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Abstract

Power system reliability ighe overall objective in power system design and operalion.
includes two main aspects: adequacy and security. During the last decades, outages and
blackout emerged more and more frequently which affected the normal consumiption o
consumers. In order to meet the increase the power system securityheafietj grid is

neead to monitor and response the change within the whole network in tim8mart
islanding is considered as an effective way to presemtll outagesn the sytem from
propagatingnto big blackout.

In this paper,two common methods used to find the islands are introduced and the formation
of islands was conducted ey C++ minimal cutsetalgorithm basedprogramwhich weas
implemented on the platform ddev cppin the simulation part, moreovehd proposed
approach wsa applied to a Nordic 3Bustestsystem andvasused to save theetwork from
voltage collapseOn the otherhand, sincehe largeamounts of sustainable resources are
being widely usedby taking irio account othe evefincreasing dad demand throughout the
world, people are exploring new resources to replace théngxisonrenewable resources.

As one of the renewable energyjnd power,drawspeopl eds attentions
Renewable resourcgeneration connected to the existing network will incur plenty of
problems which will decrease the power system reliability. The wind energy injection will
probably induce transmission overloaded problem which reduce the power system adequacy.
It is critical to allocate the wind energy optimally. order to find good locations to set up
largescale wind poweprojects,a Weighted Transmission Loading Reli®/TLR) / Equal
Transmission Loading RelieE[TLR) sensitivitywasintroduced in this work tdelp find the
positions ofinjecting the wind power so that the increasingly load demand can be satisfied
well as reduce the contingency overlsadgithin the systemo enhancehe power system
reliability.

Keywords: Smart islanding, sel-healing grid, power g/stem security,minimal cutset a
C++ minimal cutset algorithm program, renewable energy, power system reliability,
large-scale wind power projects WTLR /ETLR sensitivity
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Chapter 1

Introduction

In this chapter, a general description tble emergaceof smart grid that meet thincreasing
growth rate of | oad de mais provided. Duedomthesfactniteatr 6 s
outages and blackouts occurred more frequently during the latest years, the nesd for
intelligent strategy to aatrol the electricity network is emphasized by more people
throughout the worldIn addition, one important issue, optimal allocation of wind energy,
which is related to the connection of renewable resource to the exisghgork, is
introduced. Finallythe framework of this thesis is pointed.out

1.1 Selt-healing grid: Smart islanding

The statistic reporfrom the North American Electric Reliability Council (NERC) and
analyses from the Electrieower Research Institute (EPR&l us such dact thataverage
outages from 1984 to novmave affected approximately 700,000 customers per event
annually Outages and large blackout occurredrenand mordrequently than before during
the last 40year whichspotighted our requirement to realize thengplex phenomena related
to power systems and the development of esrarg controls and restoration. The statistic of
outages occurred during 20@005 in North America can be seen in Figurd1l].1

Number of US power outag

19911995 19962000 20012005

Figure 11: Historical analysis of U.Sutageg1991-2005)
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Chapter 1 Introduction

In the past 30 yearshe information and communication technology has undergone
enormous changes, but the aging America network does not keep up with the pace of
technological evaation. The consumers proposed higher standards for the power supply
requirements than before, national security, various environmental protection policies also
asked for a power grid with higher standarchstouction and management leyéb]. The
2003 CaadaU.S.A blackout is amotivation for the American electric power industtyg
decide to createa robust grid which is safe and reliable, eefective, clean and
environmentally friendly, transparent and open, that issthert grid.

Actually, the situation in America 3ot particular. The big blackoatround the world
in recent yearsvhich are explicated i43] [4] [5] highlight the requirement for such a self
healing gstem with the function of adaptive protection whoeim minimizethe impact on the
whole system perfonance when there is an emergen€eontingency.The critical step of
creating aself-healing grid,i t té lsuild a processor ioteach component of a substatidin
means that each component in the network, namely the breaker,, svéittiormer, busbar,
S0 on,need to be armed with a processor so that the devices can communicate with each
other. Thus theinfrastructue of the system will be changethe transmission line must be
accompanied witha parallel informationline. The information on device parameters and
device status and analog measurements is recorded in the processors. Once such system is
built up, the updated data will be reported to the central control computers immediately
instead ofwaiting for the database generateyl central control personneThe system will
thereforebe more sensitive to theapid changes within the systeithe emergete of smart
grid provides the possibility for the operators to monitioe systemand optimize the
mitigation scheme

In fact, here are a lot of preventive ways can be applied to avoidvimtahe collapse.
In smart grid, he selfhealing function can be carried out very well by thaast islanding
approachwhich has the main goal splittingt he whol e systemd iwmhen i s
there are failures ocawd somewherwithin the systemAftert he f or mati on of t
each of with must then be seHfustaining. The components in each island act as independent
agents with the intelligent distribution. It is capable of reorganizing themselves and makes
best use of available local resources to remove the failure that occurs hétmattvork until
they are able to reconndctthe network. A network of local controllers can act as a parallel,
distributed computer, communicating via microwaves, optical cables, or the power lines
themselves, and intelligently limiting their messagesnly that information necessary to
achieve global optimization andciitate recovery after failurgs] .

