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Abstract

Due to a longitudinal structure of an interconnected power system between central and southern regions of
Thailand, there are possibilities of the occurrence of various power system oscillation modes. Such wide-area
oscillations, however, have never been observed between both regions. This paper focuses on a wide-area
monitoring system of power system oscillations by GPS-synchronized phasor measurement units (PMUs) via 220 V
demand side outlets, which are located at two universities representing both regions. The proposed monitoring
system not only requires very low capital cost, but also provides high accuracy of the measured data. The wall outlet
can be used as the channel to get the power oscillation characteristic from the electric power network. The validity of
the measured PMU data is confirmed by the actual power flow data during steady-state conditions. By applying Fast
Fourier Transform and wavelet transform, power oscillation characteristics can be analyzed. In addition, system
identification using the reduced second order model is carried out by a least-squares regression. As a result, the
eigenvalue corresponding to the oscillation mode can be determined. Monitoring of variation of eigenvalue provides
vital information of the wide-area stability. Besides, analyzed results of power system oscillations under transient
conditions are given.
Keywords: Power system monitoring, Power system oscillations, Global Positioning System, Synchronized phasor

measurement unit, Fast Fourier Transform, Discrete wavelet decomposition

unAnLa

Tutlaariu Gmué’aommné’mﬁ'\ﬁﬂwﬂﬁw‘i'u%uamoga'lunanmﬂ'umm:mﬁvlnu Ynldiia
madenlpsmasrsun i dslnlananntyu - Tasiawzatnsdmadanlvsas oyl
T hsmenasiasmeldtndinmelnrsiseuna (longitudinal structure) B IuAinTuriuai
Tanshaupiionsrsliiiemsuvasinge i nslumosadon losrsninszuumanansuss
male (Inter-area Oscillation) E'iwwm:uu'lvlﬂwmé’ognmn’mmn“a'qﬁﬂﬂnﬁdwf] VU NINANRT
wasrzuu Wi Muyasudssesnnudamartdinimesnensdisdundu us: mMitsasmoss
W wmastosrinifie Wihesmnizunasnnisiwiu (Hudu asgenslinsuwosinasWihdm3
mm;mmmn"j‘fu Nam:nwmﬂﬂngm:tﬁmmﬁdwmﬁudmaﬁmmmms:uﬂ@uma
Tmamifzﬁ'ui‘fmmua"‘fﬁn'wmm5uqmé’nwaéwm°muuaau’laﬁmaqszuu'lvlﬂwﬁwﬁcvﬁ‘au{ms:wm
mansauszmeldlonlfiedasiammeans  usadnlwin (Phasor Measurement Unit: PMU) Funa
wniulWih 220 Tadt snunIzuawMIImnaHsTasTaysitu Mausshawiod mausaamian
Hudu Adaldan PMU a:ﬁ'ﬂﬁ’tﬁﬂaqﬁﬂ’nuj"lmi'luﬁmﬂ’nmiﬂ'la?ignﬁaoiuqmﬁnum:v‘ﬁqwafﬂ
yasrzuU Wi dadonlpsssnitemansiausemeld 1%u mifuwnaarindswih sfiewaslnuems
fu anufivadlnuanmIdu ua:qmamﬁmaﬂummﬁu Juen mamuﬁammmdﬁagaﬁv’ﬂﬁ
n PMU anlgasuuuissmadiamanfuasszuuwimdndoulossswiamanansuazmaled
L'fiammm:qnﬂﬁahoaoﬁmmj‘lvﬂueﬁwmmﬁmnm‘mﬁmmw'uaes:uuﬂ.ﬂﬂwﬁwé’elmm'::
WalR

mdany mudgizuulWimd mundslnveszuyWinmas szuufmuadunsisluaands

wwIatansimasisaelnin mmﬂmvjﬁufarjm% MILUaInIniaauuUfaaIa

L

1¥%%e0

[

L 1RGN

onuuqa.uavunocsu.n.«..wv

ntuo-u---.-..-.-n.-n. .
LT TN

!



-y

‘lv

ARSI

ﬁﬁﬁﬁ;ﬂmams
o o
un 1 unin
d . a e e
1.1 TgwAvinn1s39e uasanudmayselynd

1.2 qﬂﬂs:mﬁ"maamu&i%’u

:':‘ a 6 ] I3 et A o
unf 2 szuvdaiitaasnisunisasrinag i ntaue
2.1 qﬂﬂs:mﬁ'
2.2 ﬁagamwn:mm PMU
2.3 szun iR iasdseinalneg
o I3 1 o O o e
2.4 szuuNatieasniIsunIsradfiiag IHN ARk

unfl 3 msusznasynInTays PMU
3.1 9aUseaan
3.2 msﬂsuﬁuﬁ’agaﬁi’@mn PMU
3.3 gnauiusszndams mavasi s lWiuazeadsanunandrauns
3.4 N9 UM sunIsadIfias i
3.5 &31

unfi 4 myiansiinamsoilussuvlaslddays PMU
4.1 yarseaod
4.2 msidaulpsasssuniifhisssenidsanalnouazaniaide
4.3 myiseiinamsailasdaya
4.4 5y
unfl 5 asUnan1s3dy

