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SURIYA KAEWARSA : CLASSIFICATION OF TRANSIENT POWER
DISTURBANCES USING MULTIWAVELET TRANSFORM. THESIS

ADVISOR : ASSOC. PROF. KITTI ATTAKITMONGCOL, Ph.D., 213 PP.

POWER QUALITY/TRANSIENT POWER DISTURBANCE/MULTIWAVELET/

WAVELET TRANSFORM/NEURAL NETWORK

This thesis proposes a new approach fordetection and classification of
transient power disturbances using multiwavelet transform and vector gquantization
neural network. The result from multiresolution analysis of multiwavelet transform is
applied to extract the feature information of signals such as mean, standard deviation
and energy distribution of the detailed coefficients. These quantities are then used as
input data tothe learning vector quantization neural network to classify types of
transient power disturbances which are from both simulation and real signals. The
types of transient power disturbances in this study are impulsive transient, low
frequency oscillatory transient, and medium frequency oscillatory transient. In
addition, this technique is tested toclassify voltage sag and harmonics. In
experiments, three types of multiwavelets which are DGHM, Chui-Lian, and SA4 are
implemented for comparisons. The results are also compared with the one using db4
wavelet which has the same approximation order. The results show that the methods
using DGHM, Chui-Lian, andSA4 multiwavelets can detect transient power
disturbances under no-noise and noisy conditions with the SNR levels of 40, 35 and
25 dB as effectively as the one using db4 wavelet. The results using DGHM

multiwavelet yield the smallest changes of standard deviation and energy distribution



of the detailed coefficients, respectively. Moreover, the method using DGHM gives
more accurate classification of low frequency oscillatory transient than the one using
db4 wavelet, and gives similar accuracies for medium frequency oscillatory transient,
voltage sag and harmonics classification in comparison with the result using db4. In
conclusion, the proposed approach using DGHM multiwavelet is an effective way to

detect and classify transient power disturbances.
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lumsuddamquaindids i Gusnidestinnudilafio Anumusvesdin
“qaunniias i FeldivetsuendsnnuladesnmnIeanuiiuaanimsaie Iilihwes
szuunms i awanunuesves IEC 181 How 1991 quainsrds T waneda
% 9 d‘ d’ | = % 1 dy
AuanyazusRY nszud wazanudvesszuy dulenSeuiieunuamnasgiu uenvini

q

IEEE 18 Ifiienuvoai1i aamndidd i vianede nunaamersudias T tazmsaeas

q

v
S~

A Y Aav A A o '
audmsvuiamanianu e ldusaumniaiulaihavediunuizan (Kusko and
1 4
Thompson, 2007) dwsuilgymiguainiias Il wineds Jgmla q luszunIdihnnadu
Twa1iussdu nszua nazanudinnlasunias dawasiilvgunsal Tl 185y

ANVFSHIONTDINNUAANAA (Dugan, McGranaghan, Santoso, and Beaty, 2002)

32 awkguestyrigamumaslilih
ﬂﬂgmﬂmmwﬁwﬁa"lﬂﬁuﬂuﬂmmﬁdqNaﬂizwmiam%’"lvmﬂizﬁu Taginmzes14ds

2zt magaamnIsy esnmuaumadidyimlinszuiumsnaangarzin vSeih

Taunsal Wfludemed dmsuaumaddaiinlfifalymaaninsid i aunse

9

e 1d@adl (Bollen, 2000)
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) flhgiugdnsa Wi higwnsanudemsnlasunlasvesamssdu nszua i

a

Y
=2 l =

uazaudiRatussiuiiiula Tasmwizedstaginsal IihadluTns T saaesiilu

aQ

o [

o A ad a Jdo [ 9
AInuAN 1I0gUnIUTININBIaNNIOUNANAY 1T uay
A 4 g 4 a T Aa
2) mstivIuvesIvaaMmiugilnsaiviialvaalaiFadu (non-lincar load)

A [

a a d a o o { 1
lunszurumsnaansonisldgnssiodannsedndideiiinisiinudlennudge 1su
Jd (v <3 J o a A a 3 9 J
gUnsailfuanumsiuemes uvase lunuaiade uazaeasisesnszud iudu ginsal
Y 1 1
maiSeuailounrasitsesuetiningszuy i Fuzdwwam ldgdaaudyana i
4 1
wamaiiou lvngaauland
3) msnauwuszun lidn 1y viemsneadwszun i aligndesay
t g o a a 1 1
asg 1 suiluaunai linaanuransesluszun i 1840
a a o w J a a 1
4)  anwaadnaluszu Tdihdawindsingnmsalnesssumna wu msnaie

o 1 1 <
Tuszuuimie W?@ﬁ']ﬂﬁ\i Lﬂug]}u

33 dszanvesfyrmgamwnmaslih

9
=

Yymnanmias lihinedulussun lwihsidedivaielszion swaazilszinn

[ ]
=

o aa A a 4
gnd NN szezna tazanudnnlasunladll luvazimamemsal mwuasgiu
E4
IEEE Std 1159-1995 lamialszinnilymguamsias Inlih dail (IEEE Std 1159-1995, 1995)
3.3.1 maz“fhﬂfj (Transient)
1< o w { A ] @ o @
Wulgymiaaniwsiae i alinsnldeundlasedranuivule anvae
A A S v A d? g A Yy = 1 3
sUAAUNYIINYILUOATIMINUVUVD T IAUNTONIZLAABANUDGI I UFIITZEZIATTY 9)
' 4 H A
Tagm ldansoswunanzdsageonauanyazmsdouniasvesiinssdu uaznszud
P A a o . . 1 o . .
1Aty 2 1szian Ae duwad (impulsive transient) LAENITHUNINNIA (oscillatory transient)

o 1 a [V 4
1) MITUNMUBINTUUVVDUNWAT (Impulsive transient)

=S

v v
Wumsnlasuntasveansagu T nienszua I wuudfon s

I 09/’ A 09/’ 3 Y a d? (] ~ 3 I A o Y
’E)']ﬂﬂzlﬂuélnﬂ'lﬂﬁﬁﬂ"lnaﬂﬂ‘lﬂ Tﬂﬂ%zmmuclumﬁnm‘n’dunm 9 L!ﬁgl‘]_]‘l‘lﬁﬂ'ﬂﬁ! 1/]']1‘1’?

D.

o ) = A 4 Yo = a A v
gunsalluszuy lihdrgadenie ioannauivvesginseivz Id5uanunssagununnad
5 a a @ J @ [
‘Vluul,é‘]} QQ@TNNT@]?@”IH IEEE Std 1159 ﬂﬁ}umumunmwﬂlmauwaﬁiuaﬂymmam@ﬁ
v v Y ]
MINLTULAzanaIveIvIANTIIY rTonszudnielugeszeznadu q asdeyaluaisied

s o

3.1 fegavesduiad laun duaduuia 1.2/50us 2,000 V ananene ouwadniins s
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= =

3 9 1 1
MU gaga 2,000 V neluszezia 1.2 lulasiui uazlyuausiduanaunions i

A o

Yo wswugagameluszezna 50 lulasui degili 3.1

U

MINN 3.1 AUANYULYBIDNTA AUNIATFIY IEEE Std 1159-1995

Y
152100 FIOAWVY | FNILELNAMITNA | FINVUIAVDAUTIAY
a [ 4
duNad
a =
-1 TUIUIN (ns) 5ns <50ns -
a =
- MuTas3ud (ps) 1 ps 50ns —1ms -
=) an =
-4aa UM (ms) 0.1 ms >1ms -
Time (us)

20 40 60 80 100 120 120

Currunt (kA)

A [ a o Ja a ]
EL]J‘VI 3.1 aﬂymgmmﬂ‘mmiuﬁmawuwaﬁwmmm%m

~ 1 a Y] 4 1 a o 4
111A15199 3.1 Wua1 duwad awsoudeld 3 gluu Ao duWad
1 a ~ I~ a @ SAA dgl [
Tusraaru Tuiuin (nanosecond impulsive) WuounaanusIaIUY (rise time) N1NY
a d? 1 (=N a Y] o [ a = .
5ns Tagtnavulurieszezinarlaimu 50 ns duwad luriaa1 1y Tas3 U1 (microsecond

. . & a o Jaa dg’ 1w a dg’ 1 1
impulsive) WuduWadnNs 191U 1NY 1 us Taonauulus19528219815211319 50 ns

9
=S 1

a @ d [ a aa ] o
5\1 1 ms agduNad IUFIUIa10aaI NN (millisecond impulsive) b NP R REATRY RLa 5T

v Jd

F4
0.1 ms Iﬂﬂlﬂﬂ%uﬁlu‘b”lﬁig‘EJ$L3E113J1ﬂﬂ’J'I 1 ms mmqmmmﬁm@ﬂtymamwaﬁ ﬁ’JuﬁlﬁﬂJ

mannlsingmsaivhe
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2) MITUMNIUFIAFUUVMIUNINTIA (Oscillatory transient)
<3| = v A w @ = ng
Wumslasuuilasuuiunnulaveanssdursonssuauuae i
k4 k4
o Y 1 1 a a a o g [ . .
Ao TIINazIaY aurgdIu Inainanmsaiadedunuilseussgevina lvg) (switching
. ' { g J 1 <3| a ' @
capacitor) 113013500 Inaaiiuuemes Wi udrgszuu iludu Tasmsinanisuniinia
a 3| o w Y Y A o o A 1 % =
awsanansandudridaumgnisel 18 de szuuldiisiduleedluaniuzegaaezd
J [ £ o [ 1 1 [ [ = 4
mItemnasuazaudInuazfuszrIamasauiman i lugdvesasuenuaud
(reactance) tazAmasnuaun I lugvesainug Wi (capacitance) anoanat Taoag
Hndsnuundiugade 1 lugdvesSmanudouluaianudruniu(resistance) tiiodl
{ K qg/l 4 J [ o
msnlasuntlasmidulsne s uenuauduazannug ihedreiuiiulaluszy
o Y 3 1 v o Y 1o A 3 = Y v A v
T ez sz uuiiu 9 luaunsodSodndnganuzedaidnaimiteldedwiuiinula

aawain ldusadu Iwih nszualih vazanudmamsnlasunladludnvaznsunliania

I 4
A a K

Tagnadnyuzaoimsuniania ldlimsvautsmuanudiinatiu asdoyaluaisie 3.2

A1519% 3.2 ﬂﬂ!ﬁﬂﬂﬂ!%ﬂl@ﬂﬂﬁllﬂ’jﬁﬂ%ﬂ AMUNINTI U IEEE Std 1159-1995

szian ¥19N1540A F9TLILANTNG | FIVUIAVDITIAY
TN
- ANNDR <5kHz 0.3-50ms 0-4 pu
- anudthunang 5-500 kHz 20 us 0-8 pu
- AN 0.5-5 MHz 5us 0-4 pu
7500
/LE 3750 ‘l
g ﬂ M MMMMHMAM
O MO vy
= [ i
&}
-3750
-3750
Time (ms)

7N 3.2 dnwazvesnszualuaazmsuniania
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H ] 1 % I
110015197 3.2 dwnsaundsdszanvesnisundanda v 3 guny
15znoudie

2.1 Msun3eandalurennudal (low frequency oscillatory transient)

v

a9

d! = 1 a tg 1 = dy 1 1 a tg
F9UAND108N1 5 kHz 10aTUTuEI9528219a1 0.3 ms D9 50 ms Tayrirtidulngrzinayy
] ] o ] % a v < .
ludruvesszunmodedos tagszuus e Funannminszduyaa N U2 (capacitor

bank energization) @4wai 1¥tAANsHAIanTATUA AN TLHIG 300 Hz H4 900 Hz

2.2)  msunaandaluzrriennudunas (medium frequency oscillatory

. = = 1 ' =2 a dg’ 1 1 1
transient) UAIWDOHIZNIN 5 kHz D3 500 kHz 1navulugeszeziinn 20 us aungaiulng
a a A [ < { Y < o w 1 (K
nannmsadagsgadunulszguasnlaunulszyiidinegnon (back to back capacitor
energization)

2.3) ﬂTﬁLLﬂ’Nﬂ%ﬂiWﬁ’Nﬂ’JWﬁtji (high frequency oscillatory transient)
=\ A 1 a d? 1 1 [ a YR -(
1AMWANINNIT 500 kHz thavu Turanal 5 dauradiuIvananilym suwad luszuy
IWihdewaildinamssuniugiaguuunniania

332 USIAUANT IV (Voltage sag)
HIIAUANFIVUE NU1BDI NTNTLAVUTIANAAAIIUTAI9EIZNHI1 0.1-0.9
] d' =3 A o 9 d' [ Q'J
pu MelusIsZezIA1 0.5 gnAAY IUDI 1 UIN ATy uAI9199 3.3 TagussauantIvay
ManInaurana1elsens 15U MsinanNuAANI e (fault) Tuszuudesiosiaslui wie
a A a d' o [} 4! = A dg’ a d‘
1A 1INMTFTUAUIATINOINBT VLA THEY 9 Farw1eDe MaivIuved TnaalulTuan
L] @ @ a 4

wnedranuinulaluszuy i TasndTnandszinnuemesaziimsdanszualszua

' 3 aw ' A o A a A ' 42 2 J 4o
5-6 L“VIHJ’ENﬂi%!,l,ﬁmu‘wﬂﬂiu%’NTWHﬂﬁ!imﬂumi@ﬁ I@8ﬂ1ﬂ5$tlﬁﬂlwuﬂluuﬂzmaﬂym$

=

4 4
AAONUNMINATUYDINTLUTHANT 09 (fault current) ANHULVDITIAUANFIVULF T 1A

WINMIIAAANVAANIT DIV AR LaAIRaglN 3.3

MINN 33 AUANHUSVOUTIAUANTIVUL AIUNIATFIU IEEE Std 1159-1995

Uszian FRMINA | FNIZILNMINA | FNVUIAVDIULTIAY
UsIFUANTIVaIE
- DUNWAY (instantaneous) - 0.5-30 cycles 0.1-0.9 pu
- GI%’J%J‘Q!% (momentary) - 30 cycles—3 s 0.1-0.9 pu
- Gi%’;ﬂi”l’; (temporary) - 3s—1min 0.1-0.9 pu
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Voltage (pu)

ANHAULVDIUTIAUANT IV INAINANVAANIT DU afen

e
=
=).
w
w

333 lvdheau (Interruption)
Tidy nuede seavusadu T luszuu i dandesndt 10% veq
1 1% a A A I 4 A A o a d? I ' A o 9
Awseaulnd niedauiugqudlunsain ldduwnadumidunaiuiunii 1 wii dedeya
luasnain 3.4
@ a o o [ {
aunqued Iihdumaninmsiinuvesginssitlesnuneaniii T wie
4 @ o d’ o w a 1 d' a d? o @
gUnsaitesnumeluszuyvihdimsdanisasiesidannudansesiinadiu dmsy
A 1% 4 Y% g' . L4
szoznad lihaviuegiunumuisolumslunsladi99s (reclosing) voagilnsai
Y] [ z JRP=PN 4 o A a [l ~ [
Hoeiu anuiulunsdindhdusegeiimsdanacsiiesninanuiansos szeznaii Ty
1 Y A s A ) 4 [l o = oy
wuunmsdanieasdieesnawsnines tesnniiduseg dansaiinmsadioges

Y v [

= d‘d tﬂl o w a 1
hlﬂ'ﬂu‘l/l‘ﬁﬁﬁ%Wﬂ‘ﬂllﬂTﬁﬂaﬂﬂﬂ%ﬁLW@ﬂﬁ]ﬂﬂﬂﬁJNﬂWﬁ’(’N

M3 34 puanyuzued W@y ammasgIu IEEE Std 1159-1995

Uszian FNMINA | FNIZELOAMSNA | FNVUIAVDULTIAY
Tl
- G]Q;J’Jellms (momentary) - 0.5-3 cycles <0.1 pu
- G]%’Jﬂiﬂ (temporary) - 3 s— 1 min <0.1 pu
- 139714 (sustained) - > | min <0pu




