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ANOMALY DETECTION IN ELECTRICAL POWER SYSTEM USING
PHASOR MEASUREMENT UNITS

SUMMARY

Electrical power system consists of large humbentg#rconnected systems/entities
to enable exchange of electrical power from thesggting sources to the consumers.
Today’s grid has transformed into a very complexctre trying to fulfill the ever-
growing demand of electrical energy for domestiommercial and industrial
consumers. In addition, electricity market has besoquite complex due to
incorporation of de-regulated market structure.hditgh, to achieve the required
efficiency, reliability, robustness and performaméehe electrical grid, modernized
control system is deployed. Still we are observilgckouts, instabilities in our
electrical grid. Since every market player wantsg@n maximum profits. So
generally in deregulated market structure, playahways trying to produce
maximum when rates are high and used to shut dawihties in low price periods.
This makes power system operators to run theiresydip to its limits leaving a
small margin for instabilities. In the recent pastars, major blackouts in the
developed and the developing countries rang thenatbeells for the development of
new technologies to avoid the cascading loss ofgp@upplies after some faults or
generation loss. Hence, more refined procedures addanced monitoring
techniques are required to develop so that custmadsfaction is achieved for
electrical commodity.

Although, it is impossible to wipe out the blackewtompletely from the power
system. However, research in Wide Area Monitoringt&m (WAMS), being an
emerging concept, will help in avoiding or mininmgi the chances of occurrence of
blackouts and power system outages at the mase. doétoduction of Phasor
Measurement Units, having reporting rate of 20-Bfes in a second, made it
possible to track electrical grid dynamics in reale which was not possible with
conventional deployed SCADA (whose refresh ratdrasn seconds to minutes).
New techniques and tools are required to utilize khigh-resolution data to extract
useful information and state of the system. Gehgrtlese techniques falls under
the category of Wide Area Monitoring System (WAMSN), which GPS time
synchronized signals namely voltage (magnitude &sgf), current (magnitude &
phase), frequency obtained at different nodes/bo$abe power system through
PMUs.

Energy Management System (EMS) by incorporating WWW&MS can provides
system operator sufficient information that inclsdeormal steady state system
operation, slow changes in the operating conditenms system dynamics (when the
system is subjected to large disturbances). Intiatdioff-line studies can be used to
simulate different scenarios and conditions facgdoberators to enhance their
analyzing capabilities. WAMS also provides sevemitrol applications e.g. control
for electrical machines were achieved by feedbaighats obtained by local
measurement devices. Sometimes, even mathematcksnare used to achieve the
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same. However, using PMUs, machines can be coedrdlly incorporating the
remote measurement e.g. basing on slow changindjatisas occurring in the
system. In addition, PMU measurements provide ptioig functions related to
distance relays, angular stability, voltage stabiétc. by incorporating the remote
measurements because of low propagation delayadnaery low latencies.

Normally in PMU applications, data is collectedrfrethe PMUs installed in the field
or some studies just utilized the phasor simulagiomironment to get the phase and
magnitude of the analyzed quantities. However, 8iigdy provides the pioneer
approach to utilize the PMU’s data measured byMad#iab PMUs model. Hence,
virtual analysis can be carried out considerinded#int scenarios that is impossible
in the real time system operation.

In this study using MATLAB SIMULINK simulation ensonment is used to detect
anomalies like inter-area oscillations, ferroresmeaetc. utilizing several signal
processing techniques for feature extraction. Whiisprovide a virtual experimental
setup (test-bed) to simulate various scenariohabanalysis can be carried out to
detect any undesirable situation in the power sysiperation.

In the first simulation setup, machines stabilityalysis was carried out using the
outputs obtained through the Simulink-PMU modetatied at the respective buses
of machines. Electromechanical oscillations havenba topic of interest for
researchers since many years. Generally, powesraysdiabilizers are used to counter
the condition of insufficient damping. Power syststabilizers controls generator
output by changing the set point of the voltageulsgr. Traditionally, this close
loop feedback control is based on the locally messgignals such shaft rotational
speed, real power output and frequency. Eventstlagid features extractions were
analyzed using the spectral measuring techniquesma, frequency and time-
frequency domains e.g. Short Time Fourier Transfoi@ontinuous Wavelet
Transforms etc. Furthermore Prony analysis wasiegon the acquired signals for
identification of oscillation properties i.e. moftequency, mode damping, and mode
shape. Scenarios were created by applying faolsl thanges while keeping power
system stabilizer (PSS) on different setting. Mesxpimpacts of all scenarios were
investigated using the foresaid analysis techniques

Second simulation setup of this study involvesapplication of the Simulink model
of Phasor Measurement Unit (PMU) for the detectibferroresonance phenomenon
for the Seyitomer—Isiklar part of the Electric Pov&ystem of 380 kV in Turkey
using signal analysis techniques in time, frequearay time-frequency domains. The
ferroresonance phenomenon is one of the criticablpms occurring in electrical
power systems. In ferroresonance condition ovetagels are observed in the power
system. Ferroresonance phenomenon is generallyineanl in nature. The
ferroresonance phenomenon generally occurs dualalanced condition such as
switching, the serial connections of the capaciteith transformer magnetizing
impedance etc. These over voltages cause failuregansformers, cables, and
arresters. The findings show that the ferroresom@vent can be represented by the
interharmonics between 50 and 250 Hz. These asatgshniques will result in
better monitoring, identification and helps to tagieevention measures to avoid
undesirable condition in the power system operation

It has been shown through the simulated scenar@sdetection of inter-area
oscillations and ferroresonance phenomenon, thatU¥Mmeasurement can
successfully achieved the desired results. Thegkcapons along with other similar
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one in Wider Area Monitoring System provides themising future which will
ensure better monitoring, control and grid managgroa the whole. Blackouts can
be avoided through the situational awareness peoviy the PMUs. Hence, grid can
be operated with enhanced reliability. In short, M@ reliable detection and
monitoring of power system oscillations will be omiethe most critical applications
of the future power networks. So that a valuablérmation of increasing
oscillations and instability be provided to the teys operators and detection
algorithms. In addition, operator can be alerted ofzsserve and monitor the
synchronized phasor measurements to find the engtecof instability by comparing
the data and events occurred during the same thstants. Also, corrective actions
can be taken to safe guard the further instability

Further few recommendations were given for the agpkent of PMUs in Turkish
Grid to get benefit from these reliable emerginglagations of WAMS:

» Hybrid setup should be built using the conventioB&IADAs and PMUs
together to gain the trust of system operators.

» Studies should be carried out in Turkish grid aystesm operators should be
consulted for deployment of PMUs on the all criticades of the system.

» More robust state estimation techniques shoulddweldped to enhance the
dynamic event capturing capability of PMUs.