LANEIT919849

AARUIN

=N

w W w

N N oo O

12
12
18
20
27

28
28

28

29
34

35

36

39



«d

%,

y

B Y

whagllasems

Qs

Uninyinn13ids uazanudragzasiigm

a v [y o @ a & ' a ° v a A
Tuflagiiu emmaamimamumm"lvdﬂmwumuamagwhnnqummmﬂi:mﬂ‘lﬂu ynldifannsaules
o ar P d ' a a o & '
gasrzuuiWimdlulsanesnniu - leswwizegniimagsanlomwaszuyWimssewismansniuss
& aa o A = 4 o« A, @ & . v a ' o o P
maldiuddnwueclasiseouey Saduinmunuailansavuiionadaifiamunimesings Wi
. oA . @ a o a
Tnalusnesadoulu9TenindszuuMANRNUAENNALS  (Inter-area  Oscillation) BewnizuuiWiidsgniumn
a A o ’ @ ' o & a a & A
nnRaRaUn@ee 9 szsenalimIuniseshdsinfhimianuguusannds sanssnuzastnngmsnlngiil
sonnfudaisfioTmwaasszuulasase lffialWihaummels @lackout) tanaselusiesnutea&DAsuwn
o A A:‘ =3 J Qi A v =3 ] a‘: U o s
uazialllemanazifedulddninnluames Sneaianuguiedelmndlnansludwasgfiaussfny
o o A ¥ o = o lld L) .‘: 0‘: Qe ] o Qs ] v =) Qe
smTusungiuiiiwamafialwihdunimaldasasmu ua‘luﬁnwzl,ﬂﬂ:ﬁnuamagnmaum:amm
“: J d G ] 1 a O (-3 Qs A 1
vistiftasnanmineanudlaadadasuiiugudnsuens Tasaszuuiwihmsagenlossadiismanans
@ g a e A v a a [ )
urenale uananianuianaeiuiasnnnmilidayamniiesiihigndauiuimasaunyoallWi
\ P! ° a o o A '
degnldluszuy  esemssmahuuudsainmeatiamsaivassuu Wi isenlssrniemananause
wdy o ° v A a AaA A o v A o °
mﬂ'lﬂﬂvl.ummmuu'immsmaaaTﬂu‘l'mmaaﬂauwamaﬁwmmﬂ:ﬁmmm@ Fai s Aldminnisisas
o o & » o v a 1 A o ' ¥ Aa a
lagldnouRuasiunliondas  Mbimstieresimmeneenuiibefin. uszaanalfifeanufianaialy
@ o & o & 4 o a ' 4 a &
mysusuilasiuszuywihmssdalylnewne  dswiawtlatfymussdaanufonmadieg  Alfiedn
"’a‘ﬁmﬁmﬂzvﬁzuuvlwW’lﬁ'}é'a‘lw.%owai'@lLLm‘lmiﬁaﬁmmé”mmnﬂuati'mga
o e A’o a '3 0 o _ Gw v A 1 @
larsmaAdniisuanafisa$nmiunimesiss IWfaasszuuWiGaulses=ninsmeanatiuazmeld
W A ~ Q- 0] 3/ Qe Q/
laslfaseslowmoaiissdlniitin  (Phasor Measurement Unit: PMU) tnuniaidnsu Wiy 220 Tane dae
n3zuwmMILTznansrasiaysitu mmﬂmw'laﬂﬁm' mandssadian Dudu Aalemn pvu asvinlvifia
asdanuilviluduanudnlangndadluguinunsdens fovasssunwihmidadonlosszwinsmanans
L [ 1 o Qs o 3 A ] Qs
uszmald @u mauniswaahadiwih sfiewsslvusmunds anuivasluuanisunys uazmENTRYEY
1 L Qo Q) Aﬂd @ WY o ~
Tnuamsunds 1udu anananiisanInthdayaiialann ey anldssuuudnamnwedamsafues
szuvWihiaagaulosszninsmanaisuszmals Lﬁaﬁ,’lmﬂszqnm‘l’&’aﬁ"’maaﬁmw‘ﬂm‘luﬁmmaams
Aierehisd osnnaasszuy Wihisslugnzwede

Tanszacd

A a & o & ' o as A '
1) Rafeasszuunafieeimsunisasidsiwihzesszuuinwigaul sssznismenaisussmeatalan
A o a . a <& d a
IfieTasiaunaimaiusodulWih (Phasor Measurement Unit, PMU) lasaz@ieas PMU fimedon
a a . A L4 ° ° v a o d a a
Fenyn i ses udunuszuumeanans saufimealdinasriinimeunisfassfiunidnanan
e & o a a o W < [V
2nsansl SsniauateisTinmg Salfidusmunuszuunialdle
2) Lﬁaﬁﬂﬁagamaamﬁmmn@hwawmﬂmmLmﬁu"tvdﬂw:wmaaw‘h!,mmﬁi‘w‘lﬁmn PMU wnvihms
=3 O a Qe 1] (- ar ) 1 A 1]
AanziguansuzBmaiavemiunierhasinihlumssadonlommwe 230 kv sewiame
v a & & da v o ar
nasuszmalduazinmeingnanidneg Mifialuszuuinimgs
A Y i o Aa & . a v '
3) auisufiaudaysfifaldnn PMU fidaasnasdayaasns Wi anfaussusadliiiwirdays
YHRIUUREAAREIN U