Voltage (pu)

r—-————"+—-—"~"—~"~"+t "~~~ 1~"~"~"~"~~""*t—~——™

Time (s)

0.01

sUN 34 dnvuzvesilym luihay

334 USIAUNUTIVUL (Voltage swell)
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[ a o = [ IS A d? 1 1
UIIAUIMNUBIVUS TUIYD LLi\iﬂlﬁJ’E)\ii%‘]J‘UllV\lﬂTWUHWQLWNGUu BYITHIN

A A 1 A ] A = A o 9 A
1.1-1.8 pu NANUDUNUAY melugiana 0.5anAau a3 1 UM mmmga“lumﬁm 3.5 ﬂmﬂ1

UMV IduRnanNaInANNHEANTBUUdIR) Tasaiinaanuiani o

9 v
Yuaznailymussdwnuiivaznioma lWidy dwwansenusuadnufesiilding

(%] a Q'J d? dy (% a Q'I a di d’d
UIIAUDUFIVUSVU u’f)ﬂf'lnﬂ"L!Lli\3ﬂ‘L!Lﬂu‘]ﬂsllf,Ll3’f]'li]Lﬂﬂlu’E'Ni]1ﬂﬂ15ﬂﬁﬂ11’iaﬂll1/\lﬂ'l‘1/lu"llu'lﬂ

' ' v o w . Y 1 3 9
Ingjponnszuy niomsaoyadunulszqRIea (capacitor bank) 1gszuy Wi iiudu

MINN 3.5 AVANYULVOTIAUAUTIVUE AIWNIATFIV IEEE Std 1159-1995

ﬂﬁ%tﬂ‘ﬂ “l)"Nﬂ'lilﬁ@ %335385&3ﬁ1ﬂ13lﬁ@ “l)’f]x‘l"lllﬂ@"llf]\i!ﬁ\iﬁu
usauRuT v
- DUNWAY (instantaneous) - 0.5-30 cycles 1.1-1.8 pu
- Gl?'jjsllmz (momentary) - 30 cycles—3 s 1.1-1.4 pu
- Gl?'jﬂﬂin (temporary) - 3s—1min 1.1-1.2 pu
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1.5

L e b4

bnlntle Sniienieniiy Rl bl 0

0.5 i Ik it
=) !
o |
p— 0 |
(0] -1
o I
+-— |
o I
> 05 f—-—-- ‘: —————
I
1
-1.0 p-—--—"-- HA-a - % - — ==
|
I
I
|

0 0.02 0.04 0.06 0.08 0.01

3N 35 dnvazvews IR WALTIVLE FURAINANUAANT B TR,

33.5  HSIAUAN (Undervoltages)
uFIAUAN MUED9 useauveesz Uy IWihlvuinanas ogse1319 0.8-0.9 pu

Y

vosrmussdulnduasiinnmdmiuan Junannunii 1w ddeyaluaiseii 3.6 auvg
dmlngiannmsdeunlasvesInan Feszuy i liaunsasnumauaa 1318 wai
Lﬁﬂﬁumﬂﬁﬁﬂﬁ’qﬂﬂiafﬁeqﬁuﬁmu uarziinaneilszaninwmsiinuvesglnsal Ivdh
sn@I0UTU NOSNITMANTRINBIMEsanas deram IE M T uAuNemes 1Az

Ja 1 a 9 c’z I 9
UBMBTNUNTELANINNINYNA ﬂ?QﬂWiﬁl%QTHﬂlﬂﬂﬁﬁﬂﬂWQﬂ@Liﬁl‘*ﬁu%’lﬁuﬁ\i Wuau

A1519% 3.6 ﬂmé’ﬂymzmmmqﬁumﬂ AUNINTIIU IEEE Std 1159-1995

1lszian ¥9NSINA | FIFTILIAINGINA | FIUVUIAVDIULTIAY

LUIIAUAN - > 1 min 0.8-0.9 pu
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3.3.6  UIIAMIDYU (Overvoltages)
% a = % =) Q' d?} 1 1
LUINAUINU TP LliQ@]Hﬂl@\?i%ﬂﬂll‘w%'liﬂllﬂﬂ!w%ﬂlu BYITHIN 1.1-1.2

Y

1 Y] a { 1 A 3 1 (% A
pu YoIA I U nALazANNM AL DUNa AT 1 W0 asdeyalumisnan 3.7 dumg
dya 1 1 o o A =
vosilgmitinaninmsdaalvanvuialvgeona1nszuy N1IFAFIAIRIAITHON AN
(reactive power) 1u529'hifi Tnaauniiu 11 nSennuranaralumsdsudnlaouganen
o w I Y] a ]

(tap changer) ¥oangiouas lWihmas iudu mansgnuanussaunue: lulinnmgunsann
4 ] % a 1 4 [ a 1 o 4 a
WenlTeueunuussdunuandin o sninussamnuag ik ldgunsal I uia
= v A o 1 = A o Y a A o
anudemanuuiunnule uavelinansenuluszezen Ao dlndseansnmlumsiinu

Y
uazegmslFnuvesginsal lihduas

P3N 3.7 AUANHUSUDIUIIAUNY AIUNIATTIY [EEE Std 1159-1995

1lszian ¥19MSINA | FIGTILIAINGINA | BIUUIAVDIULTIAY

USIAUNY - > 1 min 1.1-1.2 pu

K 4 o
3.3.7 msmsmsumgﬂﬂau (Waveform distortion)
g A = A L. Y
matiieuveegadn e msdisunu (deviation) 1a 9 Tuaaiuzegdd
o o E s 9 = Y
(steady state) ¥ au5Iau I ndyauguaduled doyaluarsrei 3.8 landilym
g g ' a s a a ¢
mstieuvesglaau i 5 gduu 18un AFoevliva (de offset) 815u01N (harmonics) DUIADS
J a J @ a @
#15491n (interharmonics) M3 WU TUANYULIAATOYLIN (notching) AL T YYIUTUNIU
(noise)
1) agoovivn (dc offset)
tﬂy tﬂ‘ tﬂ‘ S A a d? d’ = 7
m3tieuvesgiladuiiosnnadooian mavuiesaindamsaau Tuih
1 v @ a a Ja I a J
NIZUAAT (de voltage) Us1ngogluamseau lWihlng aunqasiniginseiomnnsoind
L4 1 y 1 &
U5210N299515 090520 (rectifier) Taoginsalmarfiazare i inszuaase aallin
I o 1 <3 o a
nszudasaluszun ihzdusuasieaeunumanlundoudad i i ldiRannudougs
4 9
1 o o v g
lundoudadlih dewaririlforgmsldnuduas vennniiddeoiwaduluaunaves

2 1 1 adg J .
MIANNTOUVDILNIDLAN INTA (electrode) THUTZUUNT1IA (grounding system)
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[ 9 ]
M3190 3.8 guanvazvesilymimsiiieuveaziaay awuInsgIu IEEE Std 1159-1995

Uszinn FRNMINA | FNIZOZIAINGTNA | FINUVUIAVOIUTIAY
4 2
M3ieuveaglaau
aS A
- Ao - steady state 0-0.1 %
o a
- g15ueln 0-100" H steady state 0-20 %
a 4 o a
- DUMDTIITUDUN 0-6 kHz steady state 0-2 %
- AAUTBYLN - steady state -
- YUIUTUNIU broadband steady state 0-1%

o a .
2) 315349UN (Harmonics)

J a = A 4 Y A A a g
J1ITUDUN UUIYDN ?l‘]JﬂﬁuUl“]ﬂ!"’U’E]\1!,LﬁQQUWﬁﬂﬂﬁgllﬁVlwﬂWﬂuﬂQTNﬂ tu

A

o < 1 Aq ¥ a A @ J a o 4
fﬂTLl'J‘LlWINWl']sllfNﬂ'J'lilﬂﬂlGIf\NUﬂﬂﬁ (50 Hz v199 60 Hz) ﬂ'lﬁﬁ')llﬂusll'ﬂ\i813%@”ﬂﬂﬂ§jﬂﬂau

[ v [ E4
laiinnud 1Fnulnd wiinai i zdaaunssdu uSenszua lidufanmsiiou landy

] [
= v A

o [~ { (] 4 a o I
Tagmmizanudnus I uaud @y e1sueundeun 3 5 uaz 7 Wudu azlinanszny
d' o Y [ Y] a d! [ d' d' a
wn itesani ldawssduesaveusan liihUnaanasuin Fednvuzveglaauiing

U J a o {
PJaymiasueiin uaanegili 3.6

Voltage (pu)

|

I
0 0.02 0.04 0.06 0.08 0.01
Time (s)

~ [ A A a dy A 4 a
gﬂ'ﬂ 3.6 aﬂymzmmgﬂﬂaumﬂ@ﬂmwaummmﬂaﬁmuﬂ
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4 a a 4 1 1
aunauesasneiln naan milagunsal Wdhatidiulsgnevvesises
adg a Jo ' a 4 Jd . a J J
DANNTOUNTAIA 1FU DULIDTLADS (inverter) WITITHINTLUX ADULIDTLADT (converter)
@ @ < 4 . . o A [ A A
msuanuEwenes (adjustable speed drive : ASD) uaxqﬂﬂimimmwau IYU IATDIYDU
. I 9 = o 1 dy o Y a 4 a
(arc welding) 111via0u (arc furnace) Wuau cmqﬂﬂimmmmz%ﬂmﬂﬂﬂizuaaﬁmuﬂ"lwa
1 1 o 4 a Y 4 4
whgszunTilih dewaingdaaunamsiiouldvngaau land
a 4 J a .
3) DUEDTINTUBUN (Interharmonics)
a 4 4 a = A 4 (% A A~
duans a1 uen vu1ens JUaau laivewnseaunionszuda lWing
A g o " 3 1 ~Aq 9 a A A A o A
anuddusmulidusivesnnud ldaulng (50 Hz 30 60 Hz) ielimssaunugilaau
s Aq ¥ a = o Y o @ 9 AAA 9 .
laninanudlsnulnaszlinai lddyaias suilszneudionud ATE190319 (wide band
a J 4 a Y o A @ @ 1 o a
spectrum) 9UtAp5 815 up N ITany Ian T lugladuussdunnszdn unasiuiiaves
a o 4 a 9 1 4 4 4 A o
BUADI 815 uRUN 1Aun 2995 1 IATADUIIBTIABS (cycloconverter) HBIADS LUULVTE71I7
A 4 . . I 9 dy = ) Y A dy Y 1 =
1A3099130 (arcing device) 1Tudy Tasilgyritvzinansenuildilaquieutios ugaziina
) Y a a 4 (] 4 dyw 1 Y a
MmlnnamsnsenTuveginssinanina 151 vasangoos dyua UoNIINUEILIING 17INA
o w I
anusoulunioutlas e fudu
4
4) maneuluanyuzinasosuIn (Notching)
a U U { d
NanMsidyauUIsIaUIUNIUNTUAIY (periodic voltage disturbance)
o 5 [ ya o a L4
Wz duluns sduliih Fassdusunuiifannransznuvesmsiaulndluglnsel

adg a ¢S A Y Y] 1 A o I a dgl (] 1 A o Yy
RIINERIIG] Lummﬂmq@1ummumﬂannaﬂymzulummmzmmuammmum ‘1/]1114%

@ 9 v o 4 a 1 ] o 4
anvazadwnuilymiasneln uausIaUIUNIUTLANUDZINN

Voltage (pu)

|

i
- 0 0.02 0.04 0.06 0.08 0.01
Time (s)

< v A 4 a s o -
37 anvuzglaauininanmsiiienludnyazinasesln
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5  dgasunIu (Noise)

[ l

[ = d' "9 S d'
darasuniu nueds dyanania Tiinhidesns Tseanudeg

U

= 1 [

[ v Y
11929141171 200 kHz FIF219a0Dz AU UAmIIaunsoanszua T luaedii

U
Y

o a Ia a rr’ J 4
UU 9 ’ﬁ'llfﬂﬂ!ﬂﬂﬂTﬂQﬂﬂim@!ﬁﬂﬂ§QUﬂﬁ WNWATAIUAY E]‘]Jﬂim'f]'liﬂ 'J\ii]iﬁﬂ\‘]ﬂigllﬁ uag

q E]

(3 =

a A Lokl ' o & 9 £
msaInFeginsainieg IWesass iludu Jaymidgarasunivernlinnuguus wndumin
1 a (= A a dgl A o Y ia a o
szUUMIaoasau 1A nansznuMinadune irldgunsaidiannsedndidszian
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33.9  USIAUNILNBN (Voltage fluctuations)
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3.3.10 msulasunlasvesnnua (Power frequency variations)

p A = A A ad
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m3szyszianvesilymaaainsids i (identifying power quality problem) 2 uiluilaym
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o o a I
AINITDIINTUBUN (harmonic filters) wudu

319 3.11 aunauazdsnisud luilgyminuninsrded1 (Melhorn and McGrangham,

1995)
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o 1 a v J [ v o Aad
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Y] a o @
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3.6.1  aungueIMsinalyrinzyIng
ad ] . . ] 9 a AR
1) NeRNIATR (lightning surge) ralsznoudie suwad (impulse) YDINTTLLE
5 ] a 4 a 4 ] a 1 {
Faflvuageuesntonatedoon latouns (ka) Taenadulugisnarlulasiui neuney
1 Aad ] a ] ] ]
Aanad asathrunannidasuuaiedaTaensa (direct stroke) ViaupIeeda 130910
a [ 5 1 [ ad ] o 1w
M3V WA WAIRANGD (back flashover) Fedoyanernudsathrazawisorh ldmiadas
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MFVIANEITY (line outage rate) az1szauvenuIu lrlihvesginsalnteluaari i
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2.1) Msnszduaned (line energization) 3119z dNHUZ VYD ITIAY
Y
a 1 1o A g . v a
mulunsdivesnisnszduatodeluegiuduiiuaud (impedance) ¥o9d 1883 ¥HAVD
' o a o 1 o Jd v ' Ja J
urastuiia i nazdwmisvesmsiiauvesginsaidanou 1wy iwesnawsnines
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panlszneuANdveIaIasudIved lurIanarsTeen laldsad 1az¥199010g51919
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v
v o 1
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[ a Ia
2.2) mmuﬂummag (transient recovery voltage) {NAVINLEBDINALUITN
J o a @ £ a v W 1 . dy A :JI :JI
nesaanszua Iihvaziiansaniees PIVLINALLITIAUYIA] (transient voltage) YUNVIN
A d 1 a 1 [} a K 9 a =
ADIVDAUFDINAUUININDT mmmmﬁm@agiumqaumwmmaa”luiﬂmum
23) msala¥ivesvaalatiiodtiinasudenas (reactor and
. . v . A A 3 o Y a
transformer switching) 1A8N13N32A U (energize) gUnsalnNunuranainsonilnina
A o IR & A s Ao ' =
MIOUAIALNTLUAWAUVT (inrush current) BINDIAUTENOVVBIANUDA A 50 Hz DIviany
9 a a 4 4 1 dy o Y a o 1A A A d?
Joun lalgsag mﬁﬂaﬂqﬂﬂimmmummimfn“l‘wmﬂmazmﬂgmmmnqwu
a a o . . . &
2.4) msqumm‘uﬂszg (capacitor bank switching) Tﬂﬂmiﬂsz@jum
<3 A a oy Ia 4 1 (] 9 1 o Y a
NulszgrsemstlagiveswesnaInNes 2 INYIAINTEA ULz an danam lviing
] Y A aAd a a Jd Av A o
ﬂszmwmmmmmmxmmaLﬂuﬂimaim (A8 3IT1UUANA, 2530)
362  szamvesnmztinglussuulnvhmas
a o o @ ' A = Y] a 09.:
mmm51:wﬂmmmnz%mg“lmzuu”lﬂﬂ1 IWDANYILITIAUINUUY
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Lmumaawmqﬂﬂimﬁaﬂwmmzfmﬂummammmawaﬂgﬂﬁﬂm maszuauoy