» Also a research setup should be developed so ¢ahttime values can be
obtained for further studies on actual system.
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Gug Elektrik Sistemlerinde Faz Olgiim Birimleri Yontemi ile Anomali
Belirlemesi

OZET

Elektrik gug¢ sistemi, ¢ok sayidaki enterkonektetesrderden olgan ve Uretici
kaynaklarindan tiketiciye, enerji transferinglsgzan bluyutk bir sistemdir.GUnimuz
itibari ile bu sebekeler lokal, ticari ve sanayi sektorlerinde tidderin elektrik
enerjisine olan sirekli artan talebini &#maya caba gosteren, cok kagrkabir
yapiya dongmistir. Buna ek olarak,dlzensiz pazar yapisinin olmasgeniyle de
elektrik enerji piyasasi daha da kagmkahale gelmitir. Bilindigi gibi, elektrik
sebekelerinde gerekli olan verimlilik, gtvenilirlisgzslamlik ve yiuksek performansi
elde etmek icin, modern kontrol sistemleri kullaniBuna rgmen yine de elektrik
sebekesinde kesintilere, kararsizliklara tanik ofunu

Cok iyi bilindigi gibi piyasalarda, her borsa oyuncusu maksimum étde etmek
ister. Bu yuzden genellikle dizensiz market yamba, fiyatlar yiksek oldiu
zaman maksimum dretim @amaya ve d§ilk oldygu donemler de ise tesisleri
kapatmaya cajirlar. Bu nedenle, guc sistemi operatérleri kendstesnlerini
istikrarsizliklara kan kiicuk bir marj birakarak catirmak isterler. Son yillarda bazi
ulkeler buylk kesintilerin ggalmasini ve gu¢ kaybini 6nlemek adina yeni
teknolojilerin gelgtirilmesi icin argtirmalara yeni butceler ayirmayastamistir. Bu
nedenle de elektrilgirketleri misteri memnuniyetini kazanmak igin daha rafine
islemleri ve gelmis izleme tekniklerinin gedtiriimesi Uzerine ygunlasmislardir.
Guc sisteminden elektrik kesintisini tamamen yokek imkansiz olsa da, ancak
Geni Alan izleme Sisteminleri (Wide Area Monitoring Sytem-WAMS8zerine
olan aratirmalar, kesintilerin ve gl¢ sisteminde kitleselcekde kesintilerin
meydana gelme olagilni 6nlemek veya en dik seviyeye indiriimesine yadimci
olacak bir kavram olarak geinektedir.

Gunumuzde Fazor Olgim Birimleri (PMU-Phasor Measwaet Unit) saniyede 20-
60 kez raporlama hizi ile geleneksel kgaodiriims SCADA (kendilerini yenileme
hizi saniyeler ila dakikalarca sirtyor) ile mimlalmayan gercek zamanh elektrik
sebekesi dinamiklerinin izlenmesini mumkin kigtm. Bunun igcin yuksek
¢cOzunurlukla verileri kullanarak sistemin faydaligier ve durumunu ayiklamak
icin yeni teknikler ve araclar gereklidir. Geneléik bu teknikler GeniAlan izleme
Sistemi (WAMS) kategorisinde yer alir. Buradakfagsebeke dgimlerinden gelen
sinyaller icin GPS, gerilim (genlik ve faz), akiigefilik ve faz) ve ferekans gerleri
icin, Guc¢ sistemi PMU'lar araciiyla zaman senkronizasiyonu yapar. Eneriji
Yonetim Sistemi (EMS-Energy Management System), WAKatiIlimiyla sistem
operatdriine yeterli bilgi géar ve bu bilgiler normal kararli durumda olan smsin
calismasini, caima kgullarinda yava desisimlerini ve sistem dinangini (sistem
bliyluk dalgalanmalara maruz birakgoshda) kapsar. Buna ek olarak, cevrigndi
calismalari, operatérlerin kautastigi farkli senaryolari ve kallari simile etmek ve
onlarin analiz yeteneklerini gglirmek icin de kullanilabilir.
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WAMS teknigi ayrica ¢aitli kontrol uygulamalarina da olanakgar. Ornegin, lokal
Olcim cihazlari vasitasiyla elde edilen geri-bildiisinyalleri elektrik makinelerinin
kontrolli, hatta bazi durumlarda matematiksel medelicin kullanilir. Bununla
birlikte, PMU’ lar kullanilarak uzaktan olcim yollay (6rnein sistemde meydana
gelen yava desisen osilasiyonlara dayanan) Makineler kontrol ediiebAyrica
PMU olctumleri, cok dilik gecikmeleri ve diuk yayillim gecikmeleri olan uzak
Olculerin katilmasiyla mesafe rélelerine, acgisabsiteye, gerilim kararhfiina vb ye
iliskin koruma fonksiyonlarini da gkar. Normalde PMU uygulamalarinda, veriler
alanda kurulan PMU’lardan toplanir, ya da bazisgalar sadece analiz edilen
blyukluklerin fazini ve gerdini elde etmek igin fazér simulasyonunu kullanir.

Bu tez camasi, Matlab PMU'lar modeli ile dl¢ctlen PMU veritgrkullanarak énct
bir yaklsggim sa&lamstir. Bu calgmada MATLAB SIMULINK’in similasyon
ortaminda, 6zellik cikarimi icin giéli sinyal isleme teknikleri kullanilarak bdlgeler
arasl! (inter-area) osilasyonlar, ferrorezonans b @anormallikler tesbit edilnstir.
Cesitli senaryolari simile etme amaciyla bir sanahale dizeng (test-bed)
sglanarak, gug¢ sistemi operasyonlarinda herhangiidtenmeyen durum tespit
analizinin gerceklgirilebilirli gi amaclanmytir.

ilk gui¢ sistemi simiilasyon cgitnasinda, Simulink-PMU modeli ile makinelerin ilgili
kurulu baralarinda ki ciklardan elde edilngi bilgiler kullanilarak makinelerin
kararhilik analizi gergekkgirilmistir. Yillardan beri Elektromekanik salinimlar
aragtirmacilar icin ilgi ceken bir konu olmngtur. Genellikle, bu konuya #kin olarak,
guc sistemi stabilizatorleri makinelerin yetersian8mlemelerine kar, kararlilik
analizi gerceklgtiriimesi icin kullanilirlar. Gug sistemi stabilig@leri voltaj
regulatorinin set noktasinigigirerek,jeneratérin cikini kontrol eder. Geleneksel
olarak, bu kapall déngi geri besleme kontroli, llakaraksaftin dénme hizi, gercek
guc cikgl ve frekansdan dlcilen sinyallere dayanmaktadiiayl@r ve ozellik
ctkarimlari zaman ve spektral domenlerdeki hesaplaeknikleri kullanilarak
zaman, frekans ve zaman-frekans bolgelerinde gorn&isa Zaman Fourier
DonGsim, Sdrekli Dalgacik Dogamia vb ) analiz edilerek saptarytm. Ayrica,
salinim Ozellikleri, mod frekansi, mod sonumlemenved seklini tanimlamak icin
edinilen sinyallere Prony analizi uygularstm. Gig¢ sistemi sabitleyicilerini (PSS)
farkll ayarda tutarak yapay arizalar ve yukgidélikleri uygulanarak senaryolar
olusturulmustur. TUm senaryolar ve etkileri yukarida bahsediteraliz teknikleri
yoluyla argtiriimistir.

Bu calsmanin ikinci similasyon orge Tiarkiye'de 380 kV Elektrik Sistemi
Seyitomer-§iklar kismi icin ferrorezonans olgusunun belirlesmde zaman,
frekans ve zaman-frekans etki sinyal analiz telamikkullanilarak, Fazor Olgliim
Birimi (PMU) Simulink modeli uygulamasidir. Ferra@nans olayl elektrik
sistemlerinde meydana gelen dnemli sorunlardamlihifFerrorezonans durumunda
guc sisteminde sar1 gerilim gorulmektedir. Genellikle Ferrorezonadasal olarak
lineer olmayan bir fenomendir. Ferrorezonans otggnellikle dengesiz durumlarda,
ornesin anahtarlama, kondansatorlerle trafo miknatislaemapedanslarinin seri
baglantilari vb gibi nedenlerden alur. Bdylece olgan giri gerilimler
transformatérler, kablolar ve tutucularda arizalgoh acar. Bulgular ferrorezonans
olayini 50 ve 250 Hz arasindaki ara harmonikleraftadan temsil edgini
gostermektedirler. Bu tez canasinda kullanilan analiz teknikleri daha iyi izkewe
tanimlamaya neden olacaktir, ayni zamanda gucnsistalsmasinda istenmeyen
durumlarda 6nleme tedbirleri almaya da yardimccaléar. Similasyonlara dayall
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senaryolar aracgiyla, PMU’larda dlculen bolgeler arasi (inter-grealinimlarin ve
ferrorezonans olaylarinin saptanmasi bu tezmpakinda da kari ile gosterilmgtir.