L0

= adaan
TIYHUIDIY

s

a  aa o, & ae & & & o e &
EZLUUU’Jﬁl%ﬂ']iGl']L%uIﬂﬁﬂﬂﬁi?ﬁ]Uu wisaanilu 12 Tunaunanasatu

1

o a od A v e ac & @ E 2 Y a4 o e aa
ﬁlﬂtﬂﬁuuaqﬂnimmﬂLJ’)’IJENHUH']YJ%UYNH&J@ WSE]&JYN?IHB’]LLQ:TJUTJ&J‘Ua;‘.}a‘nmﬂ’mmnunﬁ’mﬂu

NN 9 Gn
N L~

2) Fmifess Pvu wiauTzuuneuRuess o medmdemniwnin sea TWWIINTUNNG  Uas
uInenspasanwnl  dmlauaTeEI mTIuTT w?awﬁ'qmaauﬂizﬁﬂ%mwmﬂ'ﬁmwuaaqﬂnmiﬁ
Aaasluenudieg
o & @ ' . @  a e

3) manud agammmmnwmjaammu‘lwﬂ'ﬁxmw 2 ndalUassamaniugalasims

o A n % Ao
4)  ANWNIZUIUMILIZANRRL Lwa'meﬁ:ﬁmagaﬂm"LGTmn PMU
5 hdaysfiiunurwldluidszfowniinreilasnzuaumitznadyanm WRadnmNn
“ o & ! ] =) = AA = !

AN B B TRULABINA YA IR RERNNEEAN9 asomaniia e nuialndiiedule
szuuWings

6) Yhmusnuluanmifinm
o A

HRITHIDH

a a o Afll war aa o a _th .
namsannITpanlasmif mummwuw"l,umsﬂs:'gmmmsmun'mm 8 International Power

Engineering Conferences (IPEC 2007) 55Win4 3-6 $wanay 2007 o Usznagealild dugesmossdoaddl

Issarachai Ngamroo, Panlert Lappanakul, Nitus Voraphonpiput, Sanchai Dechanupaprittha, Yasunori Mitani

and Jareerat Sakulrat (2007) Dynamic event analysis using synchronized PMUs via 220 V wall outlets. In

Proceedings of The 8" Intemnational Power Engineering Conference (IPEC2007), Singapore.

druneanulauuySlunmanuin



oy

o

UNN 1

UNH

]
< o

1.1 T nviin13398 wasanusanzastlynd

TurzuyIWiidmesdmndlne mudeulosmniemenansuszmeldenamess 230 kv Sanwue
Tases¥eenupn (longitudinal structure) SwhlfiAanuniwaarasiwiuuusneg wu manismwis
suUIWRAANSS  (inter-area oscillations) M1IwNIsvaIAsIWRNasaSaaiufialWih  (local generator
oscillations) 1fudu wananit mudhwrasdria Wi selunfimandanasiwfhdsnolussundafly
fiemuniswesrnddlWihfidusounnds el lengdnrsuveslruansunismsnitlugnznada
aagndasluantizaaulsg wuyuatiaainundshilihisdanududuatiiogs

a2 9l ietesTauimaas (phasor measurement unit, PMU) Sedslartudlanszunrimuadiumislung
ne (global positioning system, GPS) [1,2] legninanuszgndlussuuIwfiviifs v madsanmsmue
s:uu"lwﬂnﬁwé'o 3] mﬁmﬁzﬁmqmsrﬁszuu [4] nsessumunisesasiWihlusmiastme [5]
Swduuuyiudnle (6] Lmumsﬂaaﬁumsgtytﬁmaﬁmmwmaﬁ:uﬂuﬁn'ﬂz’ﬁ‘wm (71 myiaailufing [g]

d o a a L oA o .
ﬂqﬁﬂjuﬂunqiﬂqﬂ"lﬂﬂqnizuu'ﬂa@Lﬂiﬂﬂn'\L%@"lwﬂq [€] n’ﬁﬂ’mﬂm&nUEﬂ’lWizUULLUUW%ﬂn'J’N [10] n1T

o a > a o X 4 o <. w
’ ﬂ’lUQ&llLﬂ:ﬂa\‘mwmUTmWLLNGM [11] ﬂ’liﬂ’luqu%ﬂmmm:ﬂ’ﬁﬂaaﬂtﬂuwuﬂn’)’m [12] Lﬂu@u I@ULQN'\:

atnafle mﬂh:qn@i'mmaﬁmai'n'mmdwaaizuu"lwﬂﬂﬁwﬁa'luﬁru?in'fwifu Western Electricity Coordinating
Council (WECC) 'l.@ﬁ_lsmum'méﬁﬁﬂmwﬁ@é&'ﬁzuuuaﬁmai’s:nuuuuﬁuﬁn%a (Wide-Area Monitoring
Systems, WAMS) lussuuiwineinievesanfinunila daysann WAMS lwwfeimiameldmiguazes
wece ldusasnanufiddyairannlunsereseuuasmsineszuy minauaugLnIal FACTS uaems
HaaiuszunuuuRufiniradusads [13-19]. dam Eastemn Interconnection Phasor Project (EIPP) Iéi3ulgnmu
wams lufl 2003 TuszuuWRrindsilins usanuasawSmandis [20-22) wanandt Selimsldnu WAMS
TuszuuWiideialan [23-27]

Twddvfcnuaniuede sroumsiaaseifisdariudehs ePs Hilddenslutunss Hafiuany
tengusasszuunatiaaimiannisasiss Wi sruuatinaiiefianssdUssunsmin efigenniiuda
ﬁ’o‘lﬁ’ﬁagﬂmﬁ'ﬂﬁﬁmwgnﬁmr;jmmzﬁmﬁgnn'h lTefunsenendaatnann  lull 2001 Tasednemns
vefiimafarutinasszunWihmdslinen e (wide area frequency monitoring network FNET) #aBalazlud
@y GPS ua:‘lﬁszuu‘éumaﬁﬁﬂ'lunwdm?agmtum?m‘lmﬂﬁgnﬁﬂév'«a’luizuuﬁwma.110 V 2asszunini
MAsvasain (28] 9eUsesdvas FNET w"qlaai”ﬂaszuuuaﬁmai’ﬁﬁﬁnﬁ@é’agnuﬁ":ix’q’lﬁ'ﬁa;&aﬂ’a’mﬁ o 39
6616‘12\1‘1us:uuaLmﬂﬂﬁmazﬁmmgnﬁaa uanondi anuduesszuufimunindaldfsedugnsulni 110-
Vv FNET ldgniszundlsrzuulniifadusaslu 29, 301

1.2 3015 a9d 2099 M-

Ul A‘ o s . | o Lod ‘; { d o N
NddsisiisuesuvyafinaimsunivesrzuuiWihmasuuRuintslasls PMU Sedslatludaae

o as A ar ' o o ' . A A
GPS luszuvWinmdmastsnelng i aﬁnmqmaﬂwmzmmmw ashaswihlusoss 230 kviGaules:



»

sz herzuuiWfhihdsmenanasesmaldvasysznalng Qma”nmmmimaas:uuﬁﬁmauaﬁamia@ﬁy\a PMU
Tursdughuinifivnends 220 v Tasehfulihonldidusasmslumytedayssdanszuyinfme
wananil ma@év’waaizuuwaﬁmai‘ﬁgnmnuﬁﬁagame‘naﬁmﬁuﬁﬁ'@mﬁqs‘immgnﬁaag@ﬁnﬁ’m u
supfiisua PMU Qnﬁwé’eﬁnm"’rﬂﬁmnsm‘lwﬂﬂ aoedmnTiumaad aontwnalulaiwizsauindudn
AUMIIANANTLN UAsIMAININRDISAnel fmiaunsainiinge GalFunurzuulWimdmanaiouss
maldaudeu msdachuﬁa;daﬁfmm PMU sevinsrasuwninenaeyinlasrnuszuuduweaaiidia Toysauy
Lmncﬂ'mﬁaﬁ:udwaawwﬁﬂma”sjmmmﬁ'lmmmngmwmwia:ﬁﬁme%’iﬁ'@mn PMU Raasiasauanu
andasuasdays PMU 1 dremuuandnvoansiaan PMU 'luam’a:méhgnmmtﬂ?UULﬁuuﬁUﬂTaaga
milnsvasdsiWinlusosgs 230 kv Aldeinmswidhesdauvisszinalng lasmslddayswauanss
LG ORTORY SITIRIRE- Y0 Qmﬁnmw:momUmwmaammn’iwmﬁ’lﬁq‘lwﬂ'ﬂumyda 230 kV sunindan

a

e ~ N} 3 (=3 =3 A’W L7 L% o
AnneilddonudssGeiadaTussmussaianuuydiseia wannidsldlszondldsunafiaad
d e a P ed a & o o ed a A L
frhusualuienziingminimfatuluszuyiwimgs lagmgmysinRansandemsssenulwasanszuy

o ar ar a4 . ' s o ' &
IR RsUssinainaldfidsanauiadodsanad anmsunisasnds Wi lusmoss 230 kV wansdnenfi
‘lﬁﬁﬂﬁtﬁﬂaQmﬁnwmaamnm’iwaw:uu'lvdﬂwﬁﬁo'luﬂnma%uadﬂagnﬁama:ﬁqmmmi‘l’f’lﬂ‘l’ﬁ
drelomtlumsldnuiurzuyWihidssssindas