ANVDEMTUNIZFIATFUAA 9] UAAIAIN13199 3.12 Ardito, (1985)

M319N 3.12 - MslsznaeuanuddinsunzsInglssnna o

. HOUAIND
ﬂﬁglﬂﬂqlﬂ\iﬂW'JSGH'JﬂE

(frequency band)
N1INg zé’uwﬁauﬂm (transformer energization) 0.1 Hz-3 kHz
Msaglvan (load rejection) 0.1 Hz -3 kHz
MINIAANUAANT O (fault clearing) 10 Hz — 3 kHz
miﬂ’iwﬂjuﬁwdi (line energization) 3Hz - 15kHz
UsIA U U ’J“ﬁ"’mi (transient recovery voltage) 10 Hz- 30 kHz
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M3 3.2 MsdsznaueuanuddmiuazdInglsznndi o (ae)

o HOUAND
‘]Jizlﬂ‘ﬂﬂ]@lﬂ’l')gﬁlfjﬂg
(frequency band)
MINANMUAANT O (fault inception) 10 Hz — 30 kHz
| 3' Ia J . . .
NMSUAFIVO UL NAUTALNDS (restrike of circuit breaker) 10 Hz - 30 kHz
F 4
=Y o 3 Ia . .
ﬂ']ﬁﬂﬂ“])"]?ia'lﬂﬂﬁQﬂl@ﬂl“ﬁ@ﬁﬂﬁlﬂﬁﬂlﬂ@g (multlple restrike of
10 Hz - 3 MHz
circuit breaker)
Aad ] a 1
@sathemseanuiansesluaonii i (ightning surges or fault
5kHz -3 MHz
in station)

a

Wernailyninzdiag luszun lddididsezdenaldinans sdunu
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C]SQL‘IJH?HL"VW]‘?TT ﬂJVIVIﬂVILﬂﬂﬂ’NﬂJLﬁEJWTEJ@ﬂiS‘U‘]J“l‘l/\l‘ﬁ”l mmumumﬂmum"lﬂﬁm1saum

g

=) [

18 2 dsz1am Ao 1IIAUIAUAIUBN (external overvoltages) 1ALA U5eAWAUTAT (lightning
= 4 ] a KR lz:g/ % [

overvoltage) Haungainilsingmsaifhiawsssumna 39 luduegiunssauvesszuy Trlih

drsulszinnnaesne useadunun181Y (internal overvoltages) TALA UTIAUIAUATIAY

a 4 [} 09.:‘ o I o 1 ]
(switching overvoltage) mwﬁuiumnauﬁaﬂymmﬂumawm;wma (damping transient) (Lag
[ a o R Ao I 1 v A = [ A

USIAUINUFINTI (temporary overvoltage) FIRaNHUITUNITUNINIANANUDNAINIUNTD

I~ o a (% a d? (Y v Ao

Wuasuein Tasvunaveussaunuazlivegiuuseaunnavossz oy luih

nuaunNudvedyninzdInglssnnais q Tumsnn 3.12 awnso

o 9

v o 1 @ v A A
i]ﬂlﬂuﬂﬁ]ilﬂnlﬂﬂ‘]zlil!%"llﬁ]ﬁLliQﬂulﬂuul@al}@\‘i"llﬂhﬁslUGﬂiN‘ﬂ 3.13

U

v Jdo =

MINN 3.13  FUAVDUTIAUAUNTURUTOVLOVANIND

FUAVDULTIAUNY oA
useeuAuihi (lightning overvoltage) 5 kHz -3 MHz
UIIAUNUAINTI (switching overvoltage) 3 Hz-30kHz
mqﬁmﬁuﬁf;’aﬂin (temporary overvoltage) 0.01 Hz— 5 kHz
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3.63 mednwsmanalymluniziing
v 4 1
Hyminnzding luszuuliihside madusinmsuldeundasiuiivule
1 5 Ia J Y a 1 <
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E4
1o A

A3 UAIDEMIUNUIDT TUAIETFING VAN (Greenwood, 1991)
a o 1 = A o oA [N
1) mananznvazamesnasnines vesmedd luae Tnan
9 =} 1 d' [N ] [ d'

lapzunsududsrvorsasareden lino Tnas udasdgli 3.12 Tag
a 9 9 d' o o'/ "9 [ d‘ o
Nsaunuroulasdlennuriiedniglva wazunuamedsdreduntienii (L) vay
] 1 4 ° A Jda o a A o Y &
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Y
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Amuald v (t)=V,sin(o(t+T))< Tas o fAs anudveunasduiansidy

#9150131/9 3.13 9100 Kirchhoff’s voltage law (KVL) 9% 18

\Y (t):Ri(t)+Ldi(t)+ifi(t)dt 3.1)
S dt C

o 9 A A 1 @ 1 v 9
MNTUNFUNITN 3.1 L‘W’t’]’H'lﬂu!iﬂﬂu@]ﬂﬂiﬁ]uﬂ’)mﬂﬂigi] i]%ulﬂ

v () =V, sin(wt +ot—0)+ Ae™ sin(aot+ f) (3.2)
o o—tant—
wL-1/ oC
V
Vv > (3.3)

: a)C\/R2+(a)L—1/a)C)2

A=y, SineT 20) (3.4)
sin g
in( T —
f—tan” , sin( @ .49) 3.5)
@cos(wT —0)+asin(wl —0)
R
o= (3.6)
2L
1 5
o =,—-a" =2xf 3.7
LC

2) MINANIETINGVULTIINMIAANTEUATAIIDT
2 Ia S A o @ o 4 @ dy o
Mmylawesnasninesmedanszuadale9s 3z Inussauiud

' b4
%’Jﬂ'g‘j (transient recovery voltage) AT
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Vg =Vp, cos wt @ Ve == C Fault

A ) ' A Ja P
gﬂ‘ﬂ 3.14 'NFt]5GlfL!fl13$T3ﬂzmm$!ﬂﬂjﬁﬂim@\‘]lcﬁﬂiﬂﬁlﬂJﬁﬂlﬂai

A 4 v o [ A
iﬂﬂgﬂ'ﬂ 3.14 ﬂ%hlﬂﬁNﬂTi"U@Q'N%'ﬁ@u@‘Uﬁﬂﬂ ANTUNITN (3.8)

\Y
£+ —=—""coswt (3.8)
° 9 ~ A [ Y] o 49} v o 1 [ v Y
MNTUNFUNITN (3.8) LWawm”luimw,ﬁmuWum%’mg@ﬂﬂiﬂummuﬂizi} ﬁ]%llﬂ

2
v (t)= %Vm(cos wt —cos ot (3.9)

Wy — @

4, 1
o @ =—
LC

a ) 1 ) a2 v I
3) ﬂ1ﬁLﬂﬂ.ﬂ1’J$“lf’JﬂgﬂlﬁlzﬂWﬂﬁﬂﬂ’Nﬂﬁﬁ’JlﬂUﬂigi!

a ) 1 o a v 3 [% A
’N%iﬂTD'Lﬂﬂ.ﬂ1’J$GIf’JFI1"Uill5‘1/11ﬂ1‘i1Jﬂ?ﬁ%ﬁﬁ’)&ﬂﬂﬂizmlﬁﬂﬂﬂﬂgﬂﬂ 3.15
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Vi, €os a)t@ Ve == C

U7 315 20esluamzdinjuazilarsasdunuilsey

91nng) Kirchhoff’s voltage law (KVL) 92 ldauns

di
V,cosot =L—+v, (3.10)
dt
di
Vmcoswt—vchE (3.11)

wmsudaumsi (3.11) s ldanszuauinvazdarssdanulszadeaumsi 3.12)
. V,-Vv.(0) .
I(t)=mL—°()S|na)0t (312)

Wy

YR o 1 v [ ~
Lmzhl@mmmu@ﬂmaummuﬂiz@ AITUNITN (3.13)

v, =vc(0)+i}(vm—VC(O))\/Esina)otdt (3.13)
Co L

Taofi v,(0) Ao usenuanaseudunulszyumzilanaiag
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37 wwusasamendinmansvesinuuiymaamuiidslvivh

L4

Tumsanduuagdwunmissuniuguainiide i Sududesinsiinsz
ﬁﬂ;ﬂ;1ﬂ!ﬁ1ﬁ/ﬂ1ﬂ1imilﬁﬁﬂ uazdoyaninmssinesgluuuiymineldllsunsunouiunes
191 TU351n34 ATP/EMTP PSCAD/EMTDC PSPICE ttae 1U351un353 MATLAB 1T udu
Tag Panigrahi and Pandi (2009); Janik and Lobos (2006); Yuan, Kong, and Zhang (2009)
I&siuaneuuuiassnuasiamansvesgiuuuilayminanindide i WiolFlumssiaes

Tae 41151053 MATLAB sataadluaisnei 3.14

A [ a 4 o w
M13N 3.14 LL“]J“]Ji]'IaENI‘VINﬂmG]?H’ﬁ@li61]@QgﬂllﬂﬂﬂﬂgﬂWﬂmﬂ1Wﬂ16\1]‘lWﬂ1

PRl T4 uupiraeanendiamans aunlsniuqu
. . Amplitude =0.95 - 1.0
ayayron ] v(t) = sin(t)
Frequency = 50 Hz
o 3 ) 0150, <09
USIAUANT IV V(t)=(1-ag (u(t,)-u(t,)))sin(wt)
. o _ 0.1< a, <0.8
useaunuvay | V(t)=(1+ag,(u(t, )—u(t,)))sin(wt)
. _ 09< a <1
Ilihéu v(t)=(1-a(u(t,)-u(t, )))sin(mt)

Harmonic order =3, 5, 7
V(t)= (e, sin(wt)+ e, sin(3wt)+ ...

4 a
ITNBUN 0.05< ey, &ty 0, <0.15
a,, sin(7at)) hg *™hg * ™ty
zaiz = 1
A o . a5(t _tO )
ounad v(t)=sin(awt)+a.o(t-t,)
= impulse signal
Qo = initial amplitude
V(t)=sin(at)+ oy, exp(—(t—t )/ ... =0.1-0.8
MIUN]NNIA 7, ))-sin(2z f t). T, =0.008 —0.04s
-(u(ty)-u(ty)) f_.. = 100 5,000 Hz
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9 ]
Tumsdnu3deil vz 1dnuunnadamansvesilamigunin T luaisied 3.14

I Y 9 o a o o o @ '
Lﬂum@%ﬁﬁ”lﬁﬁﬂﬂWﬁ'Jmi”lxﬂfﬂﬁﬁllﬂ?uﬂmﬂﬁ/‘lﬂTaQ1Wﬁ11uﬂ13$%3ﬂ§

38 ayy
dy [ o 9 A [ Y o w A Y =2
Tuynindumsinausdoyanernuilymiquainsiasldidr e ldnsuda
ANUNe dung wansznuveddyn Uszanveslymauninsias i wmnasgiu
IEEE Std 1159-1995 msud luilyn1 msithasrailgmaunindids i aaeasunnug
dy = o o 1 o w A 3 9 = Aav [ A
Augruneanuazding luszun lWihha el udoyalumsanyide Tasmnized1eos
U o = M 1 a 4 ' o 4
HJymlunnzdag Felsznoudiemssuniusiaguuuduiad uazuuuuniania uenani
[ o o a 4 o w 1 4
galdiuauonuuiraoinuasiamansvesgduuuilomauamiias Iiihsznnas o e

9 1% =

Wudeyadmsumsanyiseae 1)

QU



v

UNN 4

v A ] ]
m:i1J5zu:)awaaﬁyﬁy1memmmamwﬂizammﬂu

o

4.1 Unn

o 1 o a Jd o 1A =
dygrua q lagnihwnldlumsinsgd wu msduaziouvowdua idoana
J o

J o 4 o w v o
UDINUYBY ﬂ1§ﬁuﬂlﬂ\ilﬂ§ﬂﬂﬂuﬂ ﬁﬂ]ﬂ]’]ﬂ!iﬂﬂjﬂﬂﬂ!ﬂ’]WﬂﬁlaQqV\IﬂT HATNITVIATYYINU

o g

< v a 7o 1 o & Y ) = A 7 A A
JUNIU L‘]J‘L!G]u Glummmswwﬁmmmmq dl ﬂH‘IJ‘INI’f)\i“l‘;lfﬂi]‘kl;]ﬂ']ﬂﬂm@ﬁWﬁﬂiLﬂu!ﬂi’ﬂﬂM’O

o 9

9 1

dmsuesueanvus laoni livesdyara Felianudrgdenuidedumsdszuiana
o . . dy <3| a = dy a o Y 1
dryay 18 (signal processing) Tunniliflumsosurengunugulumsinszddyana laun

< v A < £ I Y= a e’q’j A A Aa a
msuaaniae msudauiadniiae Faudsneaaamansiuganildszansninluy

a J o dyw Y a d' v = d‘ v A ] S
NITAUAITICUTYYIU ‘L!?Jﬂiﬂﬂuﬂﬂklﬂi’]ﬁ”]_l"lﬂlﬂﬂflﬂ‘]ﬂﬂi]Eg]LﬂEJ’Jﬂ‘]JLﬂSﬂﬂﬂﬂﬂigfﬂ‘ﬂl‘ﬂﬂu

9
A

e < { o o ao
(artificial neural network) tWetHudoyaiiugiundinglunside

Rl a9

42  msudasnvian

msilaantlidn (wavelet transform : WT) ifumaiiai 145umswannuininmsuag
ﬂj?wifﬂhqnmé’?u (STFT) Fudlumsdfunldouruianiiaig (windows) na1nfie a1u1sn
Ysudeusrara imng aufusnnudiivedinnes Tasdayaaanuigasisana

a Jd Y A o Ao = a d 9
Gluﬂ’liil!ﬂﬁgﬂu@ﬂﬁ\? GUiug‘I/]ﬁiyﬂﬁmﬂ’Nlli]G]’lﬁ\ii]g3J°]5’J\1L’J€‘11Gl,uﬂ'lillﬂi'l$ﬂﬂ’3'l\1 ﬂﬁLL“]JEN

a

< 9 a d v v . . .
L’JWm@]Gl“]fLLu’mﬂﬂﬁ’Jmiw‘ﬂﬁigilulWmLL‘]J‘]JHaNJigﬂUﬂ’Him%L%EJﬂ (multiresolution analysis)

[

< 4 =} { @ o w ° o a Jd o
Tasmsutasdganauiuaduvma@niiindsnuiing Junungdmsumsinsizndya o

L)

] 1 { : 1 a J [
lunzdng uazlinsnlasunilasaunal saanaonnmsulasysiesasangldyga

Tainso lalaniaz Tnasau lusida

Ansandyana f(t) MWMeglugUmsuannsznedadu dsaumsi 4.1)
f(t)=Zay(t) “.1)
|

[

Tasfi  f(t) Ao dyanula g
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4

a N3z anFINUINDI

D) 2D

d
(1) fe fanFuyagiuves f(t)

A o <
I Ao Suanle o

[ 4
Mnaumsh 4.1) SilsidFuyagiuves f(t) Inuauli@Fadanin (orthogonal) 3¢ 14

(O (D)) =Ty (D (t)dt, k=l (4.2)

o " a Q( Y v d‘
IﬂElﬁ]3fﬁll"Iiﬂﬂ"luﬁmﬂ"lﬂiﬁﬂﬂigﬁﬂ‘ﬁulﬂﬂﬂﬁﬂﬂ”li‘VI 4.3)

a = (f(t)w (1) =] f () (t)dt (4.3)