Generally speakingsmart islanding is a corrective control strategy that separates the
system intoselfsudaining islands after contingencylhere are two methods that are
commonly used to form the islands, as slow coherency method and minimal cutset method.
The formation of the islands can be beneficial since it cap #teerest system work normally
which prevents the small outages from evolving into big blackbé emergereof the self
healing grid changes the present network into a more robust interactive electric network. This
is of greatsignificance for the optimization of allocation of resources @l &g increasing the
efficiency and reliability of power systenBesides s ome new technol ogi e
development, for instance, wind power, sqawer, electric vehicles producasapid growth
demand for the development of Smart Grid technal®)y integrating the smart islanding
method, the present grid can be transformed into an intelligepbesadihg systenenhance
power system security and reliabil[&] [8] [9] .

Page?2



Chapter 1 Introduction

1.2 Big wind generationproject. One trend of the generation

development

Energy and environment is the impending problem that should be solved for the
survival and development of human beings. Due to the depleting of fossil peeisle
highlight the use of sustainable resouragich push the prosperity of the rapid development
of environmentfriendly products.Wind power, to be one of the renewable resourtes,
many advantages as no green gas emission, widely distributedjarmbtential development
which draw peopl e 6 s Wihtthe scrertificans techmologeal @mayrdss mo r e .
electric power generation technolog@gpecially wind power generation technologgs made
great advanceand steps into maturity by atxy. This gives us the opportunity teplay the
present generations withe wind gaeration and connect it into the existing grid

From theyear 2009 statistic report ¢fie World Wind EnergyAssociation YWWEA),
we get to know thaall wind tuibines installed by the end of 2009 worldwide are generating
340 TWh annum which is thtetal electricitydemand of Italy, the seventh largest economy of
the world, ancequals ta2 % of global electricitconsumption. Thérend of the augmentation
of wind generatiorworldwide can be seen in Fiy2[10] [11] :

World Total Installed Capacity[GW]
® World Total Installed Capacity[GW

203,50

159,21

120,9
93,93
74,12
59,02
47,69
35,3
1 3i8 I I I

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Figure 12: The wind generation capacity worldwide per year from 2001 to 2010
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Chapter 1 Introduction

Figure 12 shows thathe increase of wind generation is over 30% per year with the
highest growtkrate in year 2010. Iwvirtue of the rapid developme of the world wind
generationmore and more wind farms abeingsetup to meet théocal demand anahitigate
the burden ofransmissionnstead of long line transmissi¢h2] [13] . [13] This results in the
issueof largescale integration of wind power generation ithe presensystem. Tobe
different from the small wind generatidarm, thelarge wind farms areisually connected
into the power grid directlyHence, morerequirements are brought out as the transient
stability; recoverability from accidens, frequencyand voltagecontrol aswell as automatic
dispatch14] .

New injections would have an impact on the other transmission lines which results in
the problem of contingency overloads we know, the transmissiaverloadwill decrease
the adequacy of the transmission line which is just one important factor for system reliability.
In order to meet the reliability requirement as well as satisfying the increasing load demand
by using wind generation. hE integration of wind pro@s should be planned by
consideration oproblems:

1) The determination of locations of the wind project.
2) The size of the wind project and tteength of the wind output across time.

3) The different injections that incur the overloaded brancheshwis required to be
expanded.

According to the recommendation of North American Electric Reliability Council, the
system should be designed and operated to withstahdahld N-2 contingenciesxamely
indentifying weak transmission branchieg sinmulating forced transmission and generation
outages and devel@metric to assess the weakness of each existing transmission kmanch.
order to satisfy these requirementise Weighted Transmission Loading RelieNTLR)/
Equal Transmission Loading Reli@ETLR) sensitivity methodologyis used to evaluate the
new wi nd geHfeoteon thetsyserfls] @he WTLRmeans 1 MW new injection at
the specific bus will reduce 0.5 MW contingency overload in transmission branehegét
a WTLR of 0.5at that bus whileghe Equal Transmission Loading RdligETLR) signifies the
total expected MW contingency overload reduction, in all transmission lines and under all
contingencies, if 1 MW is injected at that prescribed bus. ResElLR and WTLR
sensitivities showhat new injection will tend to increase overloads esdlice overall system
security andvice verse[16] . The methodgives us the insights into the exploratiaf the
influence of new injectiosm on the whole system. More details of ETLR/WTLR methodplog
will be depicted in Chapter. 2