-y g ¥
Tuneeddpdivsznaulydae _ _ \
d ’ S W < o . o a» A @ 4 a » P
unit 2 ndntefayanilaszuuuefieainisunisashasiniadls PMU Ssdslastudene oPs @
o a Y d9 vd & = 3
WIRUD Tﬂmsm‘m’uagamm:maa PMU ﬂ‘l'ﬂ‘mn]uﬁu Network Computing Terminal Type-A, NCT2000 184
Uit Toshiba tsmnaditu demnefinefisrzuulwihhdasdsanalnawiouriuiiywa asmsuniswes
rss Wiz ismenasuazmatdzasreuuWiamasiudsandlng  wasniu  adtnofuwde  Tad
A a & . W, ) Y A cd o
inafiamsdiaas missrimdays madudaysvasszusiefiasiiiiaua
uni 3 ﬁ'lmiﬂizqnﬂ‘iﬁ‘ﬁmsﬂszmaﬁmnﬁmﬂa"‘amsn:ﬁﬁaa&amaq PMU laoSufimiusasnsuaneis
' A ™ @ o ¢ dao @ \ a ' o
TR FI8 UAE UMINendy eeansal A3RleNn PMU dain uesHan suSoufsuiwsuansnan
o o a i A AV o o w w3 as a £ @  as '
mas Wi nalumosadanlosnidan EGAT lusnizassasnsaunuansul e ansmdunusseniniges

Tays wasnuu wldndniiimsenetudygnmmundsmesrhasiwi TasGuenmstida noise Aivwn

U
L3 Aﬂ/ W U = G 0‘: L 1 v Q.
uayafidaldan PMU Tesldnsussviinuunfiseia Mmmnuuﬁﬂﬁmmﬂmiﬁﬁm’amqﬁ'wu-'f'lﬂnu

¢

Wtk PMU #ifnda noise usaiaminuaiduasmsiniszasmasiniy uddeddmaussamidnuuudian

o

a4 o o o a

IaRarhmiamaTusygnaidssnarldde Inuedusasnisundsesida Wit

d . A A . a da &Xaq A
unf 4 mmsﬂs:qnw‘i’ﬁ'ﬁaa&ﬂﬂvlﬁmns:uunmLma"l.ﬂ':wmzﬁ’mqmmﬁnmmmulmzuu T@]UM@;ﬂ’ﬁtﬁﬂ

1

Rsonfamsssiiulnearwa 80 MW anTeuu Wi ssslumealsvasdrandlnglUSiUra nanads
. . A Vo &, o a ' @ 4 5
snusnegadanles 115 kv lumsssulvaatidududasinmidslasludseninemasszuudnaaniu Sevn
va , o o & . A '
IiAadywmasnsunismashdsiwihdwlumssafonlos 230 kv sswimansauszmeldaasisane
VL a & & A a a s s & q we de o A
ny semyamzinemlanminuuaseiawssnudss S iuutmaulideysisdySuses
'’ A & 4
wndnssmasrzuvluanaglewndndlumlamwasuazanud
unfi 5 syUnam AN



UNN 2

a 3 4 o a °
5$1J1J8J8%LﬁlaSﬂﬂillﬂﬁdﬁadﬂﬁad\lﬂﬁ’lﬂ%’lLﬂ%ﬂ

2.1 3aulseaed

& ’ a q o o a o o aa
luunfiznamtsrzuuuafiwa imaunisluszuyihidslaslfiaiasiaaaasussswinihidelasiug
(Synchronized Phasor Measurement Units, PMU) @28 GPS IG]UL?umnmm‘ﬁmU?Ta%aﬁ'ﬂﬂ'uac PMU @
sumisBnedsrzuyWihmamessanalng JygwassmaundsizwitezuyWihmenansuazmealdaas

Yrzindlne szuuuetueainiiunis inafianmidaas msa‘o‘ﬁaa&a LLﬂ:ﬂ’liLﬁU'ﬁa;ﬁﬂ

2.2 DOYAIANIEVDI PMU

U7 1 PMU

ruusafieeimunislussuyWihmdsiiauasiuls PMU i1 NCT2000 (Network Computing Terminal
Type-A) vasuIEmladun [31] é’auam'luzﬂﬁ 1 'fy'agafi’ﬂﬂ'l.ﬁtamvﬁ‘lumﬁeﬁ 1 las PMU swnindaen
usseulWiiadevwne 220 v s iuIWluiinnendele %mﬂuqmé'nwwwiwao PMU 1u§'uﬁ laoms
das PMU  Wdneg  sursmedisssuliiindiialddusssinindaldluosdorulasldasuui e

' v s 2 ' = e v ° v
duniialuaana (Global Positioning System, GPS) AWaiaa fussdulwihive ldsmuntodwailean

. V2 (& N
V = T{ZV,‘Sink6?+jZV,‘cost} (1)
= k=1

s V fedunsimaiusdu ¥, Aedndeysdussdutivnanidiivln 220 v ngunivlavdnawaafiaad
awidaniuddaan N Aasdmaunmaguintayausiauuss 6 Aasyawaaniguiivdaya §min NCT2000
i1 N =96 usz@=2x/N =3.75 asm. :nsum3 (1) yuinsuasussausnsndnaldan