9

TunsudaFied fadduyagrunlnuaniadedmin o daddu e uagInland

U9

Y
v o Y v

wa 1 < dy
Wivnuauiaey q veuviae agullaasd

Q

< <3| {qg ¥ a o o oo { ¢ aa " 2 Y
) viae WwsanldeFuredygrunielsdduniiniaianiogeniiaulild

Y
%

< y . [ Aa
vliaa Ao wix(t) Taoh jk =1,2,3, ... auiuawisonaaslugdnisnsznadadu

AIFUNITN (4.4)

f(t):%%aj,k'ﬂj,k(t) (4.4)

Tagh  p,, (t)fo Hadduyaguves f(t) ddwmia jk
4 v
aj(t) Ao duilszanimanszaoves f(t) Ndwmds jk

. o [
j.k Ao wwauuinla g

< (% ' . . % @
2) L’J‘V\lLﬁ@lﬁmﬁﬂﬂﬁ$%18ﬁﬂgm1m1ﬁ@§1ugﬂm93 time-frequency location FINGIY
o ' ' ' o a = I = =
mmﬁmuapmmuiwm:uamaglugﬂmamuﬂizﬁmmiﬂizmﬂ ajk o lina Fuiluwad

Tumsiiudadoya myaadayausuniu tazmsasindudygw
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o o a <3 o o <3 9 ° 1w
3) msmuudulszansnnian dvsumsutasndidalsmsanmaminy o(N)
v ) ) A dy 3 Aa 9 A ] =\ dgl
MUIAINIT FIUIUVBINITAIUIVILINUVITIF AT oy uiA2IMe1ININTY
o <] o 1w a 7 <
Taem limsudasndidasgldmssrunasieusinumsuasysiesuuusa (FFT)
{ { a 4 v {
Mnaumsh (4.1) Joyan Idanmsuaysiesvzlsingaaeagiunaud o fe o
v o A a = o a ' g !
asluiamaman)dsunlasvesdyaadunale 9 lugrwnardu o azdwmansznuliaaoa
1 [ { I < 1 a o o a
druvesanlnasy F(w) Fuiumsuaasddimiug msudasysies 1ideyasuauuininn
o o dy a M a Jd o ] Y Y o
anusuilu wenaniiaumsyfsies aunsadnngidygrammizaiela q 18 SMidyaw
a I [ A . . 9 a Jo [~ 9 9 o
duneadudaa w1 (non-stationary signal) v1nldnisudasysiessuiudesdoei
o 1 o Blay A < 1 Y :JI a =2 ° [
maf il Mlvaulassanuediann dniumsulasfessunnzs dmsudya o
14 (stationary signal)
J I a { o 4 4 [ o w
n1301a3n 1193 (Gabor transform) tHu3Fms WA T umedSuljedesinaves
a o2& & a oA o 1 { @ o
msutasies FudumsudasiFiesnawnsosmuagisamazanun 14 Taserdeilandu

MW@ (window function) MU FMFIFeu (Gaussian function) MNANNITN (4.1) 9218
to0
G,p(@)= [ e f(t)g,(t-b)dt 4.5)

4 “ 4 4 A
Tagh  G,,(w)fAe Miwlasmuesnanud a uazdurua b

A o

f(t) fAodyauanat lag

A =

) Ao anudla 9
A AAy a d o

a A ANUDNABINT TUMTIATIZH A
A o " Ay a d o

b Ao AumiandoIns lumsunendygu

~ S s {
TagnansumdiFou v 1aanaumsn (4.6)

42

gda (4.6)

ga(t): L
2

ar

o v Aad 4 A A a J o 9
d1msuITnsuasniues awisaaenal1unl mmmmzwaaﬂmﬂnm“lﬂm

L4

U
mIsmuasnIiives a uazidondwriimsinngidyaialaofmuasinsiimes b
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[ Jd o Y d [y v J A = o Y ] o @
uaeansurtavesnsudasnvesiluilenFumaiFeunuune) Tl"ltlﬂhlﬂlﬂﬂ"lgﬁTﬁﬁ‘]J

G Y a J o 1 o Yy Y = [ ag a J o
ms‘ﬂszqﬂm‘lsﬂumiumwwmlumurlmma 9 ‘VIﬂ‘ﬁﬂﬂﬂllﬂ”liWiF’Jl‘L!n‘ﬁﬂﬁlmﬁ%ﬂﬁiyi}ﬂmiﬂﬂ
v ]

a g 09: @ { a o J v
I¥n1sualasysiessrana1du (STFT) dsaunish (4.7) Asdad i amnsonlasuilandu

[ [ a

Y v Ay a Y
‘Vi“L!W]NTViLW?J'IzﬁiJﬂUﬁﬂluilﬁmﬂuw.ﬁ‘ﬂ@ENﬂﬁ’JLﬂﬂgWﬂlﬂ

G, (@)= [ (e f(t)w(t—b)ct .7)

AT A Jd v Y A [ A & A
Taoi w(t—b) ap WenFurinanniynawazyaNuuIUUAIN
o a Jd 1 qu =5 a o 1
msudainues uazmmﬂmﬂjwi@mqnmau UANHULNITAUATITHUVUYINIAN

A 1 A A . o Y 1 awa A A
ANNUAZFINANUDAIN (fixed resolution transform) mwiw”lnmmzaﬂumaﬂgm HBIINN

v
S 1 S = ~

= A = A Yy o = 0o q VY v
ANNATIVEHFILIANLAY Tuvaegnanuddei¥I93a1n 9 ﬂ\iqﬁj‘ﬂ“ﬂ 4.1 ‘I/]ﬂ’l’i‘llﬂllﬁﬂllﬂ

U

[ ' v o { a L4
ninmsulasdyana igeandosiudyaangimizw

o z
E 5
el 5
g >
<
Time Amplitude
Time Domain (Shannon) Frequency Domain (Fourier)
i
>
Q
g 2
3 =
g A
(S5
Time Time
STFT (Gabor) Wavelet Analysis

UM 41 szununawazanuddmsumulaauuuaig o

3 an A o 2 A g Yy do ¥ A
ﬂ’]illﬂﬁ\u?wtﬁ@lﬂuﬂ'ﬁ?‘ﬁﬂ’lﬁﬂWWU’]elluiJ’] LWE]GI,W‘WQﬂ%u%u’l@]’lﬂﬁ’lﬂ’lﬁﬂ!aﬁ]u

dunis nazdudsuanuninuessrnar iz aunuanudvesdygraufaziian
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a ' 1 A R qﬂll A Ao FR a g
W1 Tagraanud gz lerisnardy Tuvaznanuddiezlsyiauarlunmsinizy

dgl £ = Jd o 3 Y v A
g1vU C]Nﬁnﬂﬁﬂl,"l]ﬂuwﬂﬂsﬁunwmﬁqﬂﬂ\iﬁﬂﬂ1§ﬂ 4.8)

W(ab)= | f(t)——y’ (%)dt 4.8)

»  Aa

~ Y d v < 1 4 o 1
Tag  W(a,b) Ao mﬂﬁvunwgamﬁgﬂmﬂaﬁ’w a AU ILY1IAe b

J o <} ] 4 o ]
w(t)  fe Handunviaauy Tasmsanadie auazmeudiuyiadie b

Af

Frequency

Scale At

d’ d' o [ I~
71N 42 sznunawazanuddmiumsulawniaa

A 1 1 { a d o :JI :
103U 4.2 wunlugnanudgeezldna lumsianeidyaudu 9 seegld

1 Jd o

a  Aa A a5 D) a A '
s19az19aNA ua luvnuznyennuddavzldnarlunisinsigy U1 Ng1INI

5 a Jd o [ Y [ Y] Aa oua
FamsuanzddyaraludanyuzilianumuzduivanyuzvosdayyialunnlJ1ia

g 9 o
A

] A o o 1 dy IS o Jd o <

IﬂﬂLﬂW'lgfi]ﬂ'lﬂflﬂﬁﬂgﬂg']msluﬂ'nzﬁlf?ﬂz wanununaadigusaaonilanyurias
A o d v Y Y 1] o a oA o
1’13E]V\l\iﬂﬂfuﬁuWn\ﬂﬁLW‘JJ']gﬁiJﬂ‘]JﬁﬂJuﬂJu"lmﬁluﬂ'N‘]J{]llﬁ !,Lagﬂ"lﬁﬂWu'Jﬂﬂuﬂﬁg‘U'Juﬂ"lﬁllﬂﬁﬁ

I a @ @ o a 4
nvxlmmmum’fﬂ?@ (DWT) ﬂﬂﬁﬂﬂﬂé}’ﬂ\‘]ﬂ‘UﬂTﬁVﬂ\ﬂu‘U@\iﬂ"ﬁﬂﬁgﬂJ'}ﬁWﬁﬁ?ﬂﬂﬂﬂW?L@ﬂﬁ
A 1o & 9 YA o v J A a a o
Lu@ﬂﬁnﬂthi]"IL‘]JHG]@QGLGK’J‘ﬁﬂTﬁVI"NLLﬂaﬂaﬁ NITHIDYNUD ‘Vi'i’t’)fﬂﬁﬂuﬂﬂialuﬂ"ﬁﬂﬁguflaﬂﬁ

Tagazldmsuanuazmsgalumsiszuana
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421 Sgflveslandu
Uigiilunszurumsdszuianadyia do L*(R) diilsddula 4 oglu

Y ) 1
YTuil nueauN j|f(t)|2 dt <o 1l R Aeyramsouiinsamilusiuiuese dmsu
R

nn q feddu f(t) fegluligll slaq uie f(t)es asadoulugdwasimFudu

AaduNITN (4.9)

f(t):%akyﬁk(t) (4.9)

TaeEonaveeilandu @(t) 31 anN15NTE10 (expansion set) ¥09UTN S taziSon
inveilandu g(t) 31 HasFuyagiu (basis function) ¥el3gil S ilorwavesileddu ¢(t)

Y
%

lauanifFamin naae

<¢k(t),¢,(t)>=j¢k(t)¢|(t)dt=0, k=1 (4.10)

4

Tageunsomurumduilszans ldasaunian 4.11)
a, = | f(t)g (t)dt 4.11)
R

d o a

4.2.2 Wanvuanaag
a S o o ~ o @ A 9 ) a
MINATTRTYY UV URABTTAUANNAZDYA Iudunaeelsilansuanans

(scaling function) o0 U8TzAUAMNAIDERVRId RN TABTTENAIANMITN (4.12)

4 (1) =g (t-k) 4.12)

o

o k iludwnwdule 9 uay () Humavesilesdduyagiululigh L2

wiunl3giila q 4% ¢(t) Wuwavesilsnduyagiu wzunudae v, nande
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V, =span(¢,(t)) (4.13)

Tasawnsnlsuvuaves v, 18 Tasmsulasuruavesnar t luaumsi 4.12) seniilu

¢, (1)=2""24(2"t-k) (4.14)

9
[ Y

siunnaves v, fis j a1 g aunsoumudeaumsi (4.15)

V; = span, {¢k (zit)} = span, {¢j X (t)} (4.15)
fladdu f(t) fRannlsyd Vv, laq aunsadoulugiuesaunsi 4.16)
f(t)=%ak¢(21t—k) (4.16)

4 . Y d v a < 1 o 4 o
e j>0 fandumnads ¢, (t) sziivinadn dewarilimaaou k ild
v ] v v ]
lugedu q doyavesdygra f(t) Nldnndigiitieziidoyanaziton luvazd j<0

]
o

MilanFuanana ¢, (1) veiivinalvg i ligemsidounie doyavesdayanar f(t)
Ay v =T A
n1dsziludoyanvery

d o [y a d o (Y]
423 MaNTuUaNa@InumMsINNZHAYRIMIUUHAIIIZAUANINAZIDYA

Al

awnsodewilsgiidosnlnuamianmsdouiuiu ladeaunmsi 4.17)

Y

.cV,cV,cV,cV,cV,c..c L2 4.17)
A U 9
ﬁﬁ@ﬂT%ﬂﬁT?qﬂUT
V, Vg, jeZ (4.18)

v, ={0},v, =L (4.19)
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Y a a A = 1 A A aas =) ° 1
agl1d1 UJ5gila q Alianuazideagand w5 ginlinnuazideadinii

smegale aanaaslugli 4.3

V3)V2:)VIDVO

51N 43 msdeurivveslIgldesiun Insilasdumnada
- v & Y
ndewved v, Aniuazld
f(t)ev, < f(2t)ev,, (4.20)

VINTUNITN (4.17) Hag (4.20) HUIWANUN g(t) eV, 130 ¢(t) ogluiligil

v o

1 = v ' a aa 9 o 1 2 IS
go8 V, Tuvazmeinuieglulligides vV, A1e 91nanuduiusaina1n amnsneuily

E4
v A

9
AUMI Iaaail

#(t)=Sh(nN24(2t-n), neZz 4.21)

J (2 a a'{ =) o v o a =) a = '
Adudseans h(n) Ao A1AUVDITIUIUITIVIBIUANIN 1T8NIT

[ a a’ Y a d' =1 1 a 4 [
duszansvesilangyuainang Iﬂﬁl’ﬁllﬂ1i‘1/l (4.21) 138N AUNITNITUATITHUAYTLAU
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2 A A £ a Jd o '
AIMUASIDYA NIDTAUNIT Reﬁnementﬂ1ﬂ§ﬂ‘ﬂ 4.4 FuduanaaaNean T UL Y Haar WU

#(2t) annsamliing ¢(t) Taemsideuainauazi@oudms

L

d(t) = ¢(2t) + ¢(2t-1) o(t) = %d)(Zt) + o2t-1) + %¢(2t—2)

A o Jdao a J o a A
5UN 4.4 WINFuanNaauY Haar tazNansudinagauuuaIuasy

u

(Burrus, Gopinath, and Guo, 1998)

4.2.4 Handunilidan

leddunrian v, (1) Wuwaiifanonadessnindigildes v,

MnauMsi (4.17) 9218
VoV, cV,c..c L2
fonldwavesilasdunlidauriinsgides w, 0218
V, =V, W,
V, =V, ®W, ®W,
v &

astuaunsodeulugdml1ddeanmsi 4.25)

2
L2 =V, ®W, DW, ® ...

NTRY

j

(4.22)

(4.23)

(4.24)

(4.25)
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Tumsisuduvelsgiamsasudunlsgile  wua j=10 14

> =V,, ®W,, ®W,, @ ... (4.26)

v Jdo

TagANNFUIUTAING1D UAAIAIZ1N 4.5

s 45 1Spivesileddumnadauazilandunvian
1 j = —o0 i ldSglivesilandumnadanell deaumsh (4.27)
> =..0W, ®W_ &W, ®W, ®W, @ ... (4.27)

{ o o J 1 a a.l
INTUNITN (4.26) 1az (4.27) 3z ldanuduiusszniniigiides v,

wazBadaaumsn (4.28)
V, =W, @..0W, (4.28)

{ = o o <] ' a
NN (4.23) aunsolouilanduniibaldedluglveswasndadu

voaflanFuanaas lddeaunsn (4.29)

p(t)=Sh(nWg(2t-n), nez (4.29)
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Handuluaumsi 4.29) Wwnvdawi Tasiownanuazideala o
v =2"2p(2't-k) (4.30)

Tagn 2! Ao anavea t
277k fim MIAoUYDA t

J/2 A 4 w 3 A 1
2 A UDTUVDIINAANTLNAN )

aafuiladdu g(t)la q feglu L2(R) emnsa@oulugilues ONGE

w, (1) Mudinligid L(R) deaumsi 4.31)

9(t)= Se(k) (0+ > T d(ik)w, (1) (431)

j=0 k=-o0

! < ' J v { I o
i]"lﬂﬁllfﬂﬁﬁ (4.31) L‘Vlf‘)ll!l,iﬂl‘]_luﬁTLl‘]Jigﬂﬂméllﬂﬂﬂﬂﬂﬂfuﬁllg{inﬂ'wxiﬂ“]ﬁ/!fﬂﬂa

a { & v o o o & g a o

a9 meunaoudlusivazdeavosilanyunldnnilensuniaa Tunsaidunvidadidanin
J ]

mvosdulszans c(k) waz d(j,k) f‘hu’smhl@afmﬂwaﬂmmﬂ“lu AITTUNITN (4.32) LAy

(4.33) uaAY

c(k)=co(k)={g(t),4(t))=g(t)a(t)dt (4.32)

d (k) =d(j.k)=(g(t).y (1)) =Tg(t)y;, (t)dt (433)

