnost widely used at distribution
levels all across North America due to its reduced costsase of planning, design, operation
and analysis. But the biggest drawback of a radial systetimat it provides a single electrical
path from the substation to the end user. On the other hanthoihesystem such as the one
illustrated in Figure 1ll.1 has two separate electricahpdb feeding the loads. The network
feeder systems which are an improvement over the loop fegstens have multiple paths to
feed the load. The loop and the network feeders systems hejponemtially increasing the
redundancy of the entire network. Figure 111.2 illustrates ffferént types of distribution system

designs.
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Radial Loop Network

Figure I11.2 Simplified illustration of the concepbehind three types of power distribution confagioms [5]

As seen in the Figure 111.2, the loop system exactly matdteesurrent OSU distribution
system under consideration and shown in Fig Ill.1. The feedback lote icutrent system is
connected from Bus 28 to Bus 33. In terms of complexity, a loop feeskemsys only slightly
more complicated than a radial system — power usually flowé$ramt both sides towards the
middle, and in all cases can take only one of two routes. Vottemg sizing and protection

engineering are only slightly more complicated than for radial sgsiéa.

[11.2. Challenges

With a vast main campus consisting of around 80 buildings, it is anmmemtal task for
the utilities department to keep the lights ON everylsinginute of the year. The university does
have an on-campus power plant with a capability to generate 8oM&eéctricity using natural
gas. Although OSU receives most of its electrical power f@®&E, the OSU power plant acts
as a system buffer and back up supply. All distribution is done usinggraded cables for
aesthetic purposes and as such faces problems such as dhiftiig leading to cracking of

underground banks, water seepage and higher installation and maintenance costs
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As illustrated in Figure lIl.1, though redundancy is provided by meaadeedback loop
connected from Bus 28 to Bus 33, the S&C switches and the praotegtiaces being fuses, a
considerable amount of time is lost in restoring power during powagesit Furthermore, a fault
on Bus 1 would lead to a complete blackout causing significant faldoskes to the university.
One criticalproblem with the current distribution system illustrated in Fidlrg is that during
times of outages, its own feedback loop has to take carerofitieg power since the on campus
power plant is not connected to this loop. This operation leads twhdiate of voltage levels at
all buses. As discussed earlier, the loads connected to buses 10, 8% 32 are treated as
critical loads. These buildings thus consist of a high densityelectronic and sensitive
equipment. Hence, it becomes extremely essential to provide ersdigidancy in the electric
grid connecting these loads to avoid any kind of outages. Alsgprigfisrred to have the voltage

levels at other buses maintained above 0.99 p.u.

Though there have not been any major campus blackouts in the pagedesy the
electrical system needs to be upgraded since it is plagtiedavious challenges that need to be

addressed. They are:

¢ Significant load growth

e Not much reliance on distribution automation

¢ No uniformity in distribution voltage levels

e Control center operation not extended to the building level

e Lessinvestment on power system upgrade schemes

I11.3 Load Flow Study

Load flow or power flow studies are by far the most importafdutations in power
system engineering, since it calculates the network pesftsenunder normal as well as during

times of faults, disturbances or outages. Load flow calculatitms the designer to ensure that
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the current in the various branches of a network do not exceiedadlfe working limits or reach

an otherwise unsuitable value [46]. It is more importantly usesparesion planning studies and
by using optimal power flow technique the most economical operatithe current system. The
results acquired from load flow studies are very helpfulé@signing appropriate protection
schemes too. With input data provided such as the distributiomrsgstenection diagram, load
data in the form of real and reactive power, transmission limanpgders and transformer
parameters, the condition and operation of any current system or preyss=d can be studied
and analyzed using load flow studies. A load flow analysis can provide theifgloviormation

[47]:

a) Voltages at each bus;

b) Phase angle for each bus;

c) Power flow in each line (Megawatts and Megavars);
d) Megawatt and megavar loss in each line;

e) Direction of reactive power flow;

f) Required transformer capacities;

g) Transformer losses;

h) Generator and tie capacities;

i) Transmission line megavolt ampere capacity requirements;
j) Effects of transformer tap selection;

k) Line protective relay settings;

[) Area megawatt and megavar losses;

m) Total system megawatt and megavar losses;

n) Power factor of equipment and lines.

33



Further, multiple load flow studies can used to obtain the followingrrdton:

a) Optimum system operation;
b) Balanced reactive flows;
c) Effect of future loads (load growth);

d) Effect of new lines;

A load flow study on a segment of the current distribution syste@kithoma State
University is performed and all of the above results can bair@ut as required. The entire
system comprises of 37 Buses and load data, distribution lieenpters and bus voltages are

used as input data to conduct the study. The following load data are tisedtndy.

