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STABILITY ANALYSIS/ CONSTANT POWER LOAD/ DQ MODELLING

METHOD/THREE PHASE CONTROLLED RECTIFIER

The thesis presents the mathematical model using DQ Transformation method
and stability analysis of the three-phase controlled rectifier feeding the ideal constant
power load (CPL). The cascade PI controllers are used to regulate voltage. The CPL
load can significantly degrade the system stability. Therefore, the stability study of the
proposed power system is.very important. In the thesis, the dynamic model derived
from the DQ method is used. with the eigenvalue theorem for stability studies. In
addition, this dynamic. model is also used as the objective function for optimal
controller design via the adaptive tabu search (ATS) algorithm. As a result, the best
performance of the output response is obtained. For the stability analysis due to the
CPL, the proposed dg model can correctly predict the unstable point in which a good

agreement between theoretical and simulation results is achieved.

School of Electrical Engineering Student’s Signature

Academic Year 2011 Advisor’s Signature




a\ a 1J
NAANIINUITNIA
PN A X0 a o 1 Y a A Yo 1 A T oaAd L)
INPTUNUTUAUUUNTAUITIRANAIYA Lu@ﬂﬂ’lﬂulﬂﬁﬂﬂ'l'lu‘]fﬁﬂlﬁa@@Eﬂ\‘]ﬂﬂ\? MU
INMILATMUMSAUHUNUITE 1INYAAA LaNAUYARAAT ) Taun
FVR 4 @ = 4 s (= a a s A 9 9
HEIYAITANTI158 AT.NDINU BI1TTINY 219150NUTA¥IINOTIUNU T ‘Vlvlﬂch”i
o o v 3 A a o = FUR
ﬂ']‘lﬁﬂ’kﬂ UUSUN LlagLLH%L!H?V]’N@HL‘]JU‘]J?%I?JGD'HEJQ@]@QTL!'J%?J ﬁ'JﬂJﬂ\illﬂG]f'JﬂﬂﬁTﬂVI']u ag
Y a a Jd dy o ya A dy o I o w I
Llﬂ"l‘lJﬁ']fNTH'JVIfJ']uWu‘ﬁlﬁuuﬁ]uw'ﬂﬁuﬂ31uﬁuﬂuiﬂ!ENGUU mumtﬂumaﬂﬁ] wazu

Y @

1 Aa o A AAa Y 9 o

HUVeENA luMsaiuIana1e o ulinugIdeauen

Y o A o 4 J Y 1 o a

HYI8f1a0519158 A5.N4WA 8135 NY 1482D19158H A UNANIUYTLT1a1V179)
sy i unanedoma TuTadgaus gommw AnganlddfFnw wugih wazganug
NIFINTOENATIN IAsnaDn

A ~ = Y @ a <R A a [ = ~

YOUAMINDY ) W4 TINDN 19 q UaApAnwInuiIInerdona lulaggsuis

amvsnssu ih gn 9 audldianinsteznoelimailaunlaonaoa
y A gno ¢ Y A a £ , Y

gaMall {I98Y0VOUANBING IHARUNNMUNY 2 aNTUTzaMANUINIAIUA 9
o ~ Y A = ady 9 o ' ~
niluefauazilagiiu tazvon I IIRUNTEARL 1191 11391 3IUDIYIANT0IURIRITINNNIUN

Y [ o o dy Y o F) = ] aAA

Inausn Mdele maousw@esg uazlinlsaunalun1IaIuNIsANY10819A8I1 Tae

o Y 9 o 9 = a 4
aaoa ah IAITulszauanudisalusiaiTesun

Infla Fo93 QAN



CRESILY

4
HiN
UNAATD (NTHVINO) .ot oeeseeeeee e n
UNAAGD (A THTOINGH) ..okt !
AT T TEM U ool f
AVTATTY oo e s Aot 3
TTUTYA VTN <o et oo 0
AVTURTU oot al
4
uni
T UMY o et bt 2ot oot 1
I o w
L1 anuduuiagad @R RUDIIN oo 1
@ J a o
1.2 309U g ATOIMIT VY. et et et ot e 2
y )
1.3 WOANDIUTRAU cooooooot oot 2
14 UDUIUNUDINIT TV L 50555 0 bt oo sssssss s 3
oA 1 (%
15 U TomiAMIATI0Z LATU oo 3
o 1T A a o
1.6 MIVAFURUINGIUNUT oo 3
o d Ay aa v
2 SSIANITTUNTIUUALOIUIDUTUDY IV ......ooooooee e 5
2.1 UTIH T ettt 5
22 wATsineesiuravesIrnaamas lihasintidessuy
ad a Jdo
DIANNTOUNTIVAL oo 5
Av A A @ o a 4 a 4
23 WATenedenuLUUTIaeInNAdaMaAsLaz M AATIZHIADETAIN
ad a Jdo w
UYDITLULDANNTDUN TN oo 7
Av A A 9 [ o _Aax a J 70 Y o
24 QueNneTInUMIINTNeTyglscasgunlszgna leny
UYMINNIAINTTY oo 11
2.5 ATU oo 13
3 NGUANUGIMMISIVAIARD oo 14