425  msmaanvidauuufansa
° L] a & I 1 A o Y
maaammduilszaniveanviaalunnavesmsananazanudiily
a = Y A (A a o o I A v Y
eI gadonal tagveyailsuamnnnuanuiuily msulawviaazianyuzaaiy
[} a 4 (Y] a [ I~ [
AUNSZUIUMSTNaIADS (two-channel filter banks) Taedynaduyavzgnuiuilu 2 dau de

h

4

) Ao AINT99ANNDAI Az g(k) Ao @anToenNudge TasdulszanTuoedinsos

—~
x~

4
a A

v o Jdo < ] & 1 Ay v o A A T o
W FUNUTAVIWIaALY (mother wavelet) HaA1N 19910AINTDIANVD AD ATFNTLANT
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I £ 4 =% Y] A o ] [ 1 9 [
Niae "]NL@'W"Iw%ﬂthQTﬂ@?ﬂi@Qﬂ?TNﬂﬁWﬂgW"I‘L.!fﬂiﬁﬂﬂ@i?quﬂl@ﬂﬂl@ﬂgﬁﬁﬂﬁﬂﬂlﬂ? Uag
9

wgmbwusunalisudiude 11 daiudyanunil qaunsousnesn i 1ddndany 14

1 A = Ao ' 1w a s Ay Y 1 Y A o A
ﬁ’)uﬂizﬂﬂﬂﬂhﬂﬁlaglﬂﬁlﬂﬂﬁ1ﬂ’ﬂ mfcmﬂizawﬁgawga@w"lﬂiugxﬁazizﬂmzummumaﬂm
4 9ll 4 [
13008 9 159NNTLUIUNTHI MTUENBIAYTENBUNAI9TEAD (multi-level decomposition)
A Ao 9 9 Y [ A Y a o 1 dy ~ 1
muaﬂymﬂﬂﬂaimmmu% (tree structure) ﬂ\‘]qﬁj‘ﬂ‘ﬂ 4.6 aNHUINITIUATICHIVIATU 158NN

I a =) .
mswlaaidauuuaaniea (discrete wavelet transform : DWT)

f(t) 9

Cj+1

-

A <] a = @
5UN 4.6 nszuIUMsulasINi@auuuAgnTa 2 STAL

Rl

A & o A A o o
110319 4.6 1umsudasidasuuaania iy s1aw1sauen

4 o v @ Ao Y o A
penlsznovvesdyaa llgszauanaidninla asaunisi (4.34)

f(t):%Cj(k)¢j,k(t)+z_zk:dj(k)l//j,k(t) (4.34)
J
Tagh  f(t) Ao doanm s nalt laq

c;(k) fo fudszanimsudaanmidaluaiuilszana (approximation)

# k(1) Ao afduanana (scaling function)

Y] a & I 1 =
d;(k) Ao dulszanimalasiliaaludiuneazidon (detail

v (1) fie fleddunlian (wavelet function)
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|l v < . .
Glumusum ﬂizmummﬂmﬂaunwmm (inverse discrete wavelet transform :
I o ¢ A I Y o a v A o w A
IDWT) nJuﬂizmumimmiwxﬁLwaolw"lﬂﬁﬂgaunmauw@mamum IﬂﬂﬂquﬁﬂJﬂﬁgﬁﬁﬂ‘ﬁ
I LY Aa [ = ~ 9 o Y = ~
m/JLammzﬁaﬂ%umﬂaaﬂmzﬂummamﬂ@mwammainaﬂgaunmaluimmwazmﬂw

1 o A A o 1 1 o A
qan g 4.7 Tasiudasiguitludoani Asaumsi (4.35)

@

Cj+1

djs—(h2)> 0 @->f(1)
—(1)~

~ Y] < o
517 4.7 pszuaumsudasnauniliae 2 szau

Rl

f(t)=2cj(m)h(k-2m)+3 d;(m)g(k —2m) (4.35)
m m
Tagh  c;(m) Ae duilszansmaudasnvi@aludnszinm seaun |
d;(m) o dulszansmsulanidaludiuseaziden szaun |
h(k —2m) Ao AINTOIANUAAIANTY (low-pass filter)
g(k—-2m) Ao ”’mimmmﬁqwim (high-pass filter)
A o I
m,k Ao AN YInla 9

42.6 aszganvian
3 A S w Y 3 A A 9
asznanWida vseleandunting veansullanwidaivareguuy el
o a d @ 1 <3 Y o dy .. .
M ANAUMIAATIZH Ty uuuUa1e 9 Tasaszganidadsllaasil (Misity, Oppenheim,

and Poggi, 2009)



61

1) Haar wavelet
< 3 3 Aa v A ~ Y o S o
nlidaaszna Haar \iunidaniianu ludeiiies ianuaaenuilsngu

o o { 3 & 3 A v o 3 % 3
vuaiu'la §9319 4.8 @AY Haar iunwaaria@erdudunliaauuy dol Fadwida

U

[

4 4
@ <
wae ) uuy gnienndu Tasedenuguvesdvlidauy Haar

< <
51U 4.8 1WEAUVY Haar

2) Daubechies wavelet
< < o 4 . g & a o
niaaasnail gaWauIvu Iag Ingrid Daubechies 11 UIVIAIFIAIRIN
- 2 Y v
%30 orthogonal wavelet Tagau1¥n lunviaauuuilileuunuale doN Tash N fie 7213817

Y9I INTD (filter) ALaA11431/7 4.9 (Daubechies, 2006)

0 1 2 3 0 2 4

(0) 1y db4 (V) 1y dbo

= <
51N 4.9  WEALUY Daubechies
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3) Biorthogonal wavelet

< 3 Aa A . 4 < va @
Wuiaaniauani@uu linear phase Fuduguauiiandifgy

g

[

a
9 <3 dy ] a3 < (] o [
Tunmisadruidanszgatiniseeniludesvidados d1sumsuennszniedygiu
o [ -4 Y 3 1 I 4 { <
(#adne) nagmsadedyanaiulng @) swanannnndidenszgaou q Aliaa

~ v A 2 d'
eedune) daaaslugili 4.10

] I " -1 I
01 2 3 4 . 01 2 3 4 0 2 4 6 8 . 0 2 4 6 8
Biorl.3 Biorl.5

0 I/
] f -.-";
01 2 3 4 01 2 3 4 .
Bior2.2 Bior2.4
] | | |
1 1 I 1 | 1 I'
| N Il
0f 0 ~ 0 il o—AllM—
1 | W -1 Al 1 I|'
0 5 10 Bior2.6 © 5 10 0 5 10 15 pgiopg O 5 10 15

511 4.10 1vlidALDY Biorthogonal

4) Coiflets wavelet
3 3 Ao . . Y .
Wurwiaaniau lag Ingrid Daubechies A1UAMUADINTTUDY Coifman,

[ a dy = Y [ . & AW [ A
R. nmamm@milzm’/hﬂ%uy,agmcluaﬂymz nearly asymmetric mamaﬂymzmgﬂm 4.11

e Al -~
0 YERva 0 TR1 0 Wi 0 il 0 i
P 1 VY i " i
-1 ] ! - 1 -1 - - -1t . - . -1 - . - - -1 . . - . d
0 2 4 0 5 10 0 5 10 15 0 5 10 15 20 0 5 10152025
Coif 1 Coif 2 Coif 3 Coif 4 Coif 5

5109 4.11 VB ALY Coiflets

u
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5) Symlets wavelet

I dy A o 1 Y A [ 3 A o .
piaanvutzgidadiulnaifsadumvhaaninaue lag ngrid
4 o <3 va <3 3
Daubechies ¥4 181/511)591191n19W1dART20a Daubechies Auauiiavosiaaisdonszya

Y =KX o Aoy Jdao [ A . [
adeaaany TagazliilenduyaguludnyuziNouauinas (least asymmetric) anyuzUe I

< a dy Y A
aasHAtuaAIAIgl 4.12

Sym 4 Sym 4 Sym 5

5 0 0 5 10
Sym 6 Sym 7 Sym 8

1 412 nvldauuy Symlets

6) Morlet wavelet
[~ < d' 1A o v a A A d! Y [ [ d'
Wunwidan ludidenduanads uazliiioaniied anyuzagili 4.13

0.5

-0.5

51041 413 nvldauuy Morlet
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7) Maxican Hat wavelet
< a dy (= v a & 9 v Jdo o
L?T\llﬁﬁﬂfﬂﬂuhlﬂu‘ﬂﬂﬂ%uﬁlﬂaﬁﬂ "]N]lﬂll"li]TﬂﬂTSﬁTGHWH‘ﬁ@uﬂUﬁ@QﬂJ’OQ
[y d o 1 1 a3 4
HanTFuUANUHU LU UYIA VUL WD d1d U (the second derivative function of

Gaussian probability density function) HaglifiearH19d7 AnyuzIaAIAgU 4.14

0.8

0.6

0.4

0.2

-0.2

~ 3 .
31N 4.14 V@ADL Maxican Hat

8) Meyer wavelet
< - [ v v 1 o
WunvlidangnadresvuluTamwuaud (frequency domain) Tifieaniiaga

uag lififladFuanads dawaaslugln 4.15

0.5

-0.5

s 415 nil@auny Meyer
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91N91UIVYUB I Santoso, Powers, Grady, and Hoffman (1996) Fa'laanu
Y a3 . A a L4 ) 1 1 ~
M3 1919718an52)a Daubechies 1NDIATILHNITTUNIUTUNIIEFIAT WU DD db4 1]
a 4 q'/ 1 [} o §
anunganlumsinsgrmssuniuluanzdnguaz Idanumivdmanaing
427 mamasnidasuunansaniiaig
a ¢ o o A o g a o A
lunsaasigrinaauuuraleszaunnuazieanUWNEaA%IAIRIN 153
1 (Y] a A 4 S
1INMTHIAT CA; 1ag cD; MNndayanm S Tagdpsianaasilames Faunuaro W 1dan
o o a A va of . . o w
Weanduanaasitaueauiiailu finite impulse response (FIR) in1we11 2N Tag N Ao 41AU
< =1 A '; [ [ [ [ [
YoIUINANNAUAVTAVDI2995NTOIANVDAINIU AI98131%U dbN Tag N=3 921ia1
A =

aulsea@ns 2N=6a7 A0 0.2352 0.5736 0.3252 -0.0955 -0.0604 11aL 0.249 FIF1N1TD

9 a d o [ 14 [ Y o dl
’diNWﬁmﬂﬁﬁ']‘lrii‘Uﬂﬁ!L‘c’Jﬂ’fNﬂ‘]J3$ﬂ’f)‘]JLLﬁgﬂ'lii?iJﬂa‘leﬂﬂ\‘]EﬂVl 4.16

w

N
W
Lo R=— — Lo D=wrev(Lo R)
- norm(w) - -

)
i R=gmf(Lo R) — Hi D=wrev(lli R)

4
J o @

4 . - 4
71N 4.16 Msannumlamesnaadd

o . < @ o w
11031 4.16 811 ua 17 Quadrature mirror filter (qmf) 1Y UN1TNA V1AV

4 9 I Y 1% A A o a A A
NSNS 1A 1Y WieunwasunTesruIgvesdulseanFiavh aau wrev e

o w J

[ 9 3 [ A a 1 [ 3|
N1SNAVRIAVLINABT VN 11T UV Tﬂﬂﬁﬂjuﬂﬁnmummﬂn n fﬂzgﬂumﬂaﬂ@amﬂu

1 1% a < [l 3 o o
2 du fie dudsz@nsmsutasaidaludimdszinm wio cA, deldnnmsiuyesgainey

4
a A

o 1 o @ lo 1 o <3
Tag%uﬁsmnﬁﬂgmﬂm S AUINITNTOIANNDA NI (Lo D) wazdudszansmsudawinian

[

' % o J o 1 @
Tuduseazidea vie D, Falaninmstusesgainouligiusznindyia S AU99s

N30IANNAINIU (Hi D) 1d1ihmsandasguasaeun asgli 4.17
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F
Lo D +@—> CA|

f(t)

N 4.17 msdw CA; taz cD;

Mg 417 dyana Fouag G azlivina n dau A wag D, 9z ld
v ' ! o w A o a 4
110N15aA0A5 190 F 1oy G asdoumeauddy matiuszauanuazidealunisinsizd

o o 4 o :’ 3 a Y Y (%
ﬁf,yﬂlu'lﬂ!ﬁ'li”ﬁﬂﬂ'lllﬂIﬂﬂﬂ'lﬁﬂ'lclf']muﬁ@ulﬂum']\?ﬁu Tagnisunu S =CAJ— aauaasly

3N 4.18

LO_D+®>CAJ-+1
CAJ

Hi_D+®—>CDj+1
level j level j+1

d‘ o
JUn 418 msdmiw CAj,q uae cDj

9
[ Y

astumnduald j=3 aunsodeulasadrauunduldidaegli 4.19

= o a QO)
Tagiilnssasreveadurszaing fe [cA,,cD;,cD,,cD;]
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S
/\«
cA; ch,
/\
cA, ch;
/\
cAs cD;

s 419 Tassadrwnudu’ld e j=3

43  mswlasdannvian

Jd o

v A < . I Aax a A
msudaalaniaa (multiwavelet transform : MWT) 155 AUATIEH Ty
@ I Aa a 4
Wamnmsulawide TasyagiuvesdSgi L(R) gnadialagnisiaou (iranslation)
[y Jd o [ 3 J [y Jd o 4 : ' v A [
1arn15ve18 (dilates) voslansuiandaua 2 Handu Yu'll FuSendn aaniiaa Tag
™ <3 J v a Y <3 o o
mluniaaseiflenFumnade use ¢(t) nazlanFuian nie w(t) oeflenFumen
1 o v v A I = o a Jd v <3 3 ' Y Jd v dy A
uadmsudaaniiaasiledsumnans vagensuniaada 2 Hengu Yu'll vie

7 o =
annsaudalugilveanmes deaumsi (4.36)

(1) = (A1), dp (1), (1)) (4.36)

A A o J v a &2 A J o 3 A 1 2
We r Assnveilintumnany Feaiandudiuwaunnnnivie lag @(t)
1 v A a o o
3071 Yaaanaaalanyu (multiscaling function)
dy Jdo v A < . . a Jd o
uaﬂﬂmuﬂﬂﬂ%uuamwhaﬁ (multiwavelet function) QﬂﬂﬂWN%TﬂL“BﬂﬂJ@QWQﬂ‘Bu

nlida AU (4.37)

(1) = (2 (1), W), (1) (4.37)

A Y o Y - 1 s 3 A
NAFUMIN (4.37) mmuald r=1 9258071 anarsnvian (scalar wavelet) 1159

< o a < - Yy = o ¢ < - o A
L’J”Nmm IﬂElll'ﬁ@]l,'J‘V\ILfIGﬁ]gllﬂ'J’lﬂJﬂﬁ’lﬂﬂﬁ\iﬂUalﬂa'lﬂTV‘hﬁ@ I@ﬂllﬁ'llﬂ’li Refinement AN
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o(t)=m ¥ h(K)d(mt—K), keZ (4.38)

k=kg

A A ) 1 = I Y] . . = 1 A
10 m D T1UIANTUTUAIUTEnoUNTVE1E (dilation factor) HAIWINAIINTD

1w ' A [ a =k J o . . IS a d¢ 1w
iy 2 921 h(k) Ao duilsz@nT31A03 U (recursion coefficient) (T UINATAFUUIANINY