ILELIETNTE Real Power Reactive Power Apparent Power
(MW) (MVAr) (MVA)
Building 1 0.45 0.22 0.5
Building 2 0.36 0.19 0.4
Building 3 0.27 0.11 0.3
Building 4 0.45 0.3 0.54
Building 5 0.04 0.1 0.04
Building 6 0.1 0.06 0.11
Building 7 0.1 0.03 0.1
Building 8 0.18 0.09 0.2
Building 9 0.11 0.05 0.12
Building 10 0.14 0.06 0.15
Building 11 0.15 0.05 0.16
Building 12 0.02 0.02 0.03
Building 13 0.07 0.03 0.08

Table II.2 Load data of a segment of the curreBtUistribution system
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CHAPTER IV

PROPOSED TECHNIQUES FOR SMART GRID INITIATIVE AT OKLAHOMA STATE

UNIVERSITY

V.1 Incorporating Distributed Generation

Distributed generation, or DG, includes the application of small gemeraften in close
proximity to loads, typically ranging in capacity from 15 to 10,000 kW, scatteredghout a
power system, to provide the electric power needed by electrical cossudmardinarily
applied, the terndistributed generatiomcludes all use of small electric power generators,
whether located in the utility system, at the site of a utility custoonext an isolated site not
connected to the power grid [48]. The service availability of a welgded electric distribution
system is generally of the order of 99.96%. It becomes increasinglytifficd economically
less feasible to increase the availability above 99.96% which wouldegisire expensive
equipment with several levels of redundancy. A high quality DG unit hasiaesarailability of
about 95%(including time out of service for both scheduled maintenance and ueeéxpiures
and repairs). The best units have availabilities in the range of 98%.ifTtakes redundancy,
sometimes up to 100% additional capacity, to assure that DG power wiisdbeahere.
Distributed generation is tailorable in both cost and reliability to a debes the electric utility

often cannot match [49, 51].
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A micro grid system that includes distributed generatianis of the many ways to help
the existing distribution system at the Stillwater campuskbélidma State University to
increase its system redundancy, efficiency and improve diage profile of the
network. A possible connection of distributed generation with cineent system is
illustrated in Figure IV.1. This action will result in amproved and more robust system
as compared to the existing one shown in Figure 111.1.

Implementation of distribution automation devices in the reystech as
advanced voltage and current sensors with integrated wirelessutooation technology
will significantly reduce the outage time and also aid aintaining a database for the
various parameters of the complete system under consideratiommpbgant item for
the sensor assembly is the need for a communication intesifttea communication
network to transport the data to a repository and managemeeinsykhe accumulated
data have to be tagged with circuit information before tiegctheir final destination
which is the data management system [50]. A large number of atlarodtage and
current sensors can be deployed by connecting them to feedersearidatis. Such a
scenario would prove to be economically unjustified and thusritgertant to have such
sensors installed near critical loads only. As illustrated-igure IV.1, sensors are
installed on feeders connecting to bus 10, bus 31, bus32 and bus 35,ashi@mntioned
before, are the ones feeding critical loads. With thisjcatitoads connected to the
network are protected from outages and voltage disturbandest #me same time this is
a more economically viable option.

Apart from the above, such an automated distributed generation
configuration will also help the electric power grid at OSlthwarious other benefits

such as:
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Emergency Power supply — With increasing outages and faults at OSU due to
increased stresses on the distribution system, emergency power sapkdyis
requirement for critical loads. This can be achieved by distributed gienera
integrated with the current electric grid at OSU.

Power quality benefits — There is a steady increase in the power geqliyement
across the university campus and is expected to increase furthefututiee DG
and distribution automation can be very useful in improving the quality of power
distributed across the university.

Increase in operating reserve — With more penetration of DG into tfentur
distribution system at OSU, an increase in the overall operatinyeesan be
achieved.

Economic benefits from peak demand reduction — With DG along with aggressive
energy efficiency programs, peak demand can be reduced thus financeltdosse

both OSU and OG&E.
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Figure IV.1 A segment of the current electric gatdOSU with Distributed Generation and added dligtion lines
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V.2 Discussion of Simulation Results

One of the six segments in the existing distribution systetheaStillwater campus of
Oklahoma State University is modified by adding a 300 kW DtB additional distribution lines
connecting the DG to buses near critical loads as shown in Figure IV.1. Load flosisnéalhis
system is run considering various scenarios. Scenario Icendr® 3 consider an upstream in-
line fault on the distribution lines which connects bus 4 and3bespectively. Scenario 2 and
scenario 4 consider downstream in-line faults near bus 3480 which connect the critical
loads through a step-down transformer. The charts presented ifmwsvacenarios represent the
p.u. voltage values at all busses. Further, the bar graphseawmipties percentage increase in p.u.

voltage at all buses for the respective scenarios.

As illustrated in Figure 1V.1, voltage and current sensors Eeeg@ near critical load
buses namely bus 10, bus 31, bus 32 and bus 35. The operational sequence aigheséose
the various scenarios are clearly presented in the opefalibgia diagrams shown in figures

V.3, IV.7, IV.11 and IV.15.

The in-line faults considered in the study is a 3-phase tedafawlt. Also, the line data

used in this study and the load flow results for all scenarios arenpedsn the appendix.