3oL U Y e e e e s e st r e s e eneneeenn 14



13118y (19)

%
Hin
4
32 mil,!,ﬂm"llmﬂmiﬂ(Clarke’stransform) .............................................................. 14
321 MIUUITERINUNU @B UAZUDU dG.eeoreeeeeeeeeeeeeeeeeeeees e 16
J
33 mM5uUaIve9115A (Park S EAnSTOTM) «.o.veeeeeeeeeeeeeeeeeeeeeeeeeeeee oo 17
34 Mauasfan U eI I e, 18
3.4.1 29950UNTUVDIRARIUMIUUAZAUNTONI oo 18
o
342 VTVUIUVOIRABNDUTED s 21
3.5 AT e e 23
o a d ~ < A A d
HUUDARIM IR ANS199358sas s uaa I ua AUV AY
LT R T2} RLt L L2 Lo e PO e T 24
A1 UMM oo e tsusentine e o dfeesassts e e oot s s e s e e e e s e 24

o a J o (% <3 4 a I'4
42 HUUIADINNAMAFANTFINTUIT B eNATZuaaNAaU I auuuUI Av
= )
AT THARA DTV oo e, 24

° ' o o [ < 4
43 ﬂ”liﬂ']l!'Jﬂ!ﬂ"lcluﬁﬂ"n$ﬂ\W]?ﬁ'ﬁ’iﬁ‘U'N‘UﬁGﬂ@ﬂﬁleﬁ'milﬂal‘lﬁ'lllw\lﬁllﬂﬂ

Aa J = o 9
UTAIN T AN AT U o oo 33
o o

44 MIATINAOUANNYNADIAZNITTIAOITDIUMITOL oo 35
45 LUUTIAINNANAMETAS LaSMINATIZHIADYTNIN

) 1Y) =\ <3 A A 4

ANTUIDTITEINTELAAUAAUA NN TULUUTAD oo 37

° A SaAN 1 & A 9 ° 9 a g

4.6 wyudasanndamaasn ldusadunazmsilddhoFadu. 39
47 ATAIUIUAN IUTNTIZOIAD oo 42
4.8 DITTVAOTADVUNITOL coooreeeoeeoeoeeeoeeeeeeeeeoeeeeoeee oo 44
R R O T O R A 10 Cal L E1 L DO 46
4000 TTU oo 48

o a d
nuuSIaeImndinmanilesaanszuaaaanuunlugula
DFATURTINTURNN oo 50

70 S 11 X OO 50



13118y (19)

%
Hin
o a 4 =y Y
52 wnuiaswmuasiamaasastenszugavlauuuaiuanla
= =Y A (< o Y
N3t Lisanuan AT THAARIUA IR UMY o 50
53 MIMUIAA IUaNMZAIAIFIMTUNTITeanssuaala
9 =\ A o =1 I v 9
suvuauan Idnsal liddanuauuaz i Tnaalua @ umu 59
o 4
54 MIATINADUANUYNADIUALMTTIADIADTUNITO oo 61
55 UUUIIA0INNANAMEAS HaZNITIATIZIA D8I NINANSY
= 9 = =Y
s eenszuad et Ul ng ol TulaRUAN 67
° A s 12 A v o q Y a Y
56 wyvaInadamansnludhuFudurazmsi s adu 68
5.7 ATAIUIUA L A D AIEELAD oot 70
5.8 MITOO DT NI B arssterte e borenete s e oo e 72
a 4
5.0 AT AT I DT 1T e ot est oo oo s e e 77
510 a7 .. G NN EEEEAY 84
HULS 10 IMIANIARaASIAZNISIATIZHIaDYS AN
o U = %4
dmdursesiaanszuaanlanuumuanla 85
0.1 UTIU Yoo e e e s e e e e s s s s et r e 85
62 avsireanszuaamanuunIuguls taz Tnaama luihasda....... 85
° A P [~ a 9 ) A g a Y
63 wuuNasInuadiamaasn lutheFadurazuuusiasandhuFudy............. 87
6.4 AITAIUIUAN UTAVIZAIAD oo 90
Y
6.5  MIOOAUULAINIUANAIITAUAL ..o 94
6.5.1 m3vonuuudanauaunszua Wi o 94
6.5.2 mM3oonuuua NI TN 95
6.6 NIATINAOUANUYNARDIVDIVUTIAOUALMTUATIZHIADITAN ....oo.... 96
a d A = a 14
6.7 MIAATIEHADITNNNTUReUYINITIADTUBITEUY coveee. 100
6.8 ATU oo e 107