9y ]
r X r uazazogd luaNYAULIFIRINN (orthogonal) 1119 (Keinert, 2004)

(g(1),p(t—K))=[d(t)p(t—K ) dt =5y, (4.39)

9
Y o A

fiuald m=2 aunsadenluglvesaumsvesnmsvens aumsmsiaou 18 aeil

o(t) =2 h(k)d(2t—k) (4.40)
k

w(t)=~23 g(k)D(2t—k) (4.41)
k

= = U

v A 1< a
mmﬂamamawgammmﬁﬂimagwmmmu Tay Donovan, Geronimo, Hardin, and
o v Aa < . .
Massopust (1996) 1@vuauensudasiadiidaauyuy Donovan Geronimo Hardin Massopust
2 J v a Jd v I 1w < v A I
(DGHM) #a1l5znoudreilansuanads uazlandunmide midu 2 (r = 2) Whufadnmiae
{ va a o v o wa J o ¢ 3
MiauauiaFamin aunas suaumsdszana tazaudutiavousaigunszsy suilu
va A ] a dgl 9 @ 1< 1A ) @ ) [
ﬂﬂlﬁiJ‘Uﬁ‘ﬂvliJT;’Hiﬂii‘llﬂﬂ"lluWifJiJﬂuﬁluﬂTiLHJﬁ\?!ﬂv\llaﬁ UANAITNUAIAYTINTU
mslszuranadayn i
) [ 4 v A <
AINIUFTUNITINITUYNY LLﬁ%ﬁNﬂWﬁﬂWﬁLﬁ@u ﬂlﬂﬂﬂWﬁLLﬂﬁ\ﬁJﬁﬁL’W‘hﬁ@llLUU DGHM

HEANAIENNITN (4.42) 1aE (4.43) MURAIAL (Attakitmongeol, Hardin, and Wilkes, 2001)

(a(t)) ¢ (2t—k)
@(t)—( ]_kzzh(k)(qﬁz(ﬂ—k)} (4.42)

Tastimduiszans h(k) aail



)

-0 ) - 3
11042 9 1(-3v2 -1
h(o)_ﬁio sﬁ] h(l)_ﬁ[le G«EJ
wy (1) L #(2t—k)
- - K
7o (WZ(t)] IR )(@(m—k)j

s 1 Y a Q‘f 4 dy
Tagimduilszans g(k) aeil
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(4.43)

a(-2)- 40 2 ap-2[F
2010 -1 20| 342 9
4(0)= 1(0 92 o(1)= 1(6 V2
20(-1042 9 20(-3/2 -1
2.5
2
21 15
1.5+ 1
1F 0.5
0~
0.5
-0.5 ) \
0 05 1 15 2 25 3 35 0 05 1 15 2 25 3 35

(a) ai(t)

(b) #,(1)

s 420 esFumnads wuy DGHM
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250 oo o
2 2 |
157 {1 1
15 : J
| 0.5F
] 0 i 1
05 1 0.5 F / 1
\ N f / |
0fA 15 f 1
| 2F | J
st st
0o 05 1 15 2 25 3 35 0o 05 1 L5 2 25 3 35
() py(t) (b) ya(t)

71l 421 WedFunvida uun DGHM

Y ) v A <3 a qﬂ/} 1 o
UBNIIAT Chui and Lian (1996) e uausmsuilaaiadnidaamsadanin nifadau
a J v < ' = J v = ' . . . £
anaaqazilangurian ¥1nnMHININS YW 1580791 Chuil-Lian multiwavelet (CL) %%
LY J v a 1 vAa
NanFuainaauuuauNInNg (symmetric) nse llauuIng (antisymmetric) uazﬁﬂmﬁuum
Mylszuadusuand 1ue14[0,2] Taslaun1snIsveIsuazaun1snIsaesy adaunsi

(4.44) 1ag (4.45) 1AL

#(t) 2 H(2t-k)
= = h(k 4.44
o (%(t)j P )(@(m—k)] (449

s 1 Y a Q‘f 2 dy
Taeimduiszans h(k) asil

N |-

h(0) =

i

NG

4

L‘Iﬁl N |-

[N

h(1)=

S
o
NIk o
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1 1
12 2
h(2)=——
O-55 &
4 4
wi(t)) 2 (2t-k)
sv(t){ 1S g4 (4.45)
wo(1)) k=0 #r(2t-k)
wagiamaulszans g(k) fail
11
112 2
0)=——
g(0) N
4 4
10
o)== _f
210 i
2
1 1
12 2
2)=—
9(2) 21
4 4
I |
1.2 L
4 1.5 |
I ~
'. |
0.8 \
, osr )\ ‘
0.6 | | A
f \ o/ N\
0.4 |
-0.5
0.2 L
ol -1
0.2 "1 . . . ]' . . | ! -1.57 , . ‘[ ‘ . . ‘ |
0 0.5 | 1.5 2 2.5 3 3.5 0 0.5 | 1.5 2 2.5 3 3.5
(a) &) (b) (1)

s 422 Hlsfuainads uu Chui-Lian
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' [ ' 2.5
1.5f 2 b
| 151
1t | |
J |1 Lr 1
. \ I.
0.5¢ . . E 051 L
0 ik ™
¥ | 0.5 T 7
051 1 -1 |
1.5
-1
| 2F
L5 ] ' A X 25 ¢ X [ . '
0 05 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 35

(a)'//l(t) (b)'//z(t)

! o o <]
JUN 4.23  WanFuvida uvY Chui-Lian
v 0 v A <3 % wva
Ao Shen, Tan, and Tham (2000) 1@ nauensutasiadniaagiliquaniandie
ALY Chui-Lian 158031 Length-4 symmetric - antisymmetric orthonormal multiwavelet n3o
& Ay do a . = ! . . =
SA4 FINWINFUFNAAILVVANNING (symmetric) e liauuIasg (antisymmetric) {agy

' P v
Auantansdszanuduaunil Taelisdulszans h(k) ail

1 4+4/15
O 1 <4+\/E)2+1 (4+\/E)2+1
=% 1 —4-15
(4+\/E)2+1 (4+\/E)2+1
(4+\/E)2 4+/15
(1) 1 (4+«/E)2+1 <4+\/E)2+1
1)=—
2l (B
(4+\/E)2+1 (4+\/E)2+1



(45 45
h(2):i (4+\/E)2+1 (4+\/E)2+1
V2 (4+\/E)2 4415
(4+\/E)2+1 (4+\/E)2+1
1 -4-\15
(4+\/E)2+1 (4+\/E)2+1
h(3):i
V2 -1 415
<4+\/E)2+1 <4+\/E)2+1
wasiimduilszans g9(k) Sait
4+15 -1
(4+\/E)2+1 (4+\/E)2+1
9(0) =
V2| 44415 1
(4+\/E)2+1 (4+\/E)2+1
—4-.15 (4+\/E)2
g(l):i (4+\/E)2+1 (4+\/E)2+1
2w ()
4+\/Ez+1 4+\/EZ+1
(4++15) (4++5)
4+415 1
(4+\/E)2+1 (4+\/E)2+1
0(2)=—
V2| 415 1
(4+«/E)2+1 (4+\/E)2+1

73
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4B ()
1 (4+\/E)2+1 (4+\/E)2+1

9(3)23 9

4_J15 (4++15)
(4+\/E)2+1 (4+\/E)2+1

=

U d o a o a3 v A <3 [
Handuanaas uazlanduniaaveamsutlasianwan uuy SA4 uanaaazll

4.24 uag 4.25

T T T \ T T T
Vo~ . \ I
T ! L () 1
/i AP !
0.5 - !' | . l_i B
72149
! | G/
-'f ! \
0 5, P o Ve
S \\/
05}t \ 1
1
_l - -
1 1 L L 1 1 1
0 0.5 I 15 2 25 3 35

= J o a Jo < 1A
JUn 424 Wsnvuanaas wazilansunidanun sa4 g 1



0.51

-0.51

35

A o Jo a Jo < 1A
JUN 425 Mandumnads uaslandunwiaauuy SA4 g 2
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v A <] = a dy a 4 [ =
msulasdaniaa UUUIAANUITHNIIINNITUATICHHATYIZAUAITNALIDYA

Y < 1 1 1% A
(multiresolution analysis : MRA) mﬁ@uﬂumﬁuﬂammaﬁ UAZUANA NN UATINNTU a9

v A

I = < o Aa S o 3 ' & o o Ao A
Yaaraa seilensuainaas tazlansuni@aan1nn1uualans¥u wona AN Il

A 1 A a d? Y Y o & 1 a d? Y <]
AUTNUAYAY ] DN ﬂﬁ']il']ﬁﬂlﬂﬂslluvlﬂv\lﬁﬂilﬂu “BQVlNﬁTN"ISQLﬂGIGUUllﬂﬁluﬂ']ﬁll‘l]aﬂﬂwmﬁ

v A <} [ @ a) J s @ !
Tasmsuilaaiaanviaaszerdonannisvealamosiuan (filter bank) A931/7 4.26

Analysis

Synthesis

H(1/2)

H(z)"

—Q(2)

e

>

P(z)

G(1/z2)

G(z)"

|
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Impulsive Transient
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Impulsive Transient (Chui-Lian 5-levels)
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Impulsive Transient (db4 5-levels)
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Distribution of Energy of the Detailed Coefficients

0.5

0.4

DGHM

0.3[

% Energy

0.2[

IHH I’]I‘I = D ll:l IH

MRA Levels

{ [ (%% a A 1
U0 512 namsnsznendsnuvesdygIaNiad ludIusIeazien
LHA0IEAUANNAZIDYA
A J (% (% a v 7

1037 5.12 numsnszaenasnuvesdyuduiadaznszoelia
1 QU a Qod d‘ 2 \ Qﬂll 1 T =) 1
mdulszansnisulasnszauaig q Meludivlsznanazdiusivazivea Tagludiu

= 1 [ % 1 [ = d' v
eazdea (Ey) WU mInszatevesnasiazgnuiie llawszauanuazides Tasiszau
1 DU SA4 UAMEINUINNGA 52AY 2 LD SA4 UANAINUNINTEA A 3 L1 SA4
UAMNAIUNINNGA T2AD 4 11U DGHM UAIMNEIUNINNEA 1azNsedy 5 uy DGHM
Hndenuvesdgaruniniiga Tasdeyaminszatenasnuvesdygnludiusioazidon
< Y 9 o 9y v ' o A Y o
Wudeyadmsuldlumsanagaauvesdygis tholdlumsdwunilyrinissuniu
A
o w 1 Y v A < o Y @ 1
Arasllihaeld duiunmsulasdaaniidazildmsnszoendsnuvesdgygrialudin
= A ' <3 = ' o A <
Fgazoea VANNNMIuaanidauuy db4 Farueanunmmlaaiadniaaainso
v W a [ Y
asdudgyauduiiad laa
532 maaswduilamduiadluaaziidyanasuniy

% [ 1 IS)

msasviadaauluanimuiadonasedeulidynIasuniusuegaie

] v
=

9 v
aqiuluadve ldiwndygIasunIuv17 (white noise) NAOUNEYA (amplitude) AN

g 9

1 1 J % o o o Jd o
Tusesnnudgeganmils iaimsdrassdgyarusuniuuuTdsunsy MATLAB Taeldilaidn



105

' A A a £ A A | - -4 1
ﬂl@dﬂTiquﬂﬂJﬂ1iﬂ§$i}1mLDUﬂfW] (randn.m) KAUANURNAY (mean) IMNUFUY agan
A4 o

A2ul5159U (variance) tMIA UM SaudiUdyMAULDY 52D SNR (Signal to Noise

Ratio) M1V 40 35 Az 25 dB uaaIaagUa 5.13

Impulsive Transient with 40 dB Noise Impulsive Transient with 35 dB Noise

£ £
R S

o o

cn en

] &

G G

> >

2 . . . . . 2 . . . .
0 200 400 600 800 1000 0 200 400 600 800 1000

Sample points

(v) SNR=35dB

Sample points
(n) SNR =40dB

Impulsive Transient with 25 dB Noise

Voltage (pu)

5 . . . . .
0 200 400 600 800 1000
Sample points

(M) SNR=25dB

Ui 5.13 Suadluannelidyanasuniuiszdu SNR = 40 35 uag 25 dB

et

4 v a < <
Lﬁai%}mmﬂmmamawgammu DGHM Chui-Lian SA4 uazmmﬂmnwgam

A a d o a @ J A o A A 1
HUY db4 e AT IEHd I MduWad luan1izlidyyrasuniu TaeliTeulyais q

1 = 1Y = o Y o a = 1 = A 1Y
L"]fuLﬂEJ’Jﬂ‘]Jﬁﬂ'l’JzlliJiJﬁiyiUu'lﬂ‘li‘]Jﬂ’Ju i]31‘1@]’(?fiJ“]Ji3?f‘Vl‘ﬁﬂﬁL!f]JﬁQiﬂﬁﬁﬂi?ﬂﬁ$t@ﬂﬂﬂi$ﬂﬂ 1

A1 SNR 1M1N1 40 35 1Ay 25 dB UanIAag1i 5.14 - 5.16



106

DGHM Detailed Coefficients at Level 1 (DGHMcd1)
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Magnitude
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Standard Deviation of Detailed Coefficients at Level 4
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Energy Differences of the Detailed Coefticients
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Low Frequency Oscillatory Transient (db4 5-levels)
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Distribution of Energy of the Detailed Coefficients
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Medium Frequency Oscillatory Transient (DGHM 5-levels)
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Medium Frequency Oscillatory Transient with 25 dB Noise
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Energy Differences of the Detailed Coefficients
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DGHM Detailed Coefficients at Level | (DGHMed1)
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Energy Differences of the Detailed Coefficients
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Sine Wave at 50 Hz
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~ v 1 o 1 =~ o o w
A1TNN 6.6 @1’J@ﬂmamwmaumazmiumiﬂmuﬂmﬁumumm"h/h?h

. . . seaumsoansyla
YA A1 | aun2 | auns | walwom

(%)
A 3/5 3/5 3/5 9/15 60.00
B 0 2/5 1/5 3/15 20.00
C 3/5 0 2/5 5/15 33.33
D 1/5 2/5 0 3/15 20.00
E 1/5 2/5 1/5 4/15 26.67
F 2/5 0 1/5 3/15 20.00

210131971 6.6 1T udes19doyaierdnai 18aniasev el amiAeundas v
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famrsaduundszangduuunssunaumida i 18 udlunsdia K <k, 3uuuy
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N (correctmaccept )

R( correct / accept) — (6.3)

N( accept )

noums Imadmua Agduuumssuniusidsliihazeonsvla e K > K,
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vindeyad 1a Lifuldamwdeulv e IR sduuumssunirumdsliiligniiaeen

E1)
9
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Tﬂwaﬂﬂmimmaaﬂ W50 R reject) w1 ldandasidiuvessaugduoui gﬂﬁﬁi’ﬂaaﬂ

Waonuanio N reject) ssrammugmmumwuwwmﬁmw (N) faaunmsfi (6.4)

N( reject)

= 6.4
N (6.4)

R( reject) —

o o J { Y o 9
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luaumsn (6.5)
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sunu Tasl¥doyadunaanmsudasdygralasldnsulauiadniidauaziniaa

q

Fanaaeunvgduvunissunausia i vaggdaauled sdaaz 110 juuy 9218

pamssuunmssunusae I luan e hilidggrusuniu dsnsiin 6.7-6.10

{ o o w v A [
@’]5’]\°|ﬁ 6.7 WaﬂijLmﬂmiiUﬂ’mmm"l‘l/\lﬁ1 Iﬂﬂi%}ﬂ’lillﬂa\‘]ma@]L’JT\ILa@lLﬂﬂ DGHM

n3dl hilidyanasuniu
- _ Kavg ANNLNUE
BUA N N reject) N correctraccept)
(%) (%)
A 110 0 110 100.00 % 100.00 %
B 110 0 110 98.91 % 100.00 %
C 110 0 110 97.86 % 100.00 %
D 110 0 110 98.67 % 100.00 %
E 110 1 109 99.02 % 99.09 %
F 110 0 110 96.85 % 100.00 %