IV.2.1 Scenario 1

As shown in Figure IV.2, for scenario 1, an in-line fault is conedi®etween bus 2 and
bus 4. Such faults occur on a more frequent basis, the worstab8ipipase balanced fault. This
would cause the protective device on the respective feedmmie into effect and accordingly
take appropriate corrective action. In case of the OSUildifon system, fuses are used as
protective devices which, in case of a fault, would cause it to tdpes avoiding a cascading
effect and preventing the fault from propagating upstream. \WMghnewly proposed system

consisting of distributed generation and automated voltage amentigensors connected at
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critical load points, a complete blackout scenario can be avdiigdt is highly important and
essential that the operation of the proposed system takespkag#anned way as shown in the
operational logic diagram shown in Figure I1V.3. This would imprineoverall voltage level at
all buses and provide effective redundancy to the overallrsystere importantly, it would help
in safeguarding the critical loads from an outage situatiois inportant to note that in this

study, the DG is always in the ON state.

With the use of advanced voltage and current sensors in the propgsted, it is
important to arrange a predetermined set point for eachelz¢ltage or current in the circuit
goes below or above the set value respectively, the sensors avtatdatically take corrective
action. The voltage and current set points in this case wuoel®.994 p.u. and 400 Amp
respectively. As in this scenario, when an in-line fault octwtsveen bus 2 and bus 4, it is
observed that the voltage levels at various buses decrgigadicantly as illustrated in Figure
IV.4. During such an instance, the voltage sensors at bus 4, bustiQsa88 which continuously
compare the bus voltage with the reference values willvaetias the voltage at the
corresponding bus is observed to go below the predetermined value. aMttera scenario
exceeds a certain time duration (which needs to be consideesabitb corrective operation of
voltage sensor during a voltage flicker or voltage sag), the voltagersewill automatically send
a signal via the communication line to the central statiodjdgao the switching ON of the line
connecting bus 34 and bus 38 and distribution line connecting bus 3®uasn8. Such a
coordinated operation needs to be performed in this case sasbgerved that the voltage levels

at both buses 10 and 35 drop below the predetermined set point.

On the other hand, the protective device (fuse) connected Imebuee2 and bus 4
will operate due to the rise in current above the allowablé. lIan automated protective device
is considered to be in use instead of the fuse, the current sdosated at bus 35 and bus 10

which continuously compares the current through the circuit toefleeence will send a signal to
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the protective device to operate during such an overcuragiitt ituation. Also, at the same
instant, a signal is sent to the control station to activetelistribution line connecting the DG to
the affected buses. Since OSU uses fuses as protective sdaviite distribution system, an
overcurrent condition would lead to the opening of the circuit.réstoration of power, it thus
becomes mandatory to replace the fuse in the circuit which, furdagires physical plant
services personnel to go to the fault location and takeatimeemeasures. Once the cause of the
fault is identified and fixed, the line can be restored and ivtiage and current sensed by the
sensors are within limits, the distribution line connecting thedd@ the critical buses switches

off automatically.
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As shown in Figure IV.4 and Figure IV.5, a well-planned and coordinate
operation of the proposed scheme results in significant improvemém bus voltage levels at

various nodes in the grid and more importantly at the buses connected tbdald@ads.

Even if there are multiple in-line faults in the distriloatilines connecting to
buses 8, 34 and 4, the voltage and current sensors will act acctwrdhe same operational logic
as shown in Figure IV.3. If the voltage and current valuebeabtises under measurements are

out of preset limits, the operation of re-routing power using DG gélracome into effect.
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Figure IV.4 p.u. voltage at all buses during irelfault occurrence between Bus 2 and Bus 4
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1V.2.2 Scenario 2

As illustrated in Figure IV.6, an in-line fault is consideredween bus 33 and bus 34.
This is a downstream fault and thus less severe as compatke previous case in which an
upstream fault was considered. But, since a critical load isectethto bus 35, an outage at bus
34 will prove to be catastrophic. The load connected to bus 35 beasgach building, loss of

power to this load would lead to significant financial loss.

With the proposed system, such a scenario is eliminated dbe te-routing of power
provided by the DG connected to bus 34. The entire operation pfadhesed system would take
place as illustrated in the operational logic diagram shiowkigure 1V.7. When an in-line fault
occurs between buses 33 and 34, the voltage level at bus 35 dreps tnd thus triggers the
voltage sensor installed on the same bus. During an occurreneehad §ault, the voltage sensor

sends a signal to the central station prompting to switch on thedimeecting bus 34 to bus 38 at
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which the DG is installed. At the same time, the fuse wbjpfrated due to the fault current is

replaced and the line is restored back to normalcy.

Once that done, the voltage and current sensors again com@am@tages and currents
at bus 35. If observed to be within acceptable limits, susheaario would further make the
sensors to send a command signal to switch off the line connectibgstiaed bus 34. As clearly
illustrated in Figure 1V.8 and Figure 1V.9, the voltage leveldwis 34 and bus 35 are restored.
Thus the well-coordinated operation of the proposed scheme edfgctivoids an outage at the

critical load bus 35.