1ty

a9 1 ’ﬁaa&a PMU

N4 135 W

PUNG §9 133 wn
811 245 WL
siwsin 6.5 kg
mmﬂmmqmm‘ﬂ'aga 5 MB
dd o
anudiinnu 50 Hz or 60 Hz

anvanduauas AID 16 bit
nsmaﬁuvgmamaumaiﬂaf 1Aor5A
Lwaé’uﬁuﬁmmﬂamaafmﬁ 635V

LTIRUUBILNEIENE 'DC 110 V/AC 100 V
ANMUI U URUIL Ground Resistance : 10 MQ
Mutual Resistance : 5 MQ2
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Amplitude of spectrum for each wavelet element
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d12 0.001 — 0.01 (0.005)
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Dynamic Event Analysis using Synchronized
PMUs via 220 V Wall Outlets

Issarachai Ngamroo, Panlert Lappanakul, Nitus Voraphonpiput, Sanchai Dechanupaprittha,
Yasunori Mitani and Jareerat Sakulrat

Abstract--This paper presents the dynamic analysis resuits of
a system event in Thailand power network using a wide-area
monitoring system based on synchronized phasor measurement
units (PMUs). The salient feature of the proposed monitoring
system is the convenient installation of PMU at 220V wall power

outlets. The event considering here is a 80 MW load transferring’

from Thailand to Malaysia systems through a weak 115 kV tie-
line. To perform load transferring, a synchronization between
both systems is required. This causes a problem of frequency
oscillation in a southern area of Thailand. Besides, this event
severely excites the inter-area oscillation in a 230 kV tie-line
between central and southern areas of Thailand. Analyzed results
based on discrete wavelet decomposition and short-time Fourier
Transform provide valuable information of the system dynamic-
behavior in both frequency and time demains.

Index Terms— Synchronized Phasor measurement units,
Wide-area monitoring, Inter-area oscillation, Discrete wavelet
decomposition, Least-squares regression, Short-time Fourier
Transform

I. INTRODUCTION

HE interconnection between central and southern areas of

Thailand 50 Hz power system by a 230 kV tie-line
formulates a longitudinal structure. This interconnection
causes a problem of inter-area oscillation between both areas.
To monitor inter-area oscillations, the phasor measurement
units (PMUs) which are synchronized based on the time stamp
of the global positioning system (GPS) [1], [2] have been
applied [3]-[6]. In these former works, phasor measurement
systems are constructed in a transmission level. To increase
the feasibility of the wide-area monitoring, a new PMU-based
monitoring system with convenient installation at a
distribution level, Internet based data transmission, easy

This work was supported by the Thailand Research Fund under Research
Career Development Grant No. RSA4780015 and by the research grant of the
Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang.

Issarachai Ngamroo and Panlert Lappanakul are with Department of
Electrical Engineering, Faculty of Engineering, King Mongkut’s Institute of
Technology Ladkrabang, Bangkok, Thailand (e-mail knissara@kmitl.ac.th,
tongmvp@hotmail.com)

Nitus Voraphonpiput is with Power System Analysis Department, Control
and Protection, Electricity Generation Authority of Thailand (email
nitus.v@egat.co.th)

Sanchai Dechanupaprittha and Yasunori Mitani are with Department of
Electrical Engineering, Kyushu Institute of Techmology, Fukucka, Japan (e-
mail: d300404d@tobata.isc.kyutech.ac jp and mitani@ele.kyutech ac jp)

Jarerat Sakulrat is with Department of Civil Engineering, Prince of
Songkla University, Songkla, Thailand (e-mail: sjarerat@psu.ac.th)

978-981-05-9423-7 (©) 2007 RPS

access for university researchers and cost-effective system is
significantly expected.

Recently, the authors have proposed a wide-area monitoring
system of the inter-area oscillation based on GPS-based
synchronized PMUs developed in Thailand power system [7].
The main feature of the presented system is the convenient
installation of PMUs at 220 V domestic outlets. Besides. the
initial installation cost is extremely low. In the proposed
system, PMUs are located at two universities which represent
central and southern areas of Thailand power system. The
PMU data transmission between both universities is performed
via the Intemnet. Based on phasor voltages collected by PMUs,
the phase difference between two universities can be
calculated. The validity of the phase difference data of PMUs
is verified by comparing with the actual tie-line power flow
data of the Electricity Generation Authority of Thailand
(EGAT) during steady-state conditions. As given in [7], the
dominant frequency of inter-area oscillation is about 0.4-0.6
Hz. Besides, system identification has been applied to
calculate the eigenvalue corresponding to the inter-area mode.
The proposed system can monitor the variation of damping
ratio and oscillation frequency of the inter-area mode in any
time periods. It’s not only indicates the oscillatory behavior of
the inter-area mode, but also provides useful information of
wide-area dynamic stability.