§ o o v U A I . .
A1519% 6.8 NﬁﬂWiﬁ)WlLUﬂﬂ"lii‘]Jﬂ’J‘LlﬂWﬁ\i]lV‘IﬁT Tﬂﬂ“l%’mmﬂamamamamm‘u Chui-Lian

n3al lifidanasuniu
- _ Kavg ANULUUD
FUA N I\I( reject) N(correctmaccept )
(%) (%)
A 110 0 110 100.00 % 100.00 %
B 110 0 110 99.58 % 100.00 %
C 110 1 109 98.77 % 99.09 %
D 110 0 110 99.15 % 100.00 %
E 110 1 109 97.49 % 99.09 %
F 110 0 110 98.73 % 100.00 %
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@]"IiNﬁ 6.9 Wﬁﬂ?i’ﬂnluﬂﬂﬁillﬂ'JUﬂTfN]lWﬁ"I Tﬂﬂi%’mmﬂamamaﬂmmmu SA4

n3dl lifidanasuniu
R . Kavg AN
FUA N N( reject) N( correctmaccept )
(%) (%)
A 110 0 110 100.00 % 100.00 %
B 110 2 108 99.94 % 98.18 %
C 110 2 108 98.33 % 98.18 %
D 110 0 110 99.15 % 100.00 %
E 110 0 110 99.09 % 100.00 %
F 110 2 108 96.05 % 98.18 %

A3 6.10 WaﬂTﬁﬁWLLuﬂﬂTﬁi‘Uﬂ’JUﬁWéJ\‘lul‘V\lﬂ1 Tﬂ&fl%’mmﬂammﬁmmu db4
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= o

ﬂimvlhhﬁ’ﬂluﬂlﬂmiﬂﬂﬂu
- . Kavg ANV
TUA N N( reject) N(correctmaccept )
(%) (%)
A 110 0 110 100.00 % 100.00 %
B 110 0 110 99.94 % 100.00 %
C 110 3 107 98.16 % 97.27 %
D 110 0 110 99.27 % 100.00 %
E 110 3 107 96.76 % 97.27 %
F 110 1 109 98.10 % 99.09 %
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wennnilfeldiuauesitmsulauiadniias tagmsulasalidaielszgnd 191y
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msasmdutazswundyanais 1dun dygrugdaaulsmi ussduandivas tazersueiin
A [ o 4 a I o w A a dg’ ] 09.:
iesnnussduantvae arsvein iuilymaaninsiaslwihimatulesascluszuy
% 1 v a I
T Fawanrsnadounuiinmsudasiadanidanyy DGHM Chui-Lian tazn15uilaq
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nldauuy db4 Tanuuiud lumsswunussduandivas laed1agnass uaz luuanaiaiu
dy 1 v a < =1 [] o o 4 a 1
uenniwuMsulasaanidaazianuuiudrlumsdunasuetinuinnnsulag
< v A < =1 [] o o 1
nyliaauuy dv4 Taesnsulasdaanlidaauuy DGHM g iianuusud lumsswunuInn
NNID
dmsumsdsziiunamsswunmssuniuias i luganelidyausuniu
N52AD SNR 110U 40 35 uaz 25 dB Tasmsnadounugluuumssuniuiias Wi wiiaag
4 @ A [ <3| 3 . : o ]
110 3uuuv sndugdadulemiiiesdidnsuzidudygiusuniu (noise) Favnoglullszian
Y 1
JyminuamiaslWihytdansifieuvesgdaau Taewansswunmssuniusids il lu

ANMENTUYIUIVAIY LAAIAIAIT NN 6.11-6.22

M1 6.11  Hamsswunmssunumad i Tasldnsulasiadnidanuy DGHM

NIAUNAYYIVUIVNIU (SNR = 40 dB)
- _ Kavg ANNUNUEG
FUA N N reject) N correctraccept) % %
B 110 0 110 98.36 % 100.00 %
C 110 0 110 98.61 % 100.00 %
D 110 0 110 98.67 % 100.00 %
E 110 1 109 98.53 % 99.09 %
F 110 1 109 97.37 % 99.09 %
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1 ° o w o A <3 Cp
@]”I‘JNﬁ 6.12 Waﬂ’]jﬂqlluﬂﬂ’]ijﬁﬂjlglﬂ']aqul‘wlﬂ’] Iﬂﬂi%ﬂ’]iuﬂa\jua@uj‘v‘ha@uuu Chui-Lian

NIANAYYIUIVNIU (SNR = 40 dB)
- B Kavg ANULUUE
FUA N N( reject) N( correctmaccept )
(%) (%)
B 110 0 110 98.85 % 100.00 %
C 110 1 109 96.51 % 99.09 %
D 110 1 109 98.96 % 99.09 %
E 110 2 108 97.96 % 98.18 %
F 110 0 110 98.67 % 100.00 %

§ o o w v Aa <
A3199N 6.13  wamsuunmssunusad i Taeldmsulasiadnnidanuy sa4

NN IUTUNIU (SNR =40 dB)
R B Kavg ANULUUS
FURA N N( reject) N(correctmaccept )
(%) (%)
B 110 2 108 98.58 % 98.18 %
C 110 2 108 96.98 % 98.18 %
D 110 0 110 99.33 % 100.00 %
E 110 0 110 98.00 % 100.00 %
F 110 2 108 97.53 % 98.18 %

A5 6.14 wamsﬁmuﬂmﬁiumuﬁﬁﬁﬂﬁh Iﬂtﬂ%ﬂﬁllﬂﬁﬂl’)ﬂ!ammﬂ db4

NN IUTUNIU (SNR =40 dB)
R B Kavg ANUUNUE
U N N( reject ) N( correctmaccept )
(%) (%)
B 110 0 110 98.55 % 100.00 %
C 110 3 107 97.82 % 97.27 %
D 110 0 110 98.97 % 100.00 %
E 110 3 107 96.57 % 97.27 %
F 110 3 107 97.76 % 97.27 %
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Nﬁﬂ"liﬁ]o”ILLuﬂﬂ"IiiiJﬂ’Juﬁ”lﬁﬂul‘V\lﬁW IﬂEJGlGIBf}ﬂ"IiLL‘IJﬁQﬁﬁaL’JWLSG]LL‘UU DGHM

NN TYIUIVNIY (SNR =35 dB)
- B Kavg ANULUUE
TUA N N( reject) N( correctmaccept )
(%) (%)
B 110 0 110 98.85 % 100.00 %
C 110 0 110 99.33 % 100.00 %
D 110 0 110 98.30 % 100.00 %
E 110 2 108 98.58 % 98.18 %
F 110 1 109 97.84 % 99.09 %

H o o % RS < . .
A13190 6.16  wamsuunmssunuad i Taeldmsutlasiadni@anuy Chui-Lian

NIAUFYAIUTUNIU (SNR =35 dB)
R B Kavg ANULUUS
FURA N N( reject) N(correctmaccept )
(%) (%)
B 110 0 110 99.15 % 100.00 %
C 110 3 107 97.26 % 97.27 %
D 110 1 109 98.97 % 99.09 %
E 110 2 108 98.17 % 98.18 %
F 110 0 110 98.42 % 100.00 %

! o o w v A <}
A1519% 6.17 Naﬂ']'ifﬂ"llLl!ﬂﬂWﬁﬁ‘Uﬂ'Juﬂ"la\‘]llV\lﬂ'l Tﬂﬂﬁl%}mmﬂmmmawmﬁLm‘u SA4

NN IUTUNIU (SNR =35 dB)
R B Kavg ANUUNUE
TUA N N( reject) N( correctmaccept )
(%) (%)
B 110 2 108 98.84 % 98.18 %
C 110 2 108 98.36 % 98.18 %
D 110 1 109 99.08 % 99.09 %
E 110 0 110 99.09 % 100.00 %
F 110 2 108 97.53 % 98.18 %
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maed 6,18 wamsswunilammssuniudide i Tagldmanlasavidauy dbs

NIANAYYIWUIVNIU (SNR = 35 dB)
- B Kavg ANULUUE
FUA N N( reject) N( correctmaccept )
(%) (%)
B 110 0 110 99.39 % 100.00 %
C 110 4 106 97.67 % 96.36 %
D 110 0 110 99.03 % 100.00 %
E 110 4 106 96.60 % 96.36 %
F 110 3 107 97.43 % 97.27 %

§ o o w v Aa <
A3 6.19  wamsuunmssunusdd i Taeldmsulasiadnnidanuy DGHM

NIANFYQIUTUNIU (SNR =25 dB)
R B Kavg ANULUUS
FURA N N( reject) N(correctmaccept )
(%) (%)
B 110 2 108 98.83 % 98.18 %
C 110 0 110 96.61 % 100.00 %
D 110 0 110 98.42 % 100.00 %
E 110 4 106 93.08 % 96.36 %
F 110 3 107 97.45 % 97.27 %

§ o o w U A <3 . .
A1519% 6.20 wamsmuuﬂmﬁsumumaﬁwﬁh Iﬂ‘(’Ji%ﬂﬁllﬂa\iuamﬂwmmm‘ﬂ Chui-Lian

NIAINAYQIUTUNIU (SNR =25 dB)
R B Kavg ANUUNUE
U N N( reject ) N( correctmaccept )
(%) (%)
B 110 2 108 98.52 % 98.18 %
C 110 4 106 97.30 % 94.55 %
D 110 1 109 98.24 % 99.09 %
E 110 4 106 96.94 % 96.36 %
F 110 4 106 95.60 % 96.36 %
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M0 621 Hamsswunmssunumad i Tasldnsulasiadnidanuy sa4

NIANAYYIVUIVNIU (SNR =25 dB)
. _ Kavg ANNUIUE
FUA N N reject) N correctraccept) %) %)
B 110 4 106 96.54 % 96.36 %
C 110 2 108 97.64 % 98.18 %
D 110 1 109 98.61 % 99.09 %
E 110 7 103 97.15 % 93.64 %
F 110 4 106 96.21 % 96.36 %

maef 622 wamsswunilaymmssuniudide i Tagldmsnlasavidauy dba

NIANAYYIWUIVNIU (SNR =25 dB)
- _ Kavg ANNUNUE
FUA N N reject) N correctraccept) %) %)
B 110 2 108 96.85 % 98.18 %
C 110 4 106 96.70 % 96.36 %
D 110 1 109 98.29 % 99.09 %
E 110 5 105 94.60 % 95.45 %
F 110 5 105 97.14 % 95.45 %
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Classification of Low Frequency Oscillatory Transient
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Classification of Medium Frequency Oscillatory Transient
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Classification of Impulsive Transient
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Abstract

Recognition of power quality events by analyzing the voltage and current waveform disturbances is a very important task for the
power system monitoring. This paper presents a novel approach for the recognition of power quality disturbances using multiwavelet
transform and neural networks. The proposed method employs the multiwavelet transform using multiresolution signal decomposition
techniques working together with multiple neural networks using a learning vector quantization network as a powerful classifier. Various
transient events are tested, such as voltage sag, swell, interruption, notching, impulsive transient, and harmonic distortion show that the

classifier can detect and classify different power quality signal types efficiency.

@ 2007 Elsevier Lid. All rights reserved.,

Keywords: Power quality; Multiwavelet transform; Artificial neural network; Pattern recognition; Learning vector quantization; Voting scheme

1. Introduction

Power quality has become an important issue in power
systems nowadays. The demand for clean power has been
increasing in the past several years. The reason is mainly
due to the increased use of microelectronic processors in
various types of equipment, such as computer terminals,
programmable logic controller, diagnostic systems, etc.
Most of these devices are quite susceptible to disturbances
of the incoming alternating voltage waveform. Poor power
quality (PQ) may cause many problems for affected loads,
such as malfunction, instabilities, short lifetime, and so on.
Poor power quality is normally caused by power-line dis-
turbances, such as impulses, notches, momentary interrup-
tions, waveshape faults, voltage swell/sag, harmonic
distortion, and flicker, resulting in failure of end-use equip-
ment. In order to improve power quality, the sources and
causes of such disturbances must be known before appro-

' Corgponding author, Tel.: +66 0 7234 7853; fax: +66 0 4273 4723,
E-mail address: suriya_ka@hotmail.com (S. Kaewarsa).

0142-0615/5 - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016.ijepes. 2067.07.003

priate mitigating actions can be taken. A feasible approach
to achieve this goal is to incorporate detection capabilities
into monitoring equipment so that events of interest will be
recognized, captured, and classified automatically. Thus,
good performance monitoring equipment must have func-
tions which involve the detection, localization, and classifi-
cation of transient events. To monitor electrical power
quality disturbances, short time discrete Fourier transform
(STFT) is most often used. But for non-stationary signals,
the STFT does not track the signal dynamics properly due
to the limitations of a fixed window width chosen a priori.
Thus, STFT cannot be used successfully to analyze tran-
sient signals comprising both high and low frequency com-
ponents, On the other hand, the discrete wavelet transform
and multiresolution analysis provides a short window for
high frequencies components and long window for low fre-
quency components, thus closely monitoring the character-
istics of non-stationary signals. These characteristics of the
wavelet transform provide an automated detection, locali-
zation, and classification of power quality disturbances [1].

Gaouda et al. [2] proposed to extract the squared wavelet
transform coefficients at each scale as inputs to the neural
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Nomenclature
@ a compactly supported orthogonal scaling vector ~ H(z)  the = transform of hi(n)
r the number of scalar scaling functions G{z)  the z transform of g(n)

&(r) a two-scale dilation equation

hin) the dilation coeflicients

2ln) the wavelet coefficients

i the Kronecker delta

{7 the standard inner product

[ [;})jcz a multiresolution analysis of L*(R)

L7(R) the space integrable functions
W; the orthogonal complement of ¥;in V,_,
z set of integers

(1) the multiwavelet function

Vs the closed span of {¢/(- — m)jn € Z, 1= 1.2,....r}
colk)  a discrete-time original signal

cifk)  the smoothed version of ¢y(k)

diik)  the detailed representation of cy(k)

Q(z)  the prefilter

F(z) the postfilter

x a vector-valued sequence
x(n)  a scalar sequence

s the first layer

s the second layer

nl the net input of the first layer
a‘l the output of the first layer

P the input vector

W.av  the weight matrices of LVQ
& the final output

o the learning rate

PQ power quality

STFT short time Fourier transform

WT wavelet transform

NN neural network

DGHM Donovan Geronimo Hardin and Massopust
LVQ  learning vector quantization

networks for classifying the power quality disturbance type.
Elmilwally et al. [3] used the preprocessed discrete wavelet
transform coeflicients as inputs to a refined neuro-fuzzy net-
work to train and classify the power quality disturbance
type. Chung et al. [4] presented a new classifier using a
rule-based method and a wavelet packet-based hidden Mar-
kov model (HMM]). The rule-based method is employed to
classify the time-characterized feature disturbances, while
the wavelet packet-based HMM is utilized to categorize
the frequency-characterized feature power disturbances.
Liao et al. [5] presented a fuzzy-expert system for auto-
mated detection and classification of power guality distur-
bances. Fourier and wavelet analysis are utilized to obtain
unique features for the waveforms, while a fuzzy-expert sys-
tem is designed for making a decision regarding the type of
the disturbance. Abdel-Galil et al. [6] presented a new
approach for the classification of power gquality distur-
bances. The approach is based on inductive learning by
using decision trees. The wavelet transform is utilized to
produce representative feature vectors that can accurately
capture the unique and salient characteristics of each distur-
bance. In the training phase, a decision tree is developed for
the power disturbance. The decision tree is obtained based
on the features produced by the wavelet analysis through
inductive inference. During testing, the signal is recognized
using the rules extracted from the decision tree. Kaewarsa
et al. [7] presented a wavelet-based neural classifier integrat-
ing the discrete wavelet transform (DWT), learning vector
quantization (LVQ) neural network, and decision-making
scheme to become an actual power disturbance classifier.
The classifier employed the DWT coeflicients as input to
multiple LVQ neural networks to train and perform wavelet
recognition, and use the decision-making schemes to clas-
sify to power disturbance type. He et al. [8] proposed a

new approach for the power quality disturbances classifica-
tion based on the wavelet transform and self organizing
learning array (SOLAR) system. Wavelet transform is uti-
lized to extract feature vectors for various power quality
disturbances based on the multiresolution analysis. These
feature vectors then are applied to a SOLAR system for
training and testing.