This thesis describes wortn finding methods tomprove power system security. The
work includes two partghe optimal connection of wind power in trangsion grids using
sensitivity method as well atevelopment of preventivway, namelycontrolled partitionor
called smart islandingnethod,for power system blackouts. The main goal of thwk is
firstly on a simulation ofdetermining the optimal lotians of wind generation project.
Several scenarios are set up to show the results. As we krove/ geerations on buses will
probablyincur the contingency overload. The problem was assumed to be solved by using the
WTLR/ETLR sensitivity methodA studycase which is baseoh Nordic 32test system is
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Chapter 1 Introduction

presented talemonstrate the availability of the sensitivity methodologger the help of
Powerworld Simulator Software packaddéereaftermore work is done bynplementing the

smart islandingapproach ito the sameest system Y using the Powerworld softwar@s a

selthealing grid, smart islanding should be able to prevent the small outages from evolving

into big blackouts andleep the rest part work norrhalThemethod off or mi ng t he &i ¢
was deronstrated by a C++ minimal cutset algorithasedprogram. Finallya case study of

applying smarislanding to prevent blackout is demonstrated and presentadtaly using

Powerworld software as well

1.3 Thesis outline

Chapter2 introdu@s threeimportant concepts related to thewer systenoperation
issues whicharepower systenstability, securityand reliability. The power system reliability
includes two aspects: security and adequAcseliable systentould sometimes be insecure.
In other words, itould be also operated in the emergency state or went to insecure condition
when it is subje@d to a certain disturbance and a stable system can also be insecure when we
compared it with another system. The criteria of system reliabifitysecurity are enacted by
different organizations according to different situatidhss the standards for the electrical
engineers to design the network which is presented in this chapter. Mortb@veoncept of
power system stability and the intermection among these threenceptsare presented at
last.

In Chapter 3pne issuenvolved in meetingthe continuous growp ofload demandis
introduced A WTLR/ETLR sensitivitymethod is utilized to determine the good locagitm
set up windfarms which can satisfy the load increase as well as mitigate the contingency
overload A case study of Nordic 32 system is presetdeske the impact of theew injection
on the whole systenBeveral scenarios are presented to demonstrate the préityicdlihis
new methodology. Ithis sectionPowerworld Simulator is used to carry out the simulations
and represent the results graphically.

In Chapter4, several commmo methods that are usedftod the weak connected areas
during the implemet of smart islanding aréentroduced moreover, aC++ minimal cutset
algorithm basedprogramis presented to showhe results and the process finding the
i s | alond with the codeare explicateca s wel | | what 6s mor e, a
smart isknding approach to protect the power system is shown under the help of Powerworld
simulator.

Main conclusions drawn from thiwork are summarized in ChaptBrand different
directions of futureesearchearealsogiven inthis Chapter

Page5



Chapter 2

Power System ®curity and Reliability

Power system reliability is the general purpose in the power system design and operation. If
the system is considered to be reliable, it nmestecure most of the tinvehile power system
stability belong toone aspect of power system secure. To be secure, the system have to be
stable however, more considerations should be done on the preventions of contingencies
which are not included inthe stability problemsThus, it is critical to understand these
concepts and interconnections among them and construct power system correspond to
standards and criteria which are derived from these concepts to enhance the reliability of the
system as well as satisfy the requirement of the customers.

2.1 Power System Sadqrity
2.1.1Power system operationsecurity

With the increasing electric power demand, electric power system are operates closer to
its stability limit [17] , the operation opower system becomes more complicaaed will
become less securd/h at 6 s asraoesudt of restructuring, the problem of power system
security has become one overriding factor in tperation ofthe electric power systein
deregulated power industfit8] . As it is defined inNorth American Electric Reliability
Corporation NERC) (1997)t he t er m 0 S e c u r of theabilitylofahe elécthce me a n
systems to withstand sudden disturbances such as electricisboits or unanticipated loss
of system elemenwithout affecting delivering power to the customigr@] . The objective of
security analysis is to enhandeh e power ity yte tue safely and opetate
economically As described in20] , it relates to robustness of the system to imminent
disturbances ah hence, depends on the systgmerating condition as well as tieentingent
probability of disturbances.

As detailed inf21] [[22] , power system is said to loperatedn the normaktate if the
following conditions are met

1. There is a perfect balance between power generation and load demand; consequently,
the load flow equations are satisfied.

2. Thefrequency is constant throughout the system.
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Chapter 2 Power Systene&rity and Reliability

3. The busvoltage magnitudé/;| is within the prescribed limit, i.e.
|Vt|min < Vt « |Vt|max (2-1)
4. No power system componestto be overloaded.