In short, such a type of network operation makes sure that,ishsveoutage at critical
buses and also the voltage levels at all other buses are imainteithin acceptable limits. The
immediate re-routing of power avoids any kind of outage timertalsng the entire distribution

network under consideration more redundant, efficient and cost effective.
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1V.2.3 Scenario 3

This case is similar to scenario 1, where the occurrenae of-line fault between bus 2
and bus 4 was considered. In this scenario, as shown in Figure IWel@cturrence of an
upstream in-line fault is assumed to be between bus 2 and buis ®blerved that due to the
opening of the fuse connected in the line between bus 2 and bus\®|tdge levels at various
buses in the system are affected significantly. It is olsktivat there is no outage created at any
bus due to the feedback loop provided which initiates re-routing ofmpaowring such an
upstream fault scenario. But since drop in voltage levietbeacritical buses are of particular
concern, the proposed system will provide a much more effegtiyeof handling such faults or
outage situations. During such an upstream fault scenarioptration of the proposed system

would work according to the proposed operational logic diagram shown in Rguie

For this case, the variation of the voltages at buses 10, 31 and 3Raahe sthown in
Figure IV.12. As illustrated, the voltage levels at a number of busesh&aply due to the outage
at bus 3. More importantly, there is a sharp decrease in the voltagatléwekritical load buses,
namely bus 31 and bus 32. Since, these buses are serving critical loads;tsiatioa sould
prove far worse especially during peak load conditions. Again, in such a faulti@onitie
voltage sensors at bus 31 and bus 32 will measure the bus voltages agaafstéimce voltage.
As observed in this operation, the voltages at the critical buses areeabsedrop below the
reference level which in this case is 0.994 p.u.; thus triggering tregeatensor which would
then send a signal to switch on the distribution line connecting the DG. Oméndnand, due to
the sudden rise of current, the protective device connected to bus 3 opetategithe fault
from the rest of the system. Since the protective device in the systencondileration is a

fuse, repairmen are sent to the fault location to resolve théepr@mnd restore the system.
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The current sensors placed at critical buses 31 and 32 continlkeegl monitoring the
current through the line connected to them. A worst case scenario can beocuamupstream in-
line fault occurs on the distribution line connecting bus 3 and adah® instant a downstream
in-line fault occurs on the distribution lines connecting eithreboth buses 31 and 32. Such a
scenario can be effectively resolved by the proposed schentige aStillwater campus of
Oklahoma State University. In such a scenario, power istaffdy re-routed without causing an
outage of the critical loads and at the same time improving the voltafije pt all buses.

Figure IV.12 clearly shows the negative impact of an in-lmdtfbetween bus 2 and bus
3 on the voltage profiles at all buses. As illustrated in Figure2 and Figure IV 13, a well-
coordinated operation of the proposed system as per the operdtigicatiagram shown in
Figure V.11 effectively improves the voltage levels athaites. Also, Figure V.13 shows the
percentage increase in the p.u. bus voltages due to the DG opemasiochi a scenario. It is
clearly observed that there is a significant increagbe p.u. voltage level at the critical buses in

addition to improvement in the voltage profile at other buses.
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Figure IV.12 p.u. voltage at all buses during melfault occurrence between Bus 2 and Bus 3
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1V.2.4 Scenario 4

As illustrated in Figure 1IV.14, a downstream in-line fault betwéus 28 and bus 30 is
considered. This is similar to scenario 2, wherein the faultooasidered between bus 33 and
bus 34. Again, such a downstream fault is less harmful unlesg8caldoad is connected to the
bus affected by the fault. In case of the OSU distribution sysieder consideration, such a
scenario is of significant importance as the critical ligacbnnected to Bus 32 which is severely

affected during such a downstream fault scenario.

The voltage and current set points in this case would be asuneall previous scenarios
i.e. 0.994 p.u and 400 amps respectively. Due to the high current irirthé during fault
condition, the protective device connected to bus 30 operates and avocédsaaling effect
preventing the fault penetrating upstream which would furtheumlisoperation of the overall

system.
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The operation of the proposed system during such an in-linesizerario takes place
according to the operational logic diagram illustrated in feidgut15. The voltage sensor which
is placed at bus 32 will come into effect and will measure vibitage level against the
predetermined voltage set point. As shown in Figure 1V.16, duketén-line fault in the line
connecting bus 28 and 30, the voltage falls sharply at bus 30 and 32, wdhitth cause an
outage at load connected to bus 32. This is an undesirable situatibe,lead connected at bus

32 is considered to be a critical load.

The swift operation of the proposed system with voltage andntigeasors installed at
bus 32 will increase the redundancy and efficiency of thesysthis is further achieved by re-
routing power to the load through the DG connected to bus 30. It is alsdamipornote that the
duration of the drop in voltage during a fault condition shoulddze 1 minute to avoid false

operation of the system during times of transients, voltage sags @eviiitkers.
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CHAPTER YV