Geni Alan izleme Sistemi ve kontrol gibi g&r uygulmalarla birliktesebeke
yonetimine bir bitlin olarak bakifginda, daha guvenilir bigebeke yonetimi icin
umut verici bir gelecek gtayacaktir. Elektrik kesintileri PMU'lar tarafindan
sglanan durumsal farkindalik yoluyla onlenebilir. yBEce sebeke gelitiriimis
guvenirlige sahip olarak cahlirilacaktir. Kisacasi, WAMS gug¢ sistemi salinimian
guvenilir olarak izlenmesi ve tesbiti gelecektekiicgsebekelerinin en kritik
uygulamalarindan biri olacaktir. Ayrica, sistem exgiorleri ve algilama
algoritmalari igin artan titggmler ve istikrarsizliklardan da  gerli bilgiler
sglanacaktir. Bu sistem gozetimingadigl bir deneyim olarak, operatorler icin
faydali bir bilgiye donigtrulebilir. Boylece operatdrlerseamanli anlar sirasinda
olusan veri ve olaylar karlastirarak istikrarsizgin ana nedenini bulmak lzere
gOzlem yapmak ve senkronize fazor dlgcimlerini iz&mcin uyarilabilir. Ayrica,
gelecekteki istikrarsizliklardan korunmak icin diiice eylemler de devreye
alinabilir. Batin bunlarin  6tesinde  WAMS'In gghiekte olan guvenilir
uygulamalarindan faydalanmak icin  Turkiyesebekesinde PMU'larin
konulandirnimasi ile ilgili birkag 6neri de sunulgtur:

» Sistem operatorlerinin guvenini kazanmak icin karmsrgonel SCADA ve
PMU'lar kullanarak, melez kurulumga edilmelidir.

» Calsmalar Turkiye sebekesinde yapilmalidir ve sistemin tim kritik

.....

» PMU'larin dinamik olay yakalama yetegme gelistirmek icin daha sdam
durum tahmin teknikleri gediiriimelidir.

» Gercek zamanh gerlerin gelecekteki ileri ¢calmalar icin kullanilabilmesi
amacityla, bu konuda bir gtama kurumu da gefirilmelidir.
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1. INTRODUCTION

Electrical power system consists of large humbentg#rconnected systems/entities
to enable exchange of electrical power from theegeting sources to the consumers.
Starting from the first electrical power system g¥hiwas built in 1881 by two
electricians in Goldming England to power up 34aimtescent lamps at 40 volts.[1]
Today’s grid has transformed into a very complexctire trying to fulfill the ever-
growing demand of electrical energy for domestiommercial and industrial
consumers. Although, to achieve the required efficy, reliability, robustness and
performance of the electrical grid, modernized cangystem is deployed. Still we
are observing blackouts, instabilities in our eieat grid. Since every market player
wants to gain maximum profits. So generally in defated market structure, players
always trying to produce maximum when rates arén lagd used to shut down
facilities in low price periods. This makes powgstem operators to run their system
up to its limits leaving a small margin for inst#i®@s. In the recent past years, major
blackouts in the developed and the developing cmstang the alarm bells for the
development of new technologies to avoid the casgddss of power supplies after
some faults or generation loss. Hence, more refipegtedures and advanced
monitoring techniques are required to develop sat ttustomer satisfaction is
achieved for electrical commodity.

1.1 Purpose of Thesis

Introduction of Phasor Measurement Units, havirgpreng rate of 20-60 times in a
second, enabled to track electrical grid dynammosal time which was not possible
with conventional deployed SCADA (whose refresle iatfrom seconds to minutes).
New techniques and tools are required to utilize khigh-resolution data to extract
useful information about the state of the systemthls study | will be focusing on
several signal processing techniques for featutaeton from the signals obtained
from the PMUs to detect anomalies like inter-areailtations, ferroresonance etc.
Simulation environment will be developed using MAAR SIMULINK for the
qualitative and parametric identification of thenalmalities. This will provide a
virtual experimental setup (test-bed) to simulaéeious scenarios so that analysis
can be carried out to detect valuable informat@avoid any undesirable situation in
the power system operation.

1.2 Motivation

Today’s electrical power systems are quite smatAlBA and EMS system are
functional providing exchange of useful informatiand control capabilities.
However, mainly these technologies rely on modskdsstructure. In addition, these
facilities are quite satisfactory in steady statperations. However, current
advancements in communication technologies prowdey fast, efficient and



reliable exchange of information. Phasor measurémechnology using these
modern communications means gives an alternativg wh analysis using
measurement based structure i.e. to extract useftdrmation from the
measurements received from PMUSs. In this studyirtaal environment is selected
so that experiments can be made to validate trmooés of the measurement based
structure with the well-defined and already devetbpnodel based applications.
Following section will give brief information abothe blackouts and SCADA vs.
PMU comparison.

1.2.1 Blackouts

Blackouts are generally rare events occurring wgrcsystem. However, cost of the
losses incurred and number of customers that &etadl is very high. In the recent
past years, major blackouts in the developed aadléveloping countries rang the
alarm bells for the development of new technolodteavoid the cascading loss of
power supplies after some faults or generation. IDsga of few noticeable power
blackouts is given in the Table 1.1.

Table 1.1 :Data of few noticeable Power Blackouts.

Location Date Aﬁ’;lgfe%f (FI;/Ieilcl)ie)lr?s) Reference
Turkey 31 Mar 2015 76 Url-1
Pakistan 25 Jan 2015 140 Url-2
Bangladesh 1 Nov 2014 150 Url-3
India 30-31 Jul 2014 600 Url-4
Indonesia 18 Aug 2015 100 Url-5
USA, Canada 14-15 Aug 2003 55 Url-6

Although it is impossible to wipe out the possiimié of blackouts completely from
the power system. However, research in Wide Areaitdong System (WAMS),

being an emerging concept, will help in avoiding mmimizing the chances of
occurrence of blackouts and power system outagetheatmass scale. A brief
description of the same will be given in the comsegtions.

Energy Management System (EMS) by incorporating WWWa&MS can provides
system operator sufficient information that inclsdeormal steady state system
operation, slow changes in the operating conditenms system dynamics (when the
system is subjected to large disturbances). Intiaddioff-line studies can be used to
simulate different scenarios and conditions facgdoberators to enhance their
analyzing capabilities.



1.2.2 PMUs vs. SCADA

PMUs make measurements with high resolution in tjeg. 30 samples per second)
which is significantly faster than the conventiol®CADA system, which makes
measurements only every few seconds. Hence, PMiUprcavide more insight into
the system dynamics, which was not possible wighpitevious SCADA technology.
An example of an event of voltage disturbance aecuron #-April-2011 in
the Oklahoma Gas & Electric is given in below Filr1 below.

PMU data reveal dynamic behavior as the system responds to a disturbance
Data companson example, voltage disturbance on Aonl 3, 2011

yoltage magniude, indexed
107

SCADA (old tech)
measures voltage
auery few seconds

P {new tech)
measures 30 times per second
7 sfowing osciltions

0

G2am 08am Blbam &ddam 8Xam Bh0am

Figure 1.1 : Comparison of PMU and SCADA of voltage magnitudertesy of
U.S. Energy Information Administration, based orldbkbma Gas & Electric system
disturbance data[2]

Another example is taken shows that SCADA becadigdenit is low scan times
misses the important dynamic information of thengwehich is easily captured by
the corresponding PMU recorded data. Pictorial ammspn of the event is given in
figures below:



UP Frequency Data

B60.04
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Event occurred at 8:16:41 I
PM. 4 second SCADA data

--“ e ‘

18:10:00 PM " W, 5, 10.00 minutes W o>

PMU data showed a much larger
frequency swing associated
with the event where frequency
oscillations lasted several
seconds.