In the power systemhé equipmerstare usually protected by automatic devices which
can make thequipments quithe systemimmediately once it operates outitd limits. The
event maybe followed by a series of further atithat cause other equipments disconnected
from the systemThis is what we called cascading failurdésthis process of cascading
failures continues, then the system will suffer from blackout which means the whole network
or mostpart of it may completly collapse. Thusit is not sufficient to merely maintain a
system in the normal operating sta¥e need to specify a security for each system to
withstand the disturbaneender distinct conditions

2.1.2Security criteria

Assuming tlat we give a set of disturbarsct® a power system one at a time. If the
system can also operate in the normal operating state, then the system is said to be secure. In
practice, all power systems cannot avoid being affected by unpredictable faultslames fai
such as lightning strikes on transmission lines, mechanical failures in power plants, or fires in
substations. In virtue that this nature phenomenon are unavoidable and happens relatively
frequently, all power systems should be designated to withskeem without emergency. In
order to avoid blackouts and wide scale consumer disconnections, the system should be
operated with a sufficient margin which can be explained in terms of two elements: reserve
generation and transmission capacity.

e Reserve genation: Leavingenough reserve generation capacity in cagbefoss of
a generating unit.

e Transmission capacityKeepingenough transmission capacityttake up the flow that
was flowing on the outage line.

We also need to know that the systes impossible to be 100% secure since a system
which can be against all contingencies is obviously incredible. The fundamental principle
only requires thesystem to defend against credible contingencies, ar@aso calledo M
contingency® acsonwea Wiherdlaessygténis subjected to disturbance as
losing any one of its N components atwhtinues to operate normally i t i s slaid to
secuwleifloe -2 heeododwMNeb6O6 means no consumer woul
components we suddenly discarected23] . In engineering, the N contingency secure are
usually a metric for the operators to measure the security of the power.system

2.1.3Systemsecurity function

Power systen security may be divided into three modeasmely[24] :

1. Steady state securitwhich is created under the steady state condition of a power
system.
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2. Transient securitwhich copes with the transient staffiea system when is subjected
to a disturbance.

3. Dynamic securitywhich concerns the systemesponse of the order of few minutes

In security evaluation,tiis recommendable to finén indicator for each mode of
security which can be revealed bwrious decisionstandards andhe so called security
function is brought out if the indicator is representedriathematical functiondJsually, the
security function concerrtireemajoraspects and is aad on in an operations cen{és] :

1. System monitoring.
2. Contingency analysis.

3. Securityconstrained optimal flow.

The continuous updating information on the conditions of the power system is given to
the operators through system monitoring. Based on this, some quantities suoliags,
currents, power flows, and the status of electric equipments as circuit breakers, and switches
in every substation in a power system transmission network can be measured and monitored.
In addition, further information on frequency, generator wnitputs and transformer tap
positions can be also gathered and transmitted back to the control center. By account of the
complexity and arduousness of the task, the data will be processed by digital computers and
then be arranged in a database which gives chance for the operators to display the
information on | arge display monitors. Wh a 't
overload condition or voltage violations by comparing the incoming information with the
given limits and remind the operasoof reacting in time. In practice, supervisory control
systems, a system which allow ogi@rs to control circuit breakers and disconnect switches
and transformer taps remotely, are always combined with such systems to create an new kind

of systems. Thigs what we called supervisory control and data acquisiticBRCADA

system. The SCADA syste makes the real time monitoring and correction of overloads or
out-of-limit voltages available. A simplified structuoé SCADA can be seen in Figugel:

RTU
_’_‘q /Q RTU
SUB-MTU
HMI MTU RTU
RTU
SUB-MTU
RTU

Figure 21: SCADA system
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Commonly, a SCADA system is composed of three types of communication
equipment: humammachine interface (HMI), master terminal unit (MTU), and the remote
terminal unit (RTU). The function ofagh part is explicated ifi25] . More pertinent
information onSCADA is explained at length if26] [27] .

The function of contingency analysis is aimed atidgalith the problems that happens
within a short duration. Since it occurs so quickkigt no operator could take actiam time.
This is often how the cascading failures come tubrder to refrain from thjswe need to
implement the contingency analygprogramsnto our operation computers to eliminate the
troubles before they arise as much as possilile position of contingency analysis in the
security analysis is shown in Figure 228] :

Set of credible contingencies

Reduced set of potentially

dangerous contingencies

Sust Contingency Led Security Analysis
System . . : Yetailec S .
s o Selection — Detal ef‘ —— Results (list of harmtul
Condition , v AHHIVSIS v . ) L
Program ‘ J R contingencies)

|

Preventive or
Curative Actions

Figure 22: Contingency analysis procedure

Actually, the last major function, Securtpnstrained optimal flow, is generated based
on the second functiont concludes contingency analysis as well as am@btpower flow
(OPF) method. With # implement ofOPF, we can find the best solution to the optimal
dispatch generation as well as other adjustment according to the given objective function, so
that when a security is sun, no contingencies would imclations[29] . A real case of the
application of the third securitfjunction, Securityconstrained optimal flow is presented in
[30].