SUMMARY AND CONCLUDING REMARKS

The transition towards a smart grid from the current étegiid at Oklahoma State
University will be one of the most important decisions to nitseglectric reliability, economy,
efficiency and sustainability goals. The proposed smart mictogystem with distributed
generation and distribution automation employing advanced voltage ardtcensors will help
in saving money and add value to both OG&E and to the universitypus. The various
scenarios presented in this study indicate that the overathtape of a segment of the
distribution system at Oklahoma State University can be improy@ahplementing the proposed
suggestions. It clearly shows that the most effective adtioproviding reliable and higher
quality power to the university campus is by re-routing ofeégls during times of power outages
or severe voltage fluctuations. Also, for taking full advaatad the proposed system for
increasing the reliability and efficiency of the currenttiriisition grid, it is important that all
manual switches and fuses be replaced by automatic protectiomtanthtc switching devices
which can respond to digital signals generated by a computer withadility to re-route power
at signs of trouble without any interruptions. With a well-desigmécrogrid system involving
distributed generation and advanced voltage and current sensorsldechbi@ distribution
automation, it would not only help the university in providing staldétage and improved

reliability but also help in shaving its demand during peak periods.
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Currently, at the Stillwater campus of Oklahoma State Usityerduring times of power
outages electricity supply is restored manually which involsest of sending maintenance
personnel out to take corrective action and restore power. Irsttidy, research buildings are
considered as critical loads such as the ones connected to bu3&s3®and 35 as illustrated in
Figure IV.1. Power outages in these buildings will have a promauatfect in the form of lost
faculty and staff productivity, loss of critical academégperiments and reduced life of
equipment. As discussed under the various scenarios, the résaflg present the advantages of
having distributed generation and additional distribution lines coimgelsuses 8, 34, 29 and 30
(See Figures V.5, IV.9, V.13, IV.17) which feed the critical lpathrough a step-down
transformer. A well-coordinated and efficient operation lvé fproposed system as per the
operational logic discussed under various scenarios will etisarghese critical loads are not
affected by power outages or severe voltage fluctuations. Dipeged system which comprises
of distributed generation with additional distribution lines autvanced voltage and current
sensors connects these critical buildings to a power loop vhaishhe capacity to isolate faults
and re-route power, thus increasing the overall reliability ofsgfrsgem and at the same time
reducing the losses associated with power outages. Théulisttigeneration considered in this
study can be in the form of a gas turbine unit or solar pow&ioamwind energy conversion
systems with suitable energy storage, fuel cells or bedtefurther research will be required to
identify which specific technology or combination of technologiel e the optimum DG
strategy to be implemented as part of the proposed system, gimilar studies need to be
undertaken on all segments of the distribution system at OSlwatr, to arrive at a
comprehensive networked microgrid system that would benefiegihents of the distribution

system.

The electric grid at the Stillwater campus of OklahontateSUniversity has a robust

architecture upon which a smart grid can be installled.eld@ing a micro grid, encouraging
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renewable energy generation technologies, installing smartrsnedeveloping impenetrable
security and communication infrastructures and implementingfidimation in the current grid
would benefit the university in terms of availability, reliilj efficiency, higher power quality,
security and reduced financial lossBgtailed economic and social benefits need to be further
analyzed to justify the cost of implementing smart grid technadagiecampus. Further, dynamic
simulations and optimization studies of the current and proposedelMdistribution systems at
Oklahoma State University need to be carried out to identdjegis and activities with highest
potential for improvement. Addressing the cost savings and otheefits of such an

implementation to concerned personnel is vital to initiate actions.

The entire process of developing a smart grid on a natiaaé swill require
concerted efforts from the government, utilities and consumers, the end resuitlofwould
be compelling. Considerable research work and financial suppostill needed to make the
Smart Grid an ubiquitous entity in the power sector. At Oklah@tate University, both
OG&E and the university must embrace the concept of Smad & start working

coherently at the consumer, distribution and transmission levels.
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Load Records

APPPENDIX A

Load Records

Load Name Status MW Mvar MVA
Building 1 Closed 0.45 0.22 0.5

Building 2 Closed 0.36 0.19 0.41
Building 3 Closed 0.27 0.11 0.3

Building 4 Closed 0.45 0.3 0.54
Building 5 Closed 0.04 0.01 0.04
Building 6 Closed 0.1 0.06 0.11
Building 7 Closed 0.1 0.03 0.1

Building 8 Closed 0.18 0.09 0.2

Building 9 Closed 0.11 0.05 0.12
Building 10 Closed 0.14 0.06 0.15
Building 11 Closed 0.15 0.05 0.16
Building 12 Closed 0.02 0.02 0.03
Building 13 Closed 0.07 0.03 0.08
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Current Distribution System

APPENDIX B

Bus Records (Without outage)

Bus Records (With outage on Bus 4)