Figure 1.3 : Corresponding change in frequency measured by P3JIU [

From Figures 1.2 & 1.3, it is revealed that vaaatin frequency captured by PMU is
from 59.91 Hz to 60.05 Hz. However, SCADA captutieel same event of change in
frequency with the excursion from 60 Hz to 60.05 Hence, SCADA missed quite
valuable dynamic information.

Overall PMUs can be used in measured based signakgsing applications by
capturing the dynamics and helps in avoiding thechibuts using early warning
systems.



1.3 Literature Review

A brief background about Wide Area Monitoring Systend its applications is
given in the following sections.

1.3.1 Wide area monitoring system

Wide Area Monitoring System (WAMS) is a data acdiga technique in which
GPS time synchronized signals namely voltage (nadei & phase),
current(magnitude & phase), frequency obtained iierdnt nodes/buses of the
power system through PMUs. These signals are cematad through Phasor Data
Concatenators (PDCs) and transmitted through conuation network to central
monitoring/control station (EMS). This data canrbenitored in real time and stored
in the data server for post disturbance analysisrmtequired. Currently real time
applications for early warning system using PMUg&dar anomalies in the power
system are in research and development phase [4].

A schematic setup of WAMs based on Eastern Interection Phasor Project (EIPP)
community in the USA[5] is given in following figar

W

PMU

ommunication
Network

ommunication
Network

Communication

Net\Aﬂk_/_)

=z

DATA STORAGE SERVER OPERATOR CONSOL

MAIN SERVER

Figure 1.4 : Conceptual Model of WAMs
1.3.2 Wide area monitoring system applications

Few applications developed using Wide Area Monitpisystems are given in below
section.



1.3.2.1State estimation

In WAMSs, we can estimate the dynamic state of th&lesn at an instant in time
using the synchronized measurements obtained frbtds? The perfect scenario
would have been to install PMUs at every node afl go make it completely
observable but this is an expensive approach. Sketemhniques are developed for
optimal allocation of PMUs using different estinmati techniques without
compromising the measurement of that state of ty&esn [6-8]. However,
sometimes we need redundancy to eliminate the b#al €urrently a hybrid data
state estimate approach which involves both comveait SCADA and PMU
measurements[9, 10].

1.3.2.2Control applications

Conventional control approaches in power systemgulical signals. For examples
control for electrical machines were achieved dfeack signals obtained by local
measurement devices. Sometimes, even mathematcksnare used to achieve the
same. However, using PMUs, machines can be coedrdlly incorporating the
remote measurement e.g. basing on slow changindjatisas occurring in the
system [11]. Also system under the instability dood can be isolated in different
regions to operate in island mode basing on tharnmdition of machines oscillating
with similar modes [12]. Hence, wide blackout of gystem can be avoided.

1.3.2.3Protection applications
PMU measurements also provide protecting functicelated to distance relays,

angular stability, voltage stability etc. by incorpting the remote measurements
because of low propagation delays having very itericies [13, 14].

1.4 Structure of the Thesis

This study is organized as below:

Chapter-1 briefly gives the background about thpartance of PMU measurement,
WAMS and its applications.

Chapter-2 briefly describes the basis of phasansgaWith the structure of PMU and
its simulation environment.

Chapter-3 briefly gives the mathematical backgrowidthe signal processing
techniques used in the development of applicatewgs for inter-area oscillation
detection and ferroresonance phenomenon etc.

Chapter-4 describes the simulation platform andlte®btained by applying signal
processing techniques on the data obtained from #MUdifferent scenarios.

Chapter-5 gives the conclusion part of this redeaatong with the future
recommendations.



2. PHASOR MEASUREMENT TECHNOLOGY

History of phasor representation of electrical diteas dates back to 1893, when
Charles Proteus Steinmetz, a German born Americaihematician and electrical
engineer, represented electrical current in sinfigele which he named as phasor in
his study[15]. Phasor Measurement Units were d@eelalmost a century later in
1988 by Dr. Arun G. Phadke and Dr. James S. Brigtiail of mathematical
background and PMUs is given in following sections.

2.1 Phasors

Electrical quantities like voltage & current can tnedeled by magnitude and angle
assuming the frequency being known e.g. 50 Hz oH80 Consider a sinusoidal
signal:

x(t) = Xpcos(wt + @) (2.1)

Where X,,, is the amplitudeqw is the frequency (radians per second), @nd phase
angle (radians) of the signa(t). In phasors quantities we are generally interested
the root mean square (RMS) value of the input $ignéx,,,/v?2). It is particularly
useful in calculating active and reactive poweraim AC circuit. Equation 2.1 in
exponential form can be given as follows:

x(t) = Re{X,,el @)} = Re[{e/@D})X,, /(@) 2.2)
It is understood for electrical signals that freggyeisw Sso it is customary to ignore

the terme’/(®® in the above Equation 2.2. The sinusoidal sigmatrgin Equation
2.1 in corresponding phasor representation is gagen

x(t) © X = (X /V2)el @ = (X, /N2)[cosp + jsing] (2.3)

Visual depiction of sinusoidal signal and its cepending phasor form is shown in
Figure 2.1.

Phasor
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Figure 2.1 : (a) A sinusoidal signal (b) and its correspondgihgsor form



2.2 Phasor Measurement Unit

Phadke introduced the Modern synchronized phasasuarement technology in his
article [16]. He presented a few uses of positeguence voltage and current phasor
measurements. The Global Positioning System (GR&jdes the reference for the
power signals that are measured from differenttiona can be utilized for analysis.
First prototype of PMU based on GPS was developethé Virginia Polytechnic
Institute and State University (Virginia Tech) imetUSA in early 1980s. However,
modern GPS PMU technology is based on IEEE starpmlastished in 2005.

More refined standards for estimation of positigguence voltage magnitude, phase,
frequency and rate of rise of frequency were publislater as IEEE C37.118.1[17]
and IEEE C37.118.2 (Data Transfer)[18]. More strgfuirements were laid down to
achieve required response to dynamic events andureghe harmonic contents of
the signals. To achieve the accuracy requireme¥ts (TTotal Vector Error) was set
as 1 for frequency and rate of change of frequekaythermore an estimation
algorithm basing on the above standards and testagy made under the EMRP
EURAMET programme [19].

2.2.1 Block diagram of the C37.118.1 algorithm

Schematic block diagram of the C37.118.1 algorithigiven as follows:

. R.
M) FIR Filter |—
3
L P
0\.?! i — ADC
Filter L
FIR Filter —
-sin | |cos
B
Time —
Synchronized anqlfia:llfﬂ
to UTC R scillator V.o o
Phase Part
v Pasitive —
! Muag.
Ve Single " Sequence
— &P
Phase Part Phasor :
Calculation ©
E
4 @
V() Single |8
i L
Phase Part Frequency M
(dgp/dt )
ROCF RoCE
(df/dt )

Figure 2.2 :Block diagram of algorithm C37.118.1

Wheref,,,, is the nominal frequency (50 or 60 HX)ag. ¢ is the positive sequency
phasefy; is the measured frequency and ROCOF if the ratthahge of measured

frequency fy).



Schematic diagram defines the overall working oP&IU. Input signals are
correlated with the output quadrature oscillatonaminal frequency. Each single-
phase part generates magnitude proportional tovtftage on each phase, and a
phase that rotates at a rateaff — f;)).