M30RNILUAIAILANTIHT LIS BaanszuaaananuunIugula

Tl EMIAUHIUUNYITIUTURD e 108



13118y (19)

Y
i
T1 UTHY oot e et s e eeens 108
7.2 MIAUAMUUAMFIUTURD L oo 108
73 MIeRnUUUIMIUANI 1BF T UTFeanseuaald
Y Y ax 9 a [ [
uuUAIUAN TAA8ITMIAURMUVAMPTIUTUAD ..o 112
a I'4 a % %
731 MINAAOUNITHIADIVBIMIAUNMUUATUTIUTURD o 113
732 m3seenuuudnauanIaelsnsaurnu BT ua .. 118
74 HAMIIIA0IADIUMITAUAZIITONUT VM oo 119
7.5 BTU ol e 122
A
8 AFUMAZUBITUOUME ..o ittt e 124
30 T 0 | OO SO oo SO 124
82  VOLAUOUUZINDN AU IIIAVITUO U NN e oo 126
FAIIITONIDL oo et e e e e e e e e, 127
NANUIN
MANUIN N. ATTIADIADIUNTTHAIIADUTNADS oo 131
MANUIN V. TUTUATUMITAIUIUNINARAIAN IUTAIIZEAIA Ve 138
a A Yo a2 A o 1 1 =<
AMAFLIN A, UNANUNIIFIM TN TASUMTANUWIHOUNT IUTEHNIANE oo 147
USETAGITIU oo 160



AN

2.1

2.2

23

4.1
5.1
6.1
7.1
7.2
7.3
7.4
7.5
7.6

=h.

M3UYMI

%
i
a v d' d' 9 [ o w Y Y
NaUITENNEIVIN VKAV THanad I aeda
d'd 1 Aaad a do o
NUADTEUUDIANNTOUN T TOT. et 5
Av A A 9 @ ) a 4 a d A
NRAIHIVINNGIVDIN VLV UTIADINNAUAFNFATLAZNIT BATIZHIADITAIN
Aaad a J
UDITEUUDLANTITOTIE oot sttt e e s oo s s 8
Ao d' ~ 9 % 0o Ax a 4 9 ¥
WaUITENNEITIN NI TN Ty lseangulssgndly
AU Y INITAINTTU ookttt 1
a 4 =3 =3 d' a J
WITIURNDTVDITLUVINDTFTINTEAUADUA TN AUDUUTAD eereeeeeeeen, 36
a r'd ~ 9 = 2 o
WNlwesueIszupdikednsgudcmauvuaIuay lansal lilidnuau .......62
a 4
W15 AD3 V0932V T penssuaa i aunuen uan & 96
AN T NAT DU T 1L I IO T L e e oottt 114
WAMITNATDUTIIIUATADUTOUT I oo e 115
AT NAT DU AT AT U U s vt crre et e oo 116
AL N ER 121 (3R VL2 R R R V1512 e TSSOSO 117
=1 a 4 [}
HAM ST OUNOUNITWADTUBIAIA VRN ... 119

Nﬁfﬂilﬁl]dﬁﬂﬂlﬁﬂﬂﬁhiﬁﬂugﬂlﬂﬁﬁ’lﬂ’lﬂﬂﬂ ................................................................... 120



€l
=i
=).