Nom Nom
Number | kV PU Volt | Volt (kV) | Number kV PU Volt | Volt (kV)
1 12.47 1 12.47 1 12.47 1 12.47
2 12.47 | 0.99996 12.469 2 12.47 | 0.99996 | 12.469
3 12.47 | 0.99977 12.467 3 12.47 0.9995 12.464
4 12.47 | 0.99993 12.469 4 12.47 | 0.99467 | 12.404
5 12.47 | 0.99884 12.455 5 12.47 | 0.99466 | 12.403
6 12.47 | 0.99882 12.455 6 12.47 | 0.99465 | 12.403
7 12.47 | 0.99877 12.455 7 12.47 0.9946 12.403
8 12.47 | 0.99879 12.455 8 12.47 | 0.99462 | 12.403
9 0.48 | 0.99864 0.479 9 0.48 0.99447 | 0.477
10 0.48 | 0.99874 0.479 10 0.48 0.99457 | 0.477
11 12.47 | 0.99871 12.454 11 12.47 | 0.99479 | 12.405
12 12.47 | 0.99855 12.452 12 12.47 | 0.99463 | 12.403
13 12.47 | 0.99863 12.453 13 12.47 0.9947 12.404
14 0.48 | 0.99856 0.479 14 0.48 0.99464 | 0.477
15 0.48 | 0.99838 0.479 15 0.48 0.99446 | 0.477
16 12.47 | 0.99974 12.467 16 12.47 | 0.99947 | 12.463
17 12.47 | 0.99975 12.467 17 12.47 | 0.99948 | 12.463
18 0.21 | 0.99974 0.208 18 0.21 0.99947 | 0.208
19 0.48 | 0.99975 0.48 19 0.48 0.99948 0.48
20 12.47 | 0.99919 12.46 20 12.47 0.9979 12.444
21 12.47 | 0.9991 12.459 21 12.47 | 0.99781 | 12.443
22 12.47 | 0.99911 12.459 22 12.47 | 0.99782 | 12.443
23 0.21 | 0.99909 0.208 23 0.21 0.9978 0.208
24 0.21 | 0.99905 0.208 24 0.21 0.99776 | 0.208
25 12.47 | 0.99906 12.458 25 12.47 | 0.99745 | 12.438
26 12.47 | 0.99904 12.458 26 12.47 | 0.99744 | 12.438
27 12.47 | 0.99906 12.458 27 12.47 | 0.99745 | 12.438
28 12.47 | 0.99892 12.457 28 12.47 | 0.99689 | 12.431
29 12.47 | 0.99888 12.456 29 12.47 | 0.99684 | 12.431
30 12.47 | 0.99892 12.457 30 12.47 | 0.99688 | 12.431
31 0.21 | 0.99888 0.208 31 0.21 0.99684 | 0.207
32 0.48 | 0.99892 0.479 32 0.48 0.99688 | 0.479
33 12.47 | 0.99876 12.455 33 12.47 | 0.99565 | 12.416
34 12.47 | 0.99866 12.453 34 12.47 | 0.99555 | 12.415
35 0.21 | 0.99864 0.208 35 0.21 0.99552 | 0.207
36 0.21 | 0.99906 0.208 36 0.21 0.99745 | 0.207
37 0.21 | 0.99904 0.21 37 0.21 0.99743 | 0.209
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APPENDIX C

Scenario |
Bus Records with in line fault between Bus 2 and Bus 4
With outage and DG OFF With Outage and DG ON
Nom Volt Nom Volt
Number kv PU Volt (kV) Angle (Deg) kv PU Volt (kV) Angle (Deg)
Volt