Low pass filter is used at the input for anti-alas Aliasing is the phenomenon that
frequencies greater than the Nyquist frequency shifted erroneously to lower
frequencies. Following equation is used to caleutae Nyquist frequency:

fNyquist = sampling rate /2 (2.4)

The only way to protect data from aliasing is tplg@ppropriate aliasing protection
before you generate or acquire data. Aliasing acedren you generate or sample
the data. You cannot remove aliased components flemdata without detailed

knowledge of the original signal. In general, yaneot distinguish between true
frequency components and aliased frequency comp&ndiherefore, accurate

frequency measurements require adequate aliasmeagtion.

The reporting rate specifies the reporting freqyent the PMU in frames per
second. Valid reporting frequencies are 10 fpsfp85and 50 fps for 50 Hz nominal
line frequency and 10 fps, 12 fps, 15 fps, 20 f§8,fps, and 60 fps for 60 Hz
nominal line frequency as defined in IEEE Std C38.1

Time synchronization block specifies the timestarapgach sample in the current
data block of the input signal. The timestamp s ttumber of seconds since the
International Atomic Time (TAI) epoch of 00:00:QI3nuary 1, 1970, UTC time.

Frequency of the input signal is calculated by:
- (2.5)

whereg is the measured phase. The time rate of phasse Imetialculating even tiny
amounts of ripple or noise because a small chamge ¢an cause large ripple or
noise on the measurement of frequency. Further, ®OfS calculated as follows:

ROCOF = i _ 1 ¢
Cdt  2mdt? (2.6)
This calculation is very important and used in canmgon of signals with each other
in Phasor Data Concatenators.

2.2.2 Matlab simulink model of PMU

Normally in PMU applications, data is collectedrifrohe PMUs installed in the field.

Also, some studies utilized just the phasor sinnutaenvironment to get the phase
and magnitude of the analyzed quantities. But 8tigdy provides the pioneer
approach to utilize the PMU’s data measured byMa#dab PMUs model as shown
in Figure 2.3. Hence, virtual analysis can be edrrbut considering different

scenarios, which is impossible in the real timaesysoperation.



Positive sequence ampitude (pu)  UTC time

Figure 2.3 : PMUs model in MATLAB simulink by Andrew Roscoe [6]

Following are the inputs of the PMU model as shawthe Figure 2.3:
* Voltage Signal (Vabc)
* GPS Time Stamp (UTC_time)
» Configuration settings (Hadware and Anti Alias G&nPhase Correction
Coefficients)
PMU block, as per the C37.118.1 algorithm, gensrtite outputs following outputs:
* Magnitude (Positive Sequence Magnitude)
* Phase (Phase Reference)
* Frequency
» ROCOF
Results of the sample case having voltage magnibfide02 p.u., frequency of 50
Hz are given as follows:
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Figure 2.4 : Output results of PMU. Here the applied sampleaigarameters are
Voltage magnitude:1.02 p.u., frequency: 50 Hz
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3. MATHEMATICAL BACKGROUND

Brief review of mathematical techniques utilized &malysis is given as follows:
3.1Fourier Transformation

J. Fourier, French mathematician, expressed perioiiction as an infinite sum of

periodic sines and cosines functions known as Eo@eries. Later the concept was
extended to Fourier Transform (for non-periodicnsig) and Short Time Fourier

Transform (for non-stationary signals). Mathematioackground of the same is

given in following sections.

3.1.1 Fourier series

Consider a periodic functiop(t), its corresponding Fourier Series is given as
follows:

a
p(t) = ?" + Z(akcoskwot + bycoskw,t) (3.1)
k=1

Where,a;, andb,, are real quantities. Complex representation ofsdm@e function
p(t) using positive harmonics is written as:

p(t) =C, + z Crcos(wot + 6) (3.2)
k=1

Where,C, = /ai + b & 6, = tan™?! (—_ab"). C, can be represented in phasor form
k
as follows:

Cie = |Cle/Ox (3.3)

Where,|C,| is the magnitude ang, is the phase angle. The same has provided the
basis for phasor quantities.

3.1.2 Fourier transform

Later his studies were generalized to non-perigdittinuous time signals (Fourier
Transform) and non-periodic discrete time signd)sgrete Fourier Transform).
Consider the same periodic functip(t) in exponential for as given below:

[oe)

p(t) = Z el ot (3.4)

—00
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Where,

to+T
1 —Jjkwot
ak=7f p(t) e™ e (3.5)
to
Namely,
[ T/Z
1 . I .
PO =Y |5 | pley ekt | oot 36)

Assuming thatw, = 2?” while T - o, w, » dw & kw, - w, Equation 3.6 can be
written as:

o T/,
1 1 N ,—jot’ | jot
p(t)=% T p(t)e Jdt'| e/ dw (3.7)
—0o0 —T/2

Integral inside the brackets of Equation 3.7 givesFourier Transformi(w) as:
T/2
1 .
p@ =7 | e ae 38)

_T/z

Similarly, Inverse Fourier Transform of ti¢éw) is also given as:

1 [ .
p© =5 [ P do 39)

These generalizations made possible for adaptatiahis powerful mathematical
interpretation in computers. Due to large compateti requirements, DFT was not
widely utilized in computer applications. Later racgfficient algorithm, known as
Cooley Tukey algorithm, was introduced in 1965 whlmecame more popular in
computer related applications [20].

3.1.3 Short time fourier transform

However, above techniques cannot capture the ratimisary changes within the
signals. Later this limitation was removed by appmlyFT on small data sets by
sliding the window function over the time axis. \i¢hirequency and time resolution
are constant for each step because of fixed windmetion length. This technique
was known as short time Fourier Transform (STFTJ aras first introduced by
Dennis Gabor[21].

General expression for the STFT is given as follows

14



puw,b) = [ paolu— e du (3.10)

Where,w(u — t) is the window function and bar on the window fimetrepresents
conjugation. Fixed resolution of STFT can be shawiollowing figure:
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Figure 3.1 : Time Frequency Window for STFT
3.2Wavelet Transform

Wavelet Transform (WT), being an alternate to STBE®lves resolution related
discrepancies by introduction of scaling paramehbet gives variable resolution.
However, the time and frequency cannot be measacedrately at a given time
instant. There is always been a tradeoff betweesetlwo values. In other words, it
is impossible to calculate the exact spectral corepbat any given instant of time.
At best in a given time interval we can find oute tltorresponding spectral

components. Consider a family of functiogg; (u) = %g(‘%t). Here we have two

parameters to alter. The shifting paraméterachieves the sliding feature while
parameter'a" alters the width of the window function e.g. sking (@ < 1) or
dilating (@ > 1). General expression for WT is given as:

Lof @O = [ fganGdu (3.11)

The wavelet functiong, ) (u) = %g(uT_t) is dilated by parameten™ and translated

by parametert” is designed to balance between time domain aeguincy domain
resolution. In other words, either signal can teusately found in time or frequency
domain but not in both domains. This phenomenonrsimilar to Heisenberg
Uncertainty Principle, introduced first in 1927 lblye German physicist Werner

15



Heisenberg, which states that the more precisadypibsition of some patrticle is
determined, the less precisely its momentum cambe/n, and vice versa.

Variable resolution of WT is shown in following fige:

b-axs
.

lowr high

high low a-axis

v

Figure 3.2 : Multi resolution of WT

Here, a-axis is time and b-axis can be either ®aqy (freq) or scales (b). Arrows
designated with “freq” and “b” gives the increasidgection of frequencies and

scales, respectively.