2.1.40n-line security analysis

Thepower sgtem security analysis has three main gasi3l] :

1. Determination of the most probable time of contingency
2. Prediction of the impact on the whole system

3. ldentification of proper control actions to reduce the risk of failures
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In reality, the power system sedyrianalysis is usually performed according telN
contingency criteria. Someorks havealready been done on the power system #gcur
analysis technologies as can be know|8#] [33] .

The online security analysis and contiokludes three aspectsionitoring, assessment
and control.The connectiommong them can be seienFigure 2.3:

Security

Step 1 o
Moniroring

It system 1s in normal state
Vi

Security

Step 2 =

Assessment —

-

jab]

(ol

It the system 18 insecure =

% ©

Security c

Step 3 N g £
Enhancement

k]S ADULSISWR 3] UI ST WISAS 23 JT

Determination of corrective action
W

Emergency
Control <

Step 4

Execution of proper action

A4

Restorative
Control

Step 5

Figure 23: Ontline security analysis framework

In stepl, we use realime system to recognize whether the system is operating
normally or not. If it is in normal state, theve move to the step 2 in which the system is
subjected to a series of contingencies to see if it is secure or insecure. When we find th
system is insecure, we wibntinue to condudhe step 3 to decide what action could be used
to make the system in normal state. The execution of remedial action which means use
appropriate corrective action to bring the system back to its normalasiatthe last step is
used to restore service to system [oad$ .

2.2 Power System Reliability

2.2.1 The concept of reliability

The term O6reliabil it yo0 peitam sdcureestata whehigt t v of
subjected to a set abntingenciesA more precise definition can be foumd[35] , in which
reliability of a power system refers to the probability of its satisfactory operation over the long
run. It denotes the abilityo supply adequate electric service on a nearly continuous basis,
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with few interruptions over an extended time periadcording tothe definition ofNERC,

the reliability is composing of two aspects: secuat/well as adequzgy. On one hand,
adequacy ighe ability of systems to supply energy to their customers \aiibfging the load
demand. On the other handecurity is the ability of the systems to withstand sudden
disturbances such as short circuit or unanticipated loss of system elg@6¢nts

In fact, the understanding of the reliability from the operétorsvi ew i s t ha
consequence of a credible disturbance that requires a knoitn their eyesit can also be
called Osecurityé,tofraeacgefgiinvee into.r e Tdmwdoent eche f
catalogued into three aspects as can be seen in Figure 2.4:

Security
Angl
Overload Voltage ngle/
. . Frequency
Security Security Security
Transformer Line Low Unstable Frequency Rotor Angle
Overload Overload Voltage Voltage Instability Instability

-

AN

/

N

Static Security Dynamic Security

Figure 24: The meaning of security in the eyes of electric power system operators

Based on the statemerdbove, it is not difficult to know that the two branches of
reliability can be then given a new definition as security corresponds to dynamic security
while adequacy concerns static security.

2.22 Reliability criteria

To be different from tb security criteria, aliability criteria are rules by which the
performance of gower systemwith respect to emergenad componentfailures can be
judged acceptable or unacceptallbe reliability criteriadefined by NER(G37] and used by
individual North American reliability councilg38] [39] [40] [41] [42] [43] [44] [45] [46]
gives us a critical standard for system planning and operafibisstandard is articulated as
a higher level of performance is required disturbances generally having a higher frequency
of occurrenceand it is often embedded in the-called disturbanceerformance criteria,

Pagell



Chapter 2 Power Systene&rity and Reliability

which specify different classes of allowable performance fibereint classes of disturbances
[47] .

2.3 Power System Stability

As one aspect of system security, power system stability is the ability of an electric
power system, for a given initial operating condition, to regain a state of operating
equilibrium after being subpged to a physical disturbance, with most system variables
bounded so that practically the entire system remains {i33ict

According to the physical feature of power system instability, the size of disturbance as
well as by taking into account of time span, process and dethioee ardncluded in the
research of power system stability problem. We can divide the power system as three main
types which can be seen in Figure 2.5:

Power System

Stability
Rotor Angle Frequency Voltage
Stability Stability Stability
Small—Distur‘.bz.mce Trans.:it.ant Large-Disturbance Small-Disturbance
Angle Stability Stability Voltage Stability Voltage Stability
Short Term Short Long
Term Term
Short Term Long Term