1 12.47 1 (kV) 0 12.47 1 12.47 0

2 12.47 | 0.99995 | 12.47 0 12.47 | 0.99997 | 12.47 0

3 12.47 | 0.99941 | 12.469 -0.02 12.47 | 0.99978 | 12.467 -0.03
4 12.47 | 0.99354 | 12.463 -0.18 12.47 | 0.99888 | 12.456 -0.35
5 12.47 | 0.99354 | 12.39 -0.18 12.47 | 0.99888 | 12.456 -0.35
6 12.47 | 0.99282 | 12.39 -0.17 12.47 | 0.99861 | 12.453 -0.42
7 12.47 | 0.99232 | 12.381 -0.17 12.47 | 0.99811 | 12.446 -0.42
8 12.47 | 09914 | 12.374 -0.17 12.47 | 0.99924 | 12.461 -0.49
9 0.48 | 0.99219 | 12.375 -0.19 0.48 | 0.99798 | 0.479 -0.43
10 0.48 | 0.99127 | 0.476 -0.18 0.48 | 0.99912 0.48 -0.5
11 12.47 | 0.9937 0.476 -0.18 12.47 | 0.99872 | 12.454 -0.34
12 12.47 | 0.99353 | 12.391 -0.18 12.47 | 0.99855 | 12.452 -0.34
13 12.47 | 0.9936 | 12.389 -0.18 12.47 | 0.99862 | 12.453 -0.34
14 0.48 | 0.99348 | 12.39 -0.19 0.48 0.9985 0.479 -0.35
15 0.48 | 0.99332 | 0.477 -0.19 0.48 | 0.99834 | 0.479 -0.35
16 12.47 | 0.99938 | 0.477 -0.02 12.47 | 0.99975 | 12.467 -0.03
17 12.47 | 0.99939 | 12.462 -0.02 12.47 | 0.99976 | 12.467 -0.03
18 0.21 | 0.99938 | 12.462 -0.02 0.21 | 0.99975 | 0.208 -0.03
19 0.48 | 0.99939 | 0.208 -0.02 0.48 | 0.99976 0.48 -0.03
20 12.47 | 0.99747 0.48 -0.08 12.47 | 0.99929 | 12.461 -0.14
21 12.47 | 0.99739 | 12.438 -0.08 12.47 | 0.9992 12.46 -0.14
22 12.47 | 09974 | 12.437 -0.08 12.47 | 0.99921 | 12.46 -0.14
23 0.21 | 0.99738 | 12.438 -0.08 0.21 | 0.99919 | 0.208 -0.14
24 0.21 | 0.99734 | 0.207 -0.09 0.21 | 0.99915 | 0.208 -0.14
25 12.47 | 0.99693 | 0.207 -0.1 12.47 | 0.99916 | 12.46 -0.17
26 12.47 | 0.99691 | 12.432 -0.1 12.47 | 0.99914 | 12.459 -0.17
27 12.47 | 0.99693 | 12.432 -0.1 12.47 | 0.99915 | 12.459 -0.17
28 12.47 | 0.99624 | 12.432 -0.12 12.47 | 0.99902 | 12.458 -0.2
29 12.47 | 0.99619 | 12.423 -0.12 12.47 | 0.99897 | 12.457 -0.2
30 12.47 | 0.99623 | 12.423 -0.12 12.47 | 0.99901 | 12.458 -0.2
31 0.21 | 0.99619 | 12.423 -0.12 0.21 | 0.99897 | 0.208 -0.2
32 0.48 | 0.99623 | 0.207 -0.12 0.48 0.999 0.48 -0.2
33 12.47 | 0.99469 | 0.478 -0.16 12.47 | 0.99886 | 12.456 -0.29
34 12.47 | 0.99317 | 12.404 -0.25 12.47 | 0.99993 | 12.469 -0.5
35 0.21 | 0.99208 | 12.385 -0.26 0.21 | 0.99983 | 0.208 -0.51
36 0.21 | 0.99692 | 0.207 -0.1 0.21 | 0.99915 | 0.208 -0.17
37 0.21 | 0.99691 | 0.207 -0.1 0.21 | 0.99914 0.21 -0.17
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Scenario

APPENDIX D

Bus Records with in line fault occurrence between Bus 33 and Bus 34

Number PU Volt (DG OFF) Nom kV PU Volt (DG ON)

1 1 12.47 1

2 0.99957 12.47 0.99957
3 0.99934 12.47 0.99934
4 0.99934 12.47 0.99934
5 0.99839 12.47 0.99839
6 0.99769 12.47 0.99769
7 0.99719 12.47 0.99719
8 0.99734 12.47 0.99734
9 0.99706 0.48 0.99706
10 0.99729 0.48 0.99729
11 0.99787 12.47 0.99787
12 0.99772 12.47 0.99772
13 0.99779 12.47 0.99779
14 0.99773 0.48 0.99773
15 0.99754 0.48 0.99754
16 0.99931 12.47 0.99931
17 0.99932 12.47 0.99932
18 0.99931 0.21 0.99931
19 0.99932 0.48 0.99932
20 0.99858 12.47 0.99858
21 0.99849 12.47 0.99849
22 0.9985 12.47 0.9985
23 0.99845 0.21 0.99845
24 0.99843 0.21 0.99843
25 0.99843 12.47 0.99843
26 0.99841 12.47 0.99841
27 0.99842 12.47 0.99842
28 0.99825 12.47 0.99825
29 0.99814 12.47 0.99814
30 0.99818 12.47 0.99818
31 0.99814 0.21 0.99814
32 0.99818 0.48 0.99818
33 0.99803 12.47 0.99803
34 0 12.47 0.99987
35 0 0.21 0.99977
36 0.99842 0.21 0.99842
37 0.99841 0.21 0.99841
38 1 12.47 1
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APPENDIX E

Scenario lll
Bus Records with in line fault between Bus 2 and Bus 3
With Outage and DG OFF With Outage and DG ON
Number Nom kV PU Volt Angle (Deg) PU Volt Angle (Deg)