In this paper, the application of the proposed PMU-based
monitoring system is the analysis of a power system event
under a major disturbance. The power system event explained
here is a 80 MW load transferring through a 115 kV line
interconnection between Thailand and Malaysia systems. The
phase difference data between central and southern areas
during load transferring collected by PMUs is analyzed by’
signal processing techniques. First, the phase difference is
compared with the actual tie-line power flow between both
areas of EGAT. The correlation between the tie-line power
flow data of EGAT and phase difference data measured by
PMUs is evaluated. Next, the frequency deviation is calculated
from PMU data. Subsequently, the discrete wavelet
decomposition is applied to analyze the impact of the load
transferring on the inter-area oscillation between central and
southem areas. Besides, the short-time Fourier Transform is
used to analyze an inter-area oscillation characteristic in both
time and frequency domains. Analyzed results yield vital
information for practical operation. Finally, the conclusion is
given.
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II. PMU-BASED MONITORING SYSTEM
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Fig. 1. Location of PMUs

An overview of the Thailand power system is delineated in
Fig.1. The EGAT is responsible for generation and
transmission grids of 500 kV, 230 kV and 115 kV levels. The
power generation capacity is about 26,459 MW. The
maximum demand is 20,744 MW. The EGAT power
system mainly consists of two areas i.e. the remote area
(Southern area) and the remainder (Central, Northern and
Northeastern areas). Here, the target area is the southern part.
The installed capacity of the southern area is about 1,720 MW.
On the other hand, the maximum demand of the southern area
is about 1,760 MW. To supply power demands in the southern
area, the 230 kV tie-line between central and southem areas is
employed to transfer electrical power from the central to
southern areas. This interconnection establishes a longitudinal
structure between both areas. As a result, it causes an inter-
area oscillation problem in this tie-line. To monitor the
characteristic of the inter-areca mode between both areas,
PMU s are located at King Mongkut’s Institute of Technology
Ladkrabang (KMITL), Bangkok and Prince of Songkla
University (PSU), Songkla, which represent central and
southern areas, respectively. Additionally, one more PMU has
been installed at Chiang Mai University (CMU), Chiang Mai,
in the northern area.

The phasor measurement system employs a manufactured
PMU as a commercial product, which is a Network
Computing Terminal Type-A, NCT2000 of Toshiba [8, 9] as
shown in Fig. 2. The PMU can measure a single-phase
instantaneous voltage from 220 V wall outlet, with correcting
its clock based on the time stamps of GPS. As the PMU uses
the time stamps of GPS for its clock correction, the time

The 8" International Power Engineering Conference (IPEC 2007)

220 V Outlet

Fig. 2. PMU based monitoring system via 220 V outlet

synchronization between PMUs located at distant places is
easily accomplished by keeping their internal clocks
synchronous with the time stamps of GPS. As given in [8, 9],
the phasor voltage is computed by

V2

i,

{iv;sinkeqir;mska} 4]

k=1

v

where, ¥ is the phasor voltage, I, is a sequential data of the

instantaneous voltage of 220 V outlet sampled by an A/D
converter, N is the sampling number of the voltage and @ is

the sampling angle. For this apparatus. V= 96 and
6 =2x/N = 3.75deg.
Based on (1), the phase angle can be calculated by
5= tzn"'le(t')/Rc(l')_ 2)

where, Re(/') and Im(¥)are the real part and the imaginary
part of the phasor voltage J . respectivelv. The phase angle &
is accumulated in the PMU as the time sequential data.
Calculation in (2) provides phase angle referred to the GPS
time. The PMU records the calculated phasor voltages every
40 ms (2 cycles) and measures at the domestic outlets for 20
minutes twice an hour, for example, 0.20-0.40 am. and 0.50-
1.10 am. ete. Hence, there are 30,000 data of phasor voltages
for 20 minutes. The measured phasor voltages at PSU and
CMU are transmitted via the Internet to a server at KMITL.

III. OVERVIEW OF INTERCONNECTION BETWEEN THAILAND
AND MALAYSIA POWER SYSTEMS

As shown in Fig. 3, there are two interconnections between
Thailand and Malaysia power systems. i.e. a 115 kV AC link
and an HVDC link. The EGAT can exchange clectricity with
the Tenaga Nasional Berhad (TNB) through AC and DC
interconnections. The system event considering here is the
transferring of partial loads about 80 MW at SADAO 115 kV
substation to the Malaysia power grid. To transfer loads, a
synchronization between both system is required. The phase
difference data recorded by PMU's during synchronization are
collected and used to analyze a system dynamic behavior as
explained in the following parts.
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IV. VALIDATION OF PMU DATA

Fig. 4 depicts a waveform of phase difference between
Bangkok and Songkla from 4.30 p.m. to 4.35 p.m. on March
20, 2006. The load transferring by synchronization of two
systems has been performed at 04:32:25 p.m. In a phase
difference signal. there are both positive and negative phase
differences. The positive phase difference implies that the real
power flows from the central area fo the southern area and
vice versa. Moreover, the phase difference between two
interconnected areas reflects the active power flow in a 230
kV tie-line between both areas.