Figure 25: Classification of power system stability

The classification of system stability into proper categories is beneficial for us to
indentify critical factors that incur instability and invent philosophies of improving operating
in normal stateMoreover, it contributes to the proper selection and simplificatiateefce®
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models and analysis technologies so that the reasonable operation mode as well as the control
strategy of improving system security level can be arranged scienti{i8]ly

2.3.1 Power System Stability Standardization

In [49] , the standardization of steadtate stability requirements and transient stability
requirements are articulated. Based on thisatiteal power system stability regulations are
created. Theequirements of stability atested in Table 2.1 as folloyb0] :

Table 21: Power system Stability Requirements

Normal Design Contingences Extreme Contingencies

Extreme contingencie
E £t £ £ t | exceeding its severity norm
design contingencies

Security N-1 N-2 N-3 N-k
Criterion
Stable
operation Instability is acceptable

: Stable opgation with : i :
Acceptable | without protection systen Power system integrity is

Consequenceg protection intervention ensured by .protectlo_rsystem
system and operator intervention
intervention

During design contingencies
power system stability must [
mairtained  for the  maximun
permissible transmitted active pow
added on random power flo
variations.

During and after extrem
contingencies protection syste
and operator intervention mu
not lead to cascade outages ¢
loss of a significant amount ¢
consumption

e The maximum permissibl
transmitted active power mu
satisfy the standard steathte
stability margin under normg
conditions

Normal
Conditions

e The maximum permissibl
trangnitted active power mus
not exceed the transient stabil
limits appropriate to all desig
contingencies with due regard
protection system intervention
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Postfault
Conditions

After design contingencies

e Transmitted active power mu
satisfy the standard steadiate
stability margin under posault
conditions

e Transmitted atve power musl
satisfy the thermal limit

2.3.2 Comparisons of power system stability, security and reliability

Power system stability, security and reliability are three aspects that are widely used to
describe the ability of systems to survivem the unexpected events which can destroy the
equilibrium state of the@peration. They are sometimes related to each other, however, there
are sill some differences among the3b] :

1. Reliability is the overall objective ipower system design and operation. To be

reliable, the power system must be secure most of the time. To be secure, the system
must be stable but must also be secure against cdhéngencies that would not be
classified as stability problems, for inste@, damage to equipment such as an
explosive failure of a cable, fall of transmission towers due to ice loading or sabotage.
As well, a system may be stable following a contingency, yet insecure due to post
fault system conditions resulting in equipmengdeads or voltage violations

. System security may be further distinguished from stability in terms of the resulting
consequences. For example, two systems may both be stable with equal stability
margins, but one may be relatively more secure because cieequences of
instability are less severe.

Security and stability are timearying attributes which can be judged by studying the
performance of the power system under a particular set of conditions. Reliability, on
the other hand, is a function of theng-average performance of the power system; it
can only be judged by consideration of
period of time.

Security and reliability could be considered as the same issue sometimes, however, we
can also distinguish thelmy adequacy. But we should not overlook such a fact that
even the most reliable systems will not avoid to undertake periods of severe insecurity.

2.4 New technologies for improving system reliability and scurity

2.4.1 The improvement of reliability by Snart Grid

As has been mentioned in Chapter 1, smart grid is the new product that was generated

in the 20" century to satisfy the requirement of customers and replace the aging electric grid
gradually It has many contributions to the incseanfthe system reliability ab1] :
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1. Bettersituational awareness and operator assistance.

2. Autonomous control actions to enhance reliability by increasing resiliency against
component failures and natural disasters, and by eltm@gar minimizing frequency
and magnitude of power outages subject to regulatory policies, operating
requirements, equipment limitations and customer preferences. Such control actions
can be more responsive than human operator actions.

3. Efficiency enhanceent by maximizing asset utilization

4. Resiliency against malicious attacks by virtue of better physical and IT security
protocols.

5. Integration of renewable resources including solar, wind, and various types of energy
storage. Such integration may occugaay location in the grid ranging from the retail
consumer premises to centralized plants. This will help in addressing environmental
concerns and offer a genuine path toward
technologies including electric transtadion.

6. Realtime communication between the consumer and utility so thatuseid can
actively participate and tailor their energy consumption based on individual
preferences (price, environmental concerns, etc.).

7. Improved market efficiency through invative solutions for product types (energy,
ancillary services, risks, etc.) available to market participants of all types and sizes.

8. Higher quality of servicdree of voltage sags and spikes as well as other disturbances
and interruption$ to power an inreasingly digital economy.