As seen in the above studies, the DWT has often been
employed to capture the time of transient occurrence and
extract frequency features of power quality disturbance.
Integrating the DWT with the artificial intelligence method
to become a practical power disturbance has attracted
much research interest. Although wavelet multiresolution
analysis combined with a large number of neural networks
provides efficient classification of power quality distur-
bances, the time-domain featured disturbances, such as
voltage swell, sag, etc. may not classified. In addition, if
an important disturbance frequency component is not pre-
cisely extracted by the discrete wavelet transform, which
consists of octave band-pass filters, the classification may
also be limited [9].

In this paper, we used multiwavelet-based neural classi-
fier to automatically detect, localize, and classify the tran-
sient disturbance type, for high accuracy and low usage
time. The underlying approach of the proposed method is
to carry out waveform recognition in the wavelet domain
using multiple neural networks. A final decision about
the disturbance type is made by combining the outcomes
of the networks using decision-making schemes.

2. Pattern recognition for disturbance waveforms

Pattern recognition is a process of perceiving a pattern of
a given object based on knowledge already possessed. Such
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recognition tasks are performed in a seemingly eflortless
fashion by humans or animals, but they are often extremely
difficult for computers or any man-made machines. Practi-
cal pattern recognition techniques find widespread uses in
modern life, such as handwriting recognition, fingerprint
identification, and oceanic signal identification to mention
a few. Power quality disturbance waveform recognition is
often troublesome because it involves a broad range of dis-
turbance categories or classes, and therefore, the decision
boundaries of disturbance features may overlap. As in most
identification and classification work, the ultimate goal is to
correctly label the unknown objects (i.c.. signals, images,
processes) according to their prescribed categories. There
are two main approaches to achieve this goal, the paramet-
ric and nonparametric approaches [10]. In the pattern rec-
ognition framework, the parametric approach, known as
the statistical approach, requires a good assumption of
the statistical distribution of the pattern data. On the other
hand, the nonparametric approach, known as the neural
network approach, does not require any statistical assump-
tion of the pattern data. This paper employs the neural net-
work approach for recognizing power quality disturbance
waveforms.

3. Multiwavelet transform

Multiwavelet transform is a new concept in the frame-
work of wavelet transform but has some important differ-
ences. In particular, whereas wavelet has an associated
one scaling function and wavelet function, multiwavelet
has two or more scaling functions and wavelet functions.
One of the well-known multiwavelet was constructed by
Donovan, Geronimo, Hardin, and Massopust (DGHM).
DGHM multiwavelet simultaneously possesses orthogo-
nality, compact support, approximation order 2 and
symmetry [11]. Next, we give a brief overview of the multi-
wavelet transform.

Let & denote a compactly supported orthogonal scaling
vector @ = (¢',¢%. .. .¢")", where r is the number of scalar
scaling functions. Then ®(1) is satisfy a two-scale dilation
equation of the form

B(t) = V2 h(n) (2t — n) (0

for some finite sequence h of rx r matrices. Furthermore,
the integer shifts of the components of @ form an ortho-
normal system, that is

(@' —n). " (- =) = 8,06,, 2)

where & denotes the Kronecker delta and {-,-) denotes the
standard inner product.

Let ¥, denote the closed span of {¢/(- —mijne 2, I=
1.2,....r} and define V; = {f(z)If € Vy}. Then (V))z is
a multiresolution analysis of L(R). Note that we choose
the decreasing convention V. C V. Let W, denote the
orthogonal complement of ¥; in lfl',-_l. Then there exists
an orthogonal multiwavelet ¥ = (' 4°,....)")" such that

Wi —nm—I=12...randne Z} form an orthonormal
basis of Wy, Since W, CV_,, there exists a sequence g of
rx r matrices such that

V() = V2 gln) (2 — ). (3)

Let f & V. then fcan be written as a linear combination of
the basis in V;, as follows:

S =" colk) (e — k) (4)

for some sequence ¢ € i5(Z)". Since Vo= V& Wy, f can
also be expressed as

1 ; t 1 1
10 =7 EM f,(k)ﬂp(i - ;;) + 5 }M d, (k)ﬂ,t;(i - !r).
(5)

The coefficients ¢, and o, are related to ¢, via the following
decomposition and reconstruction algorithm

(k) = 3 hm)eo(2k +n) (6)
di(k) =Y gln)eo(2k +n) ™
co(k) = 3~k — 2mTer(n) + > gk — 2n)"d (n). (8)

Unlike scalar wavelet, even though the multiwavelet is de-
signed to have approximation orderp, the filter bank asso-
ciated with the multiwavelet basis does not inherit this
property. Furthermore, since the multiwavelets have more
than one scaling function, the dilation equation becomes a
dilation with matrix coeflicients. Thus, in applications, one
must associate a given discrete signal into a sequence of
length —r vectors (where » is the number of scaling func-
tions) without losing certain properties of the underlying
multiwavelet. Such a process is referred to as prefiliering
or multiwavelet initialization. The block diagram of a mul-
tiwavelet with prefilter Q(z) and postfilter P(z) is shown in
Fig. 1.

H(z) and G(z) are the z transform of fi(n) and g(n),
respectively. The sequence x is a vector-valued sequence
obtained by the following operator. Define the operator
D,:R% —(R)?, which partitions a scalar sequence into a
sequence grouped in vectors of length r as follows. Given
a scalar sequence x(n), n € Z, then x = D,(x) is given by

Analysis

s )

Synthesis

Fig. 1. Multiwavelet filter bank.
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x(n) x(rn) output 0. In the LVQ network, the winning neuron indi-

x(n41) x(m+1) cates a subclass, rather than a class. There may be several

x=D(x)=(lr) . = different neurons (subclasses) that make up each class.
: The second layer of the LVQ network is used to combine

stnrr=1)/ x(m+r—1)/,,  subclasses into asingle class. This is done with the W ma-

) trix. The columns of W* represent subclasses and the rows

Similar to the traditional scalar wavelet transform, the two-
dimensional multiwavelet transform can be achieved by
applying the one-dimensional transform on the rows by
treating each row as a one-dimensional signal and after-
ward on columns. However, for the applications using mul-
tiwavelets, prefiltering process must be applied to each row
and each column to initiate the vector sequence ¢ to the
filter bank.

4. Learning vector quantization

Artificial neural network is a sophisticated networks sys-
tem that is made of many neurons connected with each
other. In this study, the proposed classification is carried
out in sets of multiple neural network using a learning vec-
tor quantization network (LVQ). The LVQ network is a
hybrid network which uses both unsupervised and super-
vised learning to form classifications [12]. In the LVQ net-
work, each neuron in the first layer is assigned to a class
and several other neurons are often assigned to the same
class. Each class is then assigned to one neuron in the sec-
ond layer.

The number of neurons in the first layer (S') will there-
fore always be at least the number of neurons in the second
layer (S%) and will usually be larger. As with the competi-
tive network, each neuron in the first layer of the LVQ net-
work learns a prototype vector, which allows it to classify a
region of the input space. Instead of computing the prox-
imity of the input and weight vectors by using the inner
product, the net input of the first layer can be obtained by

n! ==l = pl. (10)
The output of the first layer of the LVQ network is
a' = compet(n'). (11)

Therefore the neuron whose weighting vector is closest to
the input vector will output a 1, and the other neurons will

represent classes. W has a single 1 in each column, with
the other elements set to zero. The row in which the 1 oc-
curs indicates which class the appropriate subclass belongs
to.

(wf, = 1) = Subclass is a part of class (12)

The LVQ learning rule proceeds as follows. At each itera-
tion, an input vector p is presented to the network, and the
distance from p to each prototype vector is computed.
Then, the hidden neurons compete. If neuron i* wins the
competition, the i"th element of ais set to 1. Next, a' is
multiplied by W? to get the final output a°, which also
has only one nonzero element, k*, indicating that p is being
assigned to class k. The Kohonen rule is used to improve
the hidden layer of the LVQ network in two ways. First, if
p is classified correctly, then the weights ' of the winning
hidden neuron move toward p. This can be expressed:

ew'(g) = o' (g — 1) +alplg) — ow'(g — 1) (13)
Second, if p was classified incorrectly, then the weights -w'
move away from p. This can be expressed in:

ow'(g) = pw'(g—1) — alplg) — +w'(g— 1)) (14)
The result will be that each hidden neuron moves toward

vectors that fall into the class for which it forms a subclass
and away from vectors Fig. 2 that fall into other classes.

5. Multiwavelet-based neural classification structure

The basic idea of the multiwavelet-based neural classifier
is to perform waveform recognition in the multiwavelet
domain using multiple neural networks. Fig. 3 shows the
schematic block diagram of the multiwavelet-based neural
classifier which consists of preprocessing, processing, and
post-processing. The input of the neural network is a pre-
processing signal. In this case, the time domain of power
quality disturbance waveform is transformed into the mul-
tiwavelet domain before being fed to the neural network.

Linear Laver

Input Competitive Layer
0

)L x

n:=—|,IW”—P|

a' = compet(n’)

Fig. 2. Learning vector quantization network structure.

al= pu.relin{LWua])
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Power Disturbance
Waveform

DGHM
Multiwavelet
Transform

LVQ1-LVQ6
LVQ1-LVQ 6
LYQ1-LVQ6
LVQ1-LVQ6

Team 1 Team 11 Team 111

( Decision Making Scheme

|

J Type of disturbance which was
detect and localized in the
cyele of waveform

Fig. 3. Block diagram of the proposed method.

This transformation detects and extracts disturbance fea-
tures in the form of simultaneous time and frequency infor-
mation, and gradient or slope of the disturbance signal
using the DGHM multiwavelet transform. The extracted
features help the neural network in distinguishing one dis-
turbance event from another. The processing phase con-
tains a set of multiple artificial neural networks with
multiwavelet transform coefficients as input signals. This
processing phase performs waveform recognition in the
multiwavelet domain since all input signals are in the mul-
tiwavelet domain. The output of the processing phase is the
type of the disturbances. Since multiple neural networks
are utilized, a post-processing phase is required to combine
the outcomes of the multiple neural networks in order to
make a decision about the disturbance type and to provide
a level of confidence for the decision made. The output of
the classifier declared that it is a disturbance with belief
interval of 89-95% as the degree as of belief.

The entire disturbance record (256 points/cyele) is used
for this purpose. The disturbance features reside in five
scales of decomposed signals. Teams of artificial neural
networks which each team consists of 30 learning vector

Table 1

Typical output of each classifier team

Type Team 1 Team 2 Team 3 k(%)
A 2/5 0 /5 20.00
B 35 ifs 35 60.00
C 1fs 2/5 /5 26.67
D 0 2/s 1/5 20,00
E 35 o 25 3333
F 2/5 0 2/5 26.67

quantization networks are applied. The output of each
team is then combined to produce a final decision about
the disturbance with one of the decision making schemes.
The LVQ must be trained using known disturbance wave-
forms before they can be used as a part of the classifier.
Each of the LVQ is trained separately and their weight vec-
tors are initialized independently. Thus, after training, the
weight vectors are different from one another. In the testing
phase, these disturbances are tested along with all other
prespecified disturbances. The schematic diagram for the
testing phase is the same as the one shown in Fig. 3. The
use of multiple set of neural networks arises from the need
for achieving a higher accuracy rate. This is normally
achieved by rejecting ambiguous patterns which cannot
be recognized by a neural network. The use of multiple
neural networks also provides a means of determining a
degree of belief for each identified disturbance waveform.
The voting scheme is the simplest method of combining
the output of multiple neural networks. A decision is made
based on which type of disturbance waveform receives the
most votes [13]. The confidence of the decision made is rep-
resented as an agreement level k defined as the ratio of the
total number of votes received to the total number of
votes. In this paper, there are five groups for each classifier
team. Since we use three classifier teams, there are total fif-
teen votes. Typical outputs of each team are tabulated in
Table 1.

From Table 1. types A, B, C, D, E, and F received 3,9, 4,
3, 5, and 4 votes, respectively. Thus, the disturbance will be
classified as type B with an agreement level k = 9/19 = 0.60.
In order to achieve a higher accuracy rate, it is desirable to
place a threshold value k, for the agreement level k. If
k = k,, a decision about the type of disturbance will be
made. Otherwise, the waveform will be rejected since multi-
ple set of neural networks does not provide decisive evi-
dence about the type of the power quality disturbance.

6. Disturbance dataset

The multiwavelet-based neural classifier presented in
this work is designed to recognize 6 types of power quality
disturbances including of pure sinusoidal, voltage sag, volt-
age swell, interruption, impulsive transient, and harmonic
distortion as described in [14,15] and typical disturbance
waveforms of these kinds are shown in Fig. 4. Table 2 pro-
vides a detailed summary of all the disturbance types along
with the controlling parameters, definitions, and equations.
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Fig. 4. Typical power quality disturbance categories in this research.

Table 2
Disturbance signal modelling

Event Type Equation Controlling parameters

Pure sinusoidal A w1} = sinfwr) Amplitude: 1, frequency: 50 Hz
Voltage sag B w1} = A(1 = aluts) — wir1)}} - sinfes) D097 -0=9T
Voltage swell C o) = A(1 + aful12) — w(r1))) - sinfesr) DI€as08T<Hn-n=9T
Interruption D ot} = A1 = alultz) — w(11))) - sinfesr) 09<a<01 T~ <9T
Harmonics E o) = A sin{en) + wzsinf 3ew) + assing Ser) + apsing Tex)) Order: 3, 5, 7 amplitude: 0-0.9

From Fig. 4, type F represents an impulsive transient
with typical duration of order of microseconds [14]. The
disturbance dataset are split into the training dataset and
testing dataset. Table 3 shows the number of disturbance
records required for each type to train and test the classi-
fier. The total number of disturbance records to train and
test the classifier are 720 and 660 records, respectively.
The sampling frequency for all types of disturbance consid-
ered here is 20 kHz.

Table 3

Power guality disturbance dataset

Type A B C D E F Total
Training 120 120 120 120 120 120 720
Testing 110 110 110 110 110 110 660

7. Simulation results

This section discusses the simulation of the multiwav-
elet-based neural network classifier for recognizing power
quality disturbance types. The proposed method is per-
formed using MATLAB program. The random selected
signal from 110 signals of each disturbance type is used
to test neural networks. Tables 4 and 5 show the classifica-
tion performance for the proposed method and reported in
paper [7]. Comparison results for the proposed method and
wavelet transform-based neural network classifier show in
Table 6. The proposed method is able to detect and classify
all 6 types for power quality disturbances and all distur-
bance types tested are differentiated from pure sinusoids.
Harmonic distortion (type E), impulsive transient (type
F), and pure sinusoidal are identified with 100% accuracy.
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Tabled o ognition and classification. The experimental results
Classification results for the proposed method in this rescarch showed that the proposed method has the ability of recog-
Type A B c D E F nizing and classifying different power disturbance types
A 110 0 0 0 0 0 efficiently, This work leads us to believe that multiwavelet
B o 107 o 3 0 0 analysis together with neural structure, as a new tool. offers
g "0 2 ‘;‘]‘5 ?04 g g a great potential for diagnosis of electrical power systems
E o o 0 0 o o in the area of power quality problems.
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