To verify the validity of the PMU data, the phase
difference is compared to the actual power flow of a 230 kV
tie-line between central and southern areas of EGAT as
demonstrated in Fig. 5. Obviously, the phase difference
changes in the same fashion as the power flow.

Next, the correlation between the tie-line power flow data
of EGAT and phase difference data measured by PMUs is
evaluated by a least-squares regression. The linear equation
with two variables is used as a regression model. The resulted
least-squares linear equation of the power flow and phase
difference can be delineated in Fig. 6.

To evaluate the fitness of both data, the correlation
coefficient between two variables is calculated by

. n(E )= (£ 2)E ) )
s - Ex Nz y - (Y]

| T T T T
H H
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Fig. 4. Phase difference between Bangkok and Songkla of PMUs.
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Fig. 5. Active power flow of EGAT.
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Fig. 6. Least-squares linear equation.

where x is phase difference data, y is power flow data, and

n is a number of data. The correlation coefficient R*
indicates the fitness of data. If R* is close to unity, then the
power flow strongly correlates with the phase difference. If
not, the correlation is weak. As given in Fig. 6, the correlation
coefficient of two variables is nearly equal to one. The phase
difference data measured by PMUs strongly correlates with
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the power flow data of EGAT. This confirms the validity of
the phase difference data of PMUs measured from 220 V wall
outlets.

V. ANALYZED RESULTS
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Fig. 7. Amplified phase difference wavefrom between Bangkok and Songkla.
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Fig. 8. Frequency deviations of Bangkok and Sengkla.

Fig. 7 shows the amplified waveform of phase difference
during load transferring. At 04:32:25 p.m. both systems are
synchronized via a 115 kV line. Thailand system imports
electricity from the Malaysia system to supply 80 MW loads.
It can be seen that the phase difference between both areas
abruptly changes and tends to severely oscillate during
synchronization. After the load transferring is completed, both
systenis are isolated at 4:32:37 p.m. The phase difference
immediately increases and oscillates. Eventually, the phase
difference reaches a new steady-state value.

Next, the system frequency during load transferring is
calculated from phase data at each PMU’s location. The time
derivative of phase angle cormresponds to the deviation of
system frequency. Accordingly, the frequency deviation is
calculated by

Af = 5;»1_5

" 4
3604, @
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where Ar is a sampling interval of sequential phase angle
data &, at each location, that is 1/25 second and n is the

number of accumulated phase angle data. Therefore. the
variation of frequency at either location can be observed by
PMUs with accumulating the sequential frequency deviation
dataA f e

Fig. 8 depicts the frequency deviations of Bangkok and
Songkla during the event. Before load transferring. frequency
deviations of both locations are almost the same. At 04:32:25
p.m. the frequency deviation of Songkla abruptly increases. It
begins to oscillate and tends to apart from the frequency
deviation of Bangkok. The central and southern areas can not
synchronize well. During load transferring, the southern area
is connected to both central areas of Thailand and Malaysia
systems. As a result, Thailand system swings against Malaysia
system. This is equivalent to an oscillation between two
machines through a weak tie-line. Stability of both systems
may be deteriorated if a synchronous link is still performed.
To prevent the electricity interruption, it is necessary to
perform a synchronous link in a few seconds during load
transferring. At 04:32:37 p.m., Thailand system is isolated
from Malaysia system. The partial loads of EGAT
transmission grid are completely transferred to the TNB,
Malaysia. At the time of system isolation, the inter-area mode
is also excited again, the oscillation is more dominant than that
during system synchronization. Subsequently, the frequency
deviation of Songkla damps out and synchronizes with that of
Bangkok again.

Next, the impact of load transferring on the inter-area
oscillation mode in a 230 kV tie-line between central and
southem areas of Thailand system is investigated. It can be
observed in Fig. 8 that the frequency deviation at Songkla
oscillates at the frequency of the inter-area mode (0.2-0.8 Hz)
[10]. To extract the signals with the frequency of the inter-
area mode from the Songkla frequency deviation, the discrete
wavelet decomposition is applied. Here, the Symlet wavelets
function with 12 levels [11], [12] is used to decompose the
frequency deviation signal of Songkla from 04:31 p.m. to
04:34 p.m. Fig. 9 depicts the wavelet decomposition results
which consist of 12 detailed components (d1-d12) and the
approximated component (al2). Based on analyzed results in
[7], the oscillation frequency of the dominant inter-area mode
is around 0.4-0.6 Hz. To find the detailed components which
have an oscillation frequency in the range of the dominant
inter-area mode, the Fast Fourier Transform is applied. As a
result, the frequency ranges of the wavelet d4, d5 and d6
elements are 0.6-2.0 Hz, 0.2-1.1 Hz, and 0.17-0.6 Hz,
respectively. Thus, d4, d5 and d6 elements are in the vicinity
of the inter-area oscillation mode. The summation of d4, d5
and d6 signals (d4+d5+d6) are used to analyze the dynamic
characteristic of the inter-area mode.
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