2.4.2 The contribution of Distributed Generation(DG) to the system
security

The distributed generatiofDG) is defined by CIGR@nternational Coucil on Large
Electric Systems)Vorking Group 3723 [52] as a generation not centrally planned by the
utility, not centrally dispatched, normally smaller tharl®® MW and usually connected to
distribution power systems (networks to which customers are connected, typically ranging
from 230V/400 V to 145 kV).The increasinglemand of DG can be relied on its financial
value whichis discussed i{b3].

Presently, there are sevenm@newable resourceshich are concerned by most of
peopk as, wind power, cogeneratiophotovoltaic PV), small hydro and waste/biomass
Those resourcesanall be considered as DGs. Different forms of DGs have been installed in
Europe and wind energy posses the fastest rates of development with 75GW tallegl iims
Europe in 201(054] and still keeps the increasing rate of growth in some couniries.
explanation of this phenomenon can be quite comprehensive, however, there is no doubt that
the application of D& should be due to its economic benefits as well as its contribution to the
system reliability.

As has been articulated {®5] , the largescale penetration of DG will change the
power flows in the distribution netwik. The change in real and reactive power flows caused
by DG has its meaning in both technical and economic aspectdeBeBG can increase the
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power system securityybensuring a frequency control whiclan be proved by the case of
wind farmsthatareaskedto contribute to frequency control in Ireland and Denmerlsum,

the penetration of DGs will contribute to the enhancement of electric grid security and the
development of DG technology is fegaching.
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Chapter 3

Optimal Allocation of Wind Power In
Transmission Grids using &nsitivity
Method

The purpose of this chapter is to show how the WTLR/ESHmRItivity method is used in
determination ofptimal allocation of wind powerFirstly, some conepts are introduced
which include Aggregat MW Contingency Overload (AMWCQlhe aggregate percent
contingency overload(APCOJransmission Loading Ref (TLR ),equivalent TLR (ETLR)
and Weighted Tansmission Loading Relief (WTLRhen a case study which is based on
Nordic 32testsystenis presented to demonstrate the resulihe Poweworld Simulator is
used toset up thanodel and solve the problems of getting the good locations as well as the
amounts of injection on each location. Finally, sevesaénariosare studiedto see the
practical value of using sensitivity methodolo@yhe models for different scenarios are also
set up by the Powerworl&imulator and the results are obtained based on the method
mentioned above.

3.1 Introduction

Nowadays, twampending problems confine ttsirvival and development of human
beings, namelenergy ancenvironment. Invirtue of the increasingegpletion of fossil fuel
and increasingconcernson the global environment from people all over twerld,
governmentsand international organizatiotsveinvested on the exploratioof renewable
energy in successiofrom 70s of last centuryo dig out a resource and environment
coordinated path which correspondsth@ socieeconomic progress as well as sustainable
development. A®ne kind ofrenewableresources, wind powerplays an importance role for
its developmenpotential andoutstandingadvantages. The wind generation has the most
mature technology, largestdevelopment and commercialization prospewtSich draw
attentionsof various countries and nd¢s in the widely utilization andxploration throughout
the world[56] .

Under the support from trgovernments, theesearch of wind generation undertakes a

great progress. Manycountries as SwedeiGermany, Demark and U.S.Ahas begun the
projects of largescale integration of wind generatiaue toits own advantage of short
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constructiorperiod, flexibleinstalledcapability,savingfossil energy, relieving contradictions
in power supply and adjusting the ege structureas well as norwonsume offuel, on
pollution influence to the surroundings during operation wiiak aprofound function in
maintaining ecologicabalance

The work of connecting largecale wind generation into the power networkl w
generate severaproblems, suchas voltagedeviation, voltagefluctuation, flicker and
harmonis while morestudies have to bdone beforethis. Theconstruction of large wind
farms usually come out with the problem of determination of good positiangett. Where
and how much energy should we inject would be a problem Hercurrent electrical
engineer$57] [58] [59] .

3.1 Measuringnetwork security

3.1.1 Aggregte MW Contingency Overload (AMWCO)

Systemsecurity always means the network operates without lodsank, voltage
violations, transmissiobranches flows within the thermal limits as well as enough safe
marginsfrom the collapse point. Therategy for designating a traditional power system is
usually done by strictly following the criteria which are set up by different organizations.
Usually, the system is designed and planned by takied\Ntl and N2 contingencyanalysis
which is accordingo the recommendation of thBIERC. In order to show the severity of
contingencies as well as the emergency of multiple violatemsndicator isntroduced, that
is, theaggregate peent contingencgverload APCO)[60] , which can be defined as follow:

APCOgRaNCH K = z (loading% — 100) (3.1)

Contingencies that
overload branch jk

APCO is the total percent overload flow shown on a certain transmigsgoduring a
series ofcontingencies. Weaalso have the interest to define another quambitghange the
overload expression from percentage form intee realvalue. Thisis so called Aggregate
megawatt contingenayerload AMWCO) which is expressed as,

AMW COgranch,jx = APCOgranch,jk X MVARatinggranch jk (3.2)

From theexpression, wecan see that the AMWCO is actualtalculated by using
MVA rating instead of MW It is necessary to be in accordance with twedinition of
transmissionsoadingrelief (TLR) which will be explained later.