Multi resolution of WT as depicted by the Figur@ & achieved by the scaling and
shifting of the analyzing function. Consider, analgming function i.e.y,(t) =
2//2 (27t — k) in time-scale domain using shifting & translatiparameter is
shown in following figure:

j
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Figure 3.3 : Subband Analysis
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3.3 Multi-resolution Analysis

In Multi-resolution Analysis (MRA) we can defineageV; _ ; as follows:

span

Vieg =" 2UD2¢21* e -} (3.12)

As a result, a given signa(t) in theV; _ ; space can be expressed as:

x(t) = Z a1 29V p (27t — k) (3.13)
k

If such a signal is projected (i.e., decomposed oimeV; andW; spaces, the result
can be expressed as

x(t) = Z a 2?p(27c — k) + Z d; 2227t — k) (3.14)
K

k

Ultimately, after further manipulation, the signélt), through pairs of filters is
decomposed into low- and high-frequency componasntellows:

ajx = Z h(m — 2k)a;_y;m
m

(3.15)
djy = Z g(m = 2k)a;_1m
m

\

In Equation 3.153; is the approximate coefficient (or low-frequenoynponent of
the signal) andi; is the detailed coefficient (or high-frequency gmment). To
obtain the subsequent detailed coefficient at et Wecomposition leve(j + 1),
detailed coefficient at leve] is convolved with low pass filter. Similarly, tdtin
the subsequent approximate coefficient at the mEdomposition levelj + 1),
approximate coefficient at levej is convolved with high pass filter. Schematic
layout of MRA showing the low- and high-frequencgcdmposition is given as

follows:
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H 1 G
¥ 3

Level 2 W\W\/MMM AA V*MMW‘MMAD
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Level 3 = lyylily| AAA M\J\V“ AAD
AL G

Level 4 MAAAAW AAAD

Figure 3.4 : Splitting of signal spectrum using MRA [22].
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Here, H is Low Pass Filter, G is High Pass Fileers Approximation & D is Detail.
Figure 3.4 shows four level decomposition of theegisignal.

3.4 Prony Analysis (Prony’s Method)

Originally, Gaspard Riche, Baron de Prony in 17@&yeloped the Prony analysis
(PA), while studying the expansion of various gagesg practical applications based
on this technique were possible after the advendigital computers [23]. In his
original work, Prony proposed fitting a sum of erpatials to equally spaced data
points and extended the model to interpolate atrim¢diate points. PA is a
parametric method that computes amplitude, phassguéncy and damping
coefficients of the signal segments. In additiod &an be considered as system
identification method. Nowadays, PA is widely usecower system for detection
of electromechanical oscillation, biomedical apgtions, speech signal processing
etc.

For a mathematical expression of PA, considgrt) a signal consisting &f evenly
spaced samples. PA gives the functign) by directly estimating the parameters by
fitting a sum of complex damped sinusoids to equsplaced data points in time, as
given below:

L
9(6) = ) 4O cos(2rfit +0)) (3.16)
i=1

Where,A; is amplitudeg; is damping coefficient); is phase and is frequency of
component, respectively. And, L provides the total numberdamped exponential
components.
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4. APPLICATIONS OF PHASOR MEASUREMENT UNITS IN
ELECTRICAL POWER SYSTEM

Simulations were done in Simulink Matlab. Two maiopics i.e. inter-area
oscillations & ferroresonance, were dealt thoroygbl understand their behaviors
utilizing measurement based analysis techniquegyoil processing.

4.1 Case Study 1: Detection of Inter-area Oscillations

Electromechanical oscillations have been a topidntdrest for researchers since
many years. Characteristic features of these afioiis can be obtained in time
domain as phase & amplitude and in frequency domaairmodal frequency and
damping. These oscillations, along with causingainitity, also limit the capacity of
transmitted power due to insufficient damping beeaaf remote generation setups.
Generally, power system stabilizers are used toteouhe condition of insufficient
damping. Power system stabilizers controls generatidput by changing the set
point of the voltage regulator. Traditionally, tlt®se loop feedback control is based
on the locally measured signals such shaft rotatispeed, real power output and
frequency.

Nowadays, performance of these power system statslican be enhanced using the
remotely available accurately time stamped inforomatprovided by PMUs e.g.
voltage magnitude, voltage phase angle, frequertog. synchronized measured data
is generally characterized in appropriate time &aas per requirement of damping
control. Hence, it provides a flexible environméntvhich data can be measured at
any desired point/node in the power system and aomgated to the several control
stations for different objective such as energy ag@ment, damping control,
isolation of different regions in case of instalyiland much more.

In WAMS reliable detection and monitoring of powssrstem oscillations is one of
the most critical application. So that a valuabl®imation of increasing oscillations
and instability be provided to the system operatansl detection algorithms.
Therefore, that operator is alerted to observe randitor the synchronized phasor
measurements to find the root cause of instaldijtycomparing the data and events
occurred during the same time instants. Also ctire@ctions can be taken to safe
guard the further instability [24, 25]. One impamtaonsideration here is, for the
appropriate and reliable data, to optimally allecBMUs to meet the observability
and controllability conditions for the power systearontrol aspects. For example
modal analyses were used as a basis for the optiallazation of PMUs in the
power system [25].

Extraction of features of interarea oscillationgngssignal processing techniques is
more convenient than the conventional model amalgsethod using eigenvalues
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analysis for a specific system configuration [2A]though one such application
based on model based approach has been developaAMS. Through this
approach optimal model parameters were identifigdapplying autoregressive
model and Kalman Filtering techniques using datasueed from carefully allocated
PMUs [25]. Traditionally model analysis is used fdetection of modes of the
oscillations [26]. With the current encouraging lkdgment trend of PMUS,
oscillations can be measured in real time due gb-hesolution measured data. Post
disturbance analysis along with the estimationystesn qualitative parameters such
as eigenvalues as described by Liu and Venkatasnimian can be measured [27].

4.1.1 Simulation environment & model

Two machines model is considered for the analysshaw in Figure 4.1.
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Figure 4.1 : Two machines model in Matlab Simulink
4.1.2 Analysis method & objective

Machines stability analysis was carried out usimg outputs obtained through the
Simulink-PMU model installed at the respective lsusEmachines. Events and their
features extractions were analyzed using the sglatieasuring techniques in time,
frequency and time-frequency domains e.g. Short eTifourier Transform,

Continuous Wavelet Transforms etc. Furthermore Yeoralysis was applied on the
acquired signals for identification of oscillatiproperties i.e. mode frequency, mode
damping, and mode shape. Scenarios were creataggdying faults, load changes
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while keeping power system stabilizer (PSS) ored#fit setting. And impacts of all
scenarios were investigated using the foresaid/aisalechniques.

4.1.3 De-noising and filtration of the signal

As signal obtained from the output of the SimulipkilU model generates a noisy
signal due to dynamic behavior during the transieonditions. Also we are

interested in extraction of low frequency signgenerally inter-area oscillations lies
within the range of 0.2 to 1 Hz). To achieve bothjectives of de-noising and

filtration, Mallet Algorithm [28] based on Multi-eelution Analysis (MRA) is used.