1 12.47 1 0 1 0

2 12.47 0.99952 0 0.99977 -0.02
3 12.47 0.9935 -0.07 0.99882 -0.36
4 12.47 0.99904 -0.01 0.99954 -0.04
5 12.47 0.99696 -0.07 0.99908 -0.16
6 12.47 0.99626 -0.07 0.99838 -0.15
7 12.47 0.99576 -0.07 0.99788 -0.15
8 12.47 0.99591 -0.07 0.99803 -0.16
9 0.48 0.99563 -0.08 0.99775 -0.17
10 0.48 0.99586 -0.09 0.99798 -0.17
11 12.47 0.99521 -0.03 0.99786 -0.23
12 12.47 0.99505 -0.03 0.9977 -0.23
13 12.47 0.99513 -0.03 0.99777 -0.23
14 0.48 0.99506 -0.04 0.99771 -0.24
15 0.48 0.99488 -0.05 0.99753 -0.24
16 12.47 0.99347 -0.07 0.99879 -0.36
17 12.47 0.99347 -0.07 0.9988 -0.36
18 0.21 0.99347 -0.07 0.99879 -0.36
19 0.48 0.99347 -0.07 0.99879 -0.36
20 12.47 0.9936 -0.07 0.99892 -0.36
21 12.47 0.9935 -0.07 0.99883 -0.35
22 12.47 0.99352 -0.07 0.99884 -0.35
23 0.21 0.99346 -0.07 0.99879 -0.36
24 0.21 0.99344 -0.07 0.99876 -0.36
25 12.47 0.99371 -0.07 0.99903 -0.35
26 12.47 0.99369 -0.07 0.99901 -0.35
27 12.47 0.9937 -0.07 0.99902 -0.35
28 12.47 0.99388 -0.06 0.9992 -0.35
29 12.47 0.99127 -0.06 0.99966 -0.37
30 12.47 0.99182 -0.06 0.99938 -0.37
31 0.21 0.99277 -0.06 0.99966 -0.37
32 0.48 0.99221 -0.06 0.99937 -0.37
33 12.47 0.99456 -0.04 0.99827 -0.28
34 12.47 0.99289 -0.15 0.99661 -0.39
35 0.21 0.99279 -0.16 0.99651 -0.4
36 0.21 0.9937 -0.07 0.99902 -0.35
37 0.21 0.99369 -0.07 0.99901 -0.35
38 12.47 0 0 1 -0.39
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APPENDIX F

Scenario IV
Bus Records with in line fault between Bus 28 and Bus 30
Number Nom kV PU Volt (DG OFF) Nom kV PU Volt (DG ON)

1 12.47 1 12.47 1

2 12.47 0.99955 12.47 0.99955
3 12.47 0.99932 12.47 0.99932
4 12.47 0.9993 12.47 0.9993
5 12.47 0.99829 12.47 0.99829
6 12.47 0.9976 12.47 0.9976
7 12.47 0.99709 12.47 0.99709
8 12.47 0.99724 12.47 0.99724
9 0.48 0.99696 0.48 0.99696
10 0.48 0.9972 0.48 0.9972
11 12.47 0.9977 12.47 0.9977
12 12.47 0.99754 12.47 0.99754
13 12.47 0.99762 12.47 0.99762
14 0.48 0.99755 0.48 0.99755
15 0.48 0.99737 0.48 0.99737
16 12.47 0.99929 12.47 0.99929
17 12.47 0.99929 12.47 0.99929
18 0.21 0.99929 0.21 0.99929
19 0.48 0.99929 0.48 0.99929
20 12.47 0.99853 12.47 0.99853
21 12.47 0.99844 12.47 0.99844
22 12.47 0.99845 12.47 0.99845
23 0.21 0.9984 0.21 0.9984
24 0.21 0.99838 0.21 0.99838
25 12.47 0.99837 12.47 0.99837
26 12.47 0.99835 12.47 0.99835
27 12.47 0.99837 12.47 0.99837
28 12.47 0.99818 12.47 0.99818
29 12.47 0.99808 12.47 0.99808
30 12.47 0 12.47 0.99992
31 0.21 0.99807 0.21 0.99807
32 0.48 0 0.48 0.99992
33 12.47 0.99781 12.47 0.99781
34 12.47 0.99615 12.47 0.99615
35 0.21 0.99605 0.21 0.99605
36 0.21 0.99837 0.21 0.99837
37 0.21 0.99835 0.21 0.99835
38 12.47 1 12.47 1
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Line and Transformer Records

APPENDIX

G

Line Records
Mvar MVA
From Number To Number Xfrmr MW From From From
1 2 No 2.4 1.1 2.7
2 3 No 1 0.5 1.1
2 4 No 1.5 0.7 1.6
3 16 No 0 0 0
3 17 No 0.1 0.1 0.1
3 20 No 0.8 0.4 0.9
4 5 No 1.5 0.7 1.6
5 6 No 0.8 0.3 0.9
5 11 No 0.7 0.3 0.8
6 7 No 0.5 0.2 0.5
6 8 No 04 0.1 0.4
7 9 Yes 0.4 0.2 0.5
8 10 Yes 04 0.1 0.4
11 12 No 0.5 0.3 0.5
11 13 No 0.3 0.1 0.3
11 33 No -0.1 -0.1 0.1
12 15 Yes 0.4 0.3 0.5
13 14 Yes 0.3 0.1 0.3
16 18 Yes 0 0 0
17 19 Yes 0.1 0.1 0.1
20 21 No 0.1 0 0.1
20 22 No 0.2 0.1 0.2
20 25 No 0.5 0.3 0.6
21 23 Yes 0.1 0 0.1
22 24 Yes 0.2 0.1 0.2
25 26 No 0.1 0 0.1
25 27 No 0 0 0
25 28 No 0.5 0.2 0.5
26 37 Yes 0.1 0 0.1
27 36 Yes 0 0 0
28 29 No 0.1 0.1 0.1
28 30 No 0.1 0.1 0.2
33 28 No -0.2 -0.1 0.2
29 31 Yes 0.1 0.1 0.1
30 32 Yes 0.1 0.1 0.2
33 34 No 0.2 0.1 0.2
34 35 Yes 0.2 0.1 0.2
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