Based on these twquantities, weean easily point out the we@kements Thehigher
the valueis, the weaker the transmission elemeist While zero means no ovead
contingency happens on thise. In spite thatboth two quantities are able to rank the
weakness, wprefer touseAMWCO in most case since ¢an give the real valuaformation
[61].

1t means when there is contingency on other transmission line this line wittakelserous overloading.
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3.1.2 Weighted Transmission Loadig Relief (WTLR)

To meet the increasing load demand, it is necessary to increase the generation. However,
the transmission lines would be overloaded without proper regulagicdommon way to
solve this problem is to u$2G which can beseen in Kgure3.1 [62] :

Overloaded Line Transfer helps mitigate
Power flow direction the overload by means
of a counter-flow

Source(DG)

Figure 31: Source and Sink

The graph indicates that DG can be injected locally to produce cdlowesrthat help
reduce contingencyverloads. Windpowe generation can be used ase kind of DG,
however there will be an opposite impact on tin@nsmissiorine if the power flow direction
in Fig 3.1 is reversed. Hengcehedetermination of locations is domimafor wind generation
planning[63] .

Whenwe plan to install a wind project a certairplace, thenew gerration at thabus
will certainly influent the flows in thetransmission elementhe emergencefd LR givesus
the chance to know the impaiftthe newinjectionbeforecontingencies

e Postcontingencie§ LR

AMWFIOWBRANCH jk

TLRpysiBrANCH jk = (3.3)

AMW Injectiongys ;

In the case of contingen@nalysis, tiis necessary to calculald.R Sensitivity,which
represents the MW increas an element per MW transf€ontingency TLR

e Contingencies TLR

AContMWFlowgganch jk,conT ¢

TLRgys i BrANCH jk,CONT ¢ = (3.4)

AMW Injectiongys ;

Once a wind farm is built up in orlecation, itwill certainly influence some other
branches concurrently which incur the change in the angle under distinct contingency
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conditions.Therefore,an equivalenfTLR (ETLR) sensitivity isnominated to catch the entire
variation of flows during contingencies after injection.

ETLRBUS = TLRBUS,i!BRANCH,jk,CONTC (35)

jkeOverloaded Contingencies that
Elements overloaded branch jk

Despite that the ETLR remarks the simultaneous effect of Injection, it does not consider
the severity of the contingency overloads which is the base to mitigatlead at times. This
is overcome by WTLR which hdke general formation as follow:

coD IrBrRANCHIK

X TLRpys i BrANCH, jk (3.6)
jkeBranches \ X AMWCOBRANCH,jk

NCONT

WTLR ;= —
BUSE™ amwecos,,

COD;,: The overload direction, if the line is overloaded in the forward direction during
all thecontingencies, then the value will be 1 while the value will be minus 1, if it is always
overloaded in the reverse direction during all contingeri6igls.

Ncon: Thenumber of contingencies

In generalthe ETLR and WTLRsensitivity are two good indicatots help decide the
good bcationsto inject. The ETLRsignifies the total expected MW contingency overload
reduction, in alltransmission linegand under all contingencies, if 1 MW is injected at that
prescribedbus. Positive ETLR and WTLRsensitivitiespoint that new injectiomwill tend to
increaseoverloads andeduce overall system security anide verse. Wile 1MW of new
injection at the particular bus has a great possibility to reduce 0.5 MW of overload in
transmission branches during contingencies WELR valueof 0.5is seenat that bus Based
on this, wecan continue to determination of golmtations. Aflow chart can be seen below
in Figure3.2, where GIS means Geographic information sy§i&sh[66] .

Test Power
Power Identify Svaluate Imjections

Weak Locations

at Select
Elements (WILR) Locations

_ = b - _ =

Flow Cases

Figure3.2: The process for determination of good locations

In engineering, we prefer tase WTLR sensitivity insteadof ETLR sensitivity to
determine the optimal locations to inject. The reason is based on tlleatabhe contingency
information of a weak element can be captured.
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3.2 Simulation part

The previous concepts have been demonstrated using Powerworld Siranlthtar
32-bus test system. What more, the ETLR/WTLR methodology is performed in arder t
obtain optimal allocation of wind generation.

3.2.1 System description
For this study, a modified Nordic 32 bus system was utilized. The single line diagram

of the original Nordic 3dus system is shown in Figuré83As we can see, it cosss of four
major area$67] :

Figure 33: Nordic 32Bus System Single Line Diagram
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