An example for de-noising and filtering of the giveignal to obtain the detail
coefficient taken from one of the simulation scérmr(based on load variation)
obtained at the decomposition level j=9 is giveFigure 4.2:
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Figure 4.2 : De-noising and filtration of signal (a): Noisy san(b): Filtered Signal

4.1.4 Simulation scenarios

Simulations were carried out based on the differapntles of the power system
stabilizer (PSS) setting, faults and load chandesl impacts of all scenarios were
investigated using the foresaid signal analysisriepies. However, for the matter of
conciseness and limitation of space following twersrios are given in detail with
results and graphs:

e Scenario I: Based on load variation having PS&ts&beneric Mode”

21



e Scenario Il: Based on 2-phase fault having “No PSS”
4.1.4.1Scenario |I: Based on load variation having PSS sat “Generic Mode”

Complete static load of 500MW was disconnected snlydat 2 sec while keeping
power system stabilizer (PSS) in the “Generic” posi PSS successfully damped
the oscillations and machines connected to Bus+BX#ained in their stability limits

as shown in Figure 4.3. An important phenomenoreiesl was that the angle-
difference measured by PMU block installed at B&&-Is almost same as the
difference of internal angle of machines connediedhe Busl&2 respectively,

which is shown below:
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Figure 4.3 : Comparison of measured angle difference of (a):hves internal
angles connected to Bus-1&2, (b) PMUs installeBues-1&2

n

Hence, PMU installed at Machine-connected busessgan insight into the angle
stability of the machines because rotor angle gy captures the nonlinear and
non-stationary dynamics of the system and can leel i8 determine linear and
nonlinear attributes of system oscillations. Thisvides a basis for online stability
analysis of the machine connected to the respebiisg which was impossible in
previous SCADA system because of low resolution.

Prony analysis using Prony-Toolbox [29] is appleeddifferent segments (based on
time) of the de-noised and filtered signal of andiference measured by PMU
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block installed at Bus-1&2. And it is observed tinater-area oscillation (0.2-1 Hz)
modes are successfully damped by the PSS. In additical modes (generally in the
range 1-2 Hz) i.e. at 1.1 Hz are observed b/w t#¥e seconds were also damped

out. Results are given in following Table 4.1:

Table 4.1 :Prony Analysis of scenario |

Time Results

Segments

(Sec) Mode = Amplitude | Damping | Frequency | Energy

1 82 -0.31 0 5.7x10

15-19 2 0.004 -91 0 2.3x10%

3 0.0032 -2.2 0 4.7x103

1 49 -4 1.1 7.2x10

2-25 2 49 -4 1.1 7.2x10

3 0.0064 -130 0 4.2x10*

1 26 -4.6 0 1.8x10

39-44 2 0.085 -100 0 9.0x10?

3 0.019 -4.6 0.51 9.0x10?

Short time Fourier Transform of the same is givefolowing Figure 4.4:
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Figure 4.4 : STFT of the analyzed signal
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Zoomed view of STFT of the above figure 4.4 by higjtting the low frequencies
components is given as following figure 4.5:
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Figure 4.5 : Zoomed STFT of the analyzed signal

Also, the continuous wavelet transform the sameaigighlighting more features is
given in Figure 4.6. It gives more insight by highting the low frequency
components, which can be clearly seen during diffetime intervals after 2 sec
when disturbance was applied. Low frequency compisnean easily be seen at high
scale values with their intensity basing on colg( blue color as highest intensity
while red color is showing lowest intensity). Indgtbn, it can be observed that low
frequency components present at time interval 2tg&t5 are successfully damped
by the PSS. Hence, it provides a visual add for dperators to observe low
frequency components and their intensities durimgerg interval and can take
appropriate action.

Anatyzed Signal (length = 50001)
T T

o 88 8

JJ[- o e i | Analyzed Signal

s s FHEEI ISR ES TSNS S S E
Scale of colors from MIN to MAX

Figure 4.6 : Continuous Wavelet Transform of the analyzed signal
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4.1.4.2Scenario Il: Based on 2-phase fault “Without PSS”

Two-phase fault was generated at the output offthesformer (L000MVA) output

bus (Bus-6) at 2 sec while keeping power systemilstar (PSS) at the “No PSS”
position. Angle stability of the machines was nohiaved as angle difference is
getting larger and larger. Output signal of the landjfference measured by the
PMUs installed at Bus-1&2 is shown in Figure 4.7.
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Figure 4.7 : Angle difference measured from PMUs installed as-B&2.

Prony analysis results showed the presence of én@nént inter-area oscillation

mode at 0.29 Hz having the largest energy in thgeai(as shown in Table 4.2)
before the fault and the same resulted in the lilgtaof the machines when 2-phase
fault was applied at time 2 seconds for next 12esyduring the simulation. Results
of the same are given in Table 4.2.

Table 4.2 :Prony Analysis of scenario Il

Time Results

Segments
(Sec) Mode | Amplitude | Damping | Frequency Energy

1 79 +0.46 0.29 1.2x10

09_14 2 0.047 -88 0 3.1x10?
’ | 3 0.015 +0.46 0.29 4.3x10*
4 0.000056 -1800 320 2.6x10°

4.1.5 Conclusion

During this study, a simulation environment basadSsemulink model of PMU was
built and successfully feature extraction of thgmnais was achieved. This provides a
virtual environment to test and analyze the powstesn using measurement based
system from the retrieved information of PMUs. Qlsagon of the similar behavior
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of the difference of internal angle of machines daifference of angle measured
from the PMU connected to the relevant buses wég quteresting as it provided
the basis to extract useful information.

In future these analyzed results can be made tmasategorize these signals e.g. into
steady-state (normal operation) and transient &secof disturbances) conditions.
Furthermore, features can be extracted from thegoaized signal, which can be

used in machine learning algorithms so that onhogomatic detection of these

scenarios can be achieved. Utilization of this rimfation in damping control can be

an effective method of improving the performancehaf power system, particularly

for inter-area oscillations i.e. by using the PMlUdentify frequency oscillations and

initiate damping activities. And when inter-areacidgtions are unstable, the

interconnected network can be broken up, potentiediding to islanding.

4.2 Case Study 2: Detection of Ferroresonance Phenomenm Electrical Power

System

This study involves the application of the Simulimodel of Phasor Measurement
Unit (PMU) based on algorithm from C37.118.1 foe tietection of ferroresonance
phenomenon for the Seyitomer—Isiklar part of thecklc Power System of 380 kV
in Turkey using signal analysis techniques in tidfregquency and time-frequency
domains. The findings show that the ferroresonavemt can be represented by the
interharmonics between 50 and 250 Hz. These asatgshniques will result in
better monitoring, identification and helps to tagieevention measures to avoid
undesirable condition in the power system operation

4.2.1 Ferroresonance

The ferroresonance phenomenon is one of the dripcablems occurring in
electrical power systems. In ferroresonance cantitiver-voltages are observed in
the power system. Ferroresonance phenomenon isaljgn®nlinear in nature. The
ferroresonance phenomenon generally occurs duahalanced condition such as
switching, the serial connections of the capaciterth transformer magnetizing
impedance etc. These over voltages cause failuregansformers, cables, and
arresters. The ferroresonance phenomenon is moreiqent at high voltage levels
because the relative ratios of losses, magnetinmmgedance and cable capacitance
lies in favorable ranges here [30, 31].

4.2.2 Interharmonics

Harmonic problems are very prevalent problems iwgrosystems. In this context,
harmonics are usually classified as odd harmoniud @ven harmonics. Thus,
physical events can be categorized according thdéneonics type. For example, in
power system applications, odd harmonics are morgoitant than even ones.
However, in some events, such as unsymmetricalesh&ven harmonics also gain
importance due to the properties of the odd harosoof the system. With the
exception of these types of the harmonics, anotigge of harmonics is sub-
harmonics, which are seen at below the fundamdrggluency. In addition, the
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interharmonics can be defined by the fractions betwthe integers of the even and
odd harmonics. They are obtained through the fesamrance phenomena. For this
reason, the interharmonics are used as an impandicgtor in the detection of the
ferroresonance phenomena. The interharmonics arerged with the inter-
modulation of the fundamental and harmonic comptmenh the related system.
Hence, they can be observed, since they are propakivith the increase in the load
numbers.

4.2.3 Simulation environment

In this study, the ferroresonance phenomenon mwdoted for Seyitomer—Isiklar
part of the Electric Power System of 380 kV in Teyk Simulink model of the
system is given in Figure 4.8.
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Figure 4.8 : Two machines model in Matlab Simulink

Voltage Signal of the phase-R was given as thetitipai Phasor Measurement Unit
(PMU). All the analyses were made on the re-constdivoltage signal calculated
from the information obtained i.e. magnitude, phasd frequency from the PMU.

Hence, it provides a methodology to for the remde&tection of the different

abnormalities including the ferroresonance phenamem the power system.
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4.2.4 Time domain signal characteristics

Using the Matlab—Simulink model that is defined-igure 4.8, voltage of phase-R is
shown for 4-s duration as shown in Figure 4.9. Haféer the 2nd second, the
ferroresonance effect begins to appear.
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Figure 4.9 :Voltage variation in Phase-R

4.2.5 De-noising and filtration of the signal

As signal obtained from the output of the SimulipklU model generates a noisy
signal due to dynamic behavior during the transaamditions. In addition, we are
interested in extraction of low frequency signasnerally within the range of 0 to
250 Hz). To achieve both objectives of de-noising &ltration, Mallet Algorithm
[28] based on Multi-resolution Analysis (MRA) isats

An example for de-noising and filtering a portiohtloe signal after ferroresonance
the obtained at the level j=3 is given as showrFigure 4.10. Here, de-noising
technigue successfully removed the sharp edgeleohoisy signals obtained from

PMU. A small segment of the noisy and correspondiitered signal is shown the
Figure 4.10 below:

28



-
1
———
—
E—

| \ I" I"I f\ M |'"|| r\| Iﬂ\ ||"\ | ’n lﬂl FI Iﬂ' ﬁl ll'f ﬂ ||“|| (II i { ’:-;
& 05_|'| |/||| ; |'l f I|||i f'\\ |'| |'H\ 'l] | M | /|'l M |"|[||'| |||'| | J\ ;IH H | \ l' '/\ |'T S
g-oZ~|||l|{||~|~|{|| |I||| ||||||} |.H|| ||~||||'||||||||I||| \[|\||i |||l [E’
R R AR R AR
35 355 36 365 3T (ai?;?S 38 385 _Ii’;l‘;.lne (SSeQCS)

gtf' I ! I i I| II I |I ‘I In ||I !“ | ';c
: Tllll\ (f|. ﬂ ||'| ll”\ [ ('\ ‘nll |\ /rl]uﬂ . I ,|(||| /1, (|| || f " n|'~ |“|| /IUrul |f|| {ﬂ| lﬁ ||-[|| 12
£ h'\ l'\'\||°”| ||H/|\| (||“| ||||\| ||\J”|"J' \|n| \||| || | '\| |'H"| >
g 0_| |[||“||I ||n}‘|\|h|| ‘|}|| |H| | ‘| I|H| } ||n||\H | |“ Hrg
2 o5 ||||[J | ||-|\ | ||ﬂﬁ|||{ | \IJ I | | || ||‘ ‘ {3
: J ||||".,J| \I ||L||||r |||/ IUI ||| ‘|||| |J| ‘L ‘J | | | \(I | ﬂl| I|_ >

3 A 1 ALY h W

3.5 3.95 36 3.65 i o7 2(-;; 3_8 3 85 '|3'|§;ne (;gg) 4
Figure 4.10 :De-noising and filtration ot signal (a): Noisy san(b): Filtered

Signal

4.2.6 Frequency domain signal characteristics

Time domain signal characteristic just give theegahtrend of the signal but not
quite informative to perform parametric identificat. For the same the FFT of the
phase-R was calculated and which clearly depicted ihter harmonics in the
ferroresonance frequency range i.e. 50 — 250 Hhaw in Figure 4.11.
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Figure 4.11 :FFT of Voltage variation in Phase-R
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As indicated in Figure 4.11, between 0 and 600 the dominant frequency

component is at the 50-Hz level, which is the fundatal frequency of the system.
And small amplitudes of the frequencies, which odoetween 50 and 250, may be
defined as an indicator of the ferroresonance effec

4.2.7 Time-frequency domain signal characteristics

Short time Fourier Transform (STFT) of phase-Riv&qg in of the Figure 4.12.
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Figure 4.12 :STFT of Voltage variation in Phase-R
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Voltage (p.u.)

Scale

As seen in Figure 4.12, according to the samplmeguency of 13 kHz, a time—

frequency plane can be shown. Here the fundaméet@iency at 50Hz covers the

entire time axis; however, after the 2nd second, fédrroresonance effect appears
with additional frequencies.

4.2.8 Continuous wavelet transform signal charactestics

Continuous Wavelet Transform of phase-R is giveofithe Figure 4.13.

Continuous Wavelet Transform of Voltage
variation in Phase-R
Analyzed Signal (1ength = 70001)
| |

05

15

| \ | | | |
05 1 15 2 25 I 35
Time (sec)

Ca h Coefiicients - Coloration mode: init + all scales x10‘
o

i

- -

4

3

Pl

il n

HE T Time axis
Seale of calors from MIN to MAX

Figure 4.13 :CWT of Voltage variation in Phase-R

31



4.2.9 Conclusion and future recommendations

During this study, a simulation environment basadSemulink model of PMU was
built and successfully feature extraction of thgmais was achieved. This provides a
virtual environment to test and analyze the powstesn using measurement based
system from the retrieved information of PMUs. Qlsagon of the similar behavior
of the reconstructed signal obtained from the PMidnected to the relevant phase
and provision of valuable information for detectiohferroresonance phenomenon
was quite interesting as it provided the basigéonote detection of different power
system abnormalities.

In future these analyzed results can be made tuasetegorize these signals e.g. into
steady state (normal operation) and transient dse cof disturbances) conditions.
Furthermore, features can be extracted from thegoaized signal, which can be
used in machine learning algorithms so that onhmgomatic detection of these
scenarios can be achieved. Utilization of this rimfation in stability control can be
an effective method of improving the performancehaf power system, particularly
for ferroresonance phenomenon.
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5. DISCUSSIONS, CONCLUSIONS AND RECOMMENDATIONS

Electrical energy is such a commodity that is sgnwefraction of the second after it
is generated. This system is very big and com@dabmprising of a large number
of interconnected devices. This poses a great esiggl for the operational
management of the grid. Although in current SCADA atilized for the steady state
operations but any dynamic situation is normallynested beforehand by simulating
the models of the grid. Since all scenarios carenbe predicted, so there are always
loop holes which results in blackouts and other amed cases. An important thing
here to mention is that although there will beafie amount of data exchange and
communication in future in power system but maskts how to refine that big data
and extraction of useful information from the same.

In above study it has been shown through the siedlacenarios i.e. detection of
inter-area oscillations and ferroresonance phenomethat PMUs measurements
can successfully achieve the desired results. Theppéications along with other

similar one in Wider Area Monitoring System prowsdine promising future which

will ensure better monitoring, control and grid ragament on the whole. Blackouts
can be avoided through the situational awarenessdad by the PMUs. Hence, grid
can be operated with enhanced reliability.

Further, 1 would like to recommend the deploymehtP®dU in Turkish Grid to
benefit from these reliable emerging applicatioh8V&\MS. Hybrid setup should be
built using the conventional SCADAs and PMUs togetio gain the trust of system
operators. Studies should be carried out in Turgisth and system operators should
be consulted for deployment of PMUs on the allicaitnodes of the system. More
robust state estimation techniques should be dpedlto enhance the dynamic event
capturing capability of PMUs. In addition, a resdasetup should be developed so
that real time values can be obtained for furthedies on actual system.
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