3.1
32
33
34
3.5
3.6
3.7
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17

4.18

U
a15veusd
uq
%
i
3
UAUNINADT MTU AN ATULAU ZBO oo 15
J <
UHUMWANADTNITUUAUNY @B TIUUNU dg oo 16
o I
URNUNININEADT MU AT TN AT WU dG v 17
AnUMULAZ A NN UB9393 et aa l T e W e, 19
sauyavess I umuea e nh luaedaias Wdhounnu dg................ 21
v 1 o w
annuiszuoarsasangaaiad I e il 21
v v 0 o
2asauyavesdunulszyTuaedamad lWiRUUIAY dg oo 23
=) < A a o o Y
29955 94N A TN FANARUUDDUTAAE THAAA IATUNIU oo, 25
[ 9 @ T 9 A
s eensuadmaazauaunIuls U ldve uaNUKHARY ... ... 26
doyanumsainslae N anean e NUVOUANUAADN ..ooooooooeee 26
@ o 1% a
UNUANINADTENHTUMITIURIRRD oo e, 28
= < A a 4
219955 89n 52U A AN FAMAAUUUDUTADDULN dg ..o 29
= < A a 4 o Y
19955 eensEuda I aANARUUUULS ATHaL THaad 3 IUMULULAY dg.............. 30
= 1 A a 4 ] ]
NIFHNTZLTAUNANANATUIVVUTATVUUNY dg TuFUuveede................. 30
AT R R AN LA RN AT TS L 1o SR 33
H ] [ o w I
mslasuutlasurasniemad i (7) 910 220 AU 230 V. 36
H ] [ o w I~
mslasuuasunasniemad Wi (7) 90 210 AU 220 V. 37
= < A a 4 o w FY @
19955 sanszuamuaduaauuuvusastay Tnaamaa I @ 38
~ < 4 a 4 [ 1
NI eINTzHAd N AANAAUIUDLT AU dg Tugiuutedede.............. 39
T KT RSN LK SR AT TS L1 SR 42
HARAIAADIUEAIAIRY ¥, ¥, ez A 1lie P, 1fasun)ad. e 44
1 o w o I
m3lasuutlaslvaamaa IWiAIe? 910 2 kW T 3 KW oo 45
{ o w @ I
m3lasuutladlviaamaa INAAIe? 910 4 kW T S KW ooooveoeeooeo 45
ANDIZDIDINUUUTIAOINIATIARTTVTNT oo 47

9 w

AN NUATIRYIINGUN 4.17 (A, 182 A oo 47



€
=i
=).

4.19
5.1

52
53

5.4

5.5

5.6

5.7

5.8

59

5.10

5.11

5.12

5.13

5.14

5.15
5.16

@

U Y
a150w5 (A9)
uq
2
HiN
HANTTIADIADIUMITAIMTUIALARITAIN oo 48
=3 9 = A o A
esiFeanszuddulanuuaiuge ldnsal lulidniuaundi Tvaa
AR NN et oo 51
=) Y Y v 1 Y
niFsnszuadmlanuuaIgy latazanudunudSuan e 52
dygumsainriveasEeensziaauasuuaiugula
Tag TN DIHANTZNUUDIHUADTIIHAOU ..o 52
BHUATANADS T UMIFIUATARND et 54
29955 0anszua N aUUAWANIAUUIIU g oo 55
= 9y v Y
esiseenszuadlauuvaauny lauas Traaad i umuuunU dq................... 56
1=} Y 1 ]
s eensuad auuunaUny lauwny dg uglunuededie ... ................. 56
A e T 1 e 59
{ L o w <
mslasumlasurasgiemaslih (7) 1n 220 1Hu230 v
BIOUU 06 = 0 DIV osebe oo oeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeeeee 62
{ [ o w <
malasuuasuasiede i (7 910 2201w 230 v
BIOUU 00 = 10 DI coooooooeoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeseeeeeeseeeeseeseeeseeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 63
{ o o w I
mslasunlasrasiiemaslih () 1in 2201w 230 v
BIOUU 00 = 20 BIF .ooooooooeoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeesseeseesessseeseseeseeeseeeeeeeeeeeeeeeeeee s 63
$ [ o w I
mslaouutlasunasniesas dh (7) min 220 Ju 230 v
BIOUU 00 =30 BIP cooooooooeeoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesseeesseeeeeesseeeseseeseeeseseeeeeeeeeeeeeeeee e 64
4 [ o w I
mslaouutlasunasiiemas Idh (7) min 220 Ju 230 v
FUBI 06 = 40 AP c.oooooooseeeeeeeooseeeee s 64
4 o o W <
msldsunlasrasiiedas i (7) 1in 2208w 230 v
BB 06 = 60 DU .ooooooooeeeeeseeeoososeeee e 65
nszue lhnszuaaaumla « TuTvuatinsguauun liaoiog oo 65

aszua Tihnszuaaduma ¢ U THuaNTSUaUMUUADITIOV oo 66



€
=i
=).

5.17

5.18
5.19
5.20
5.21
5.22
5.23
5.24
5.25
5.26
5.27
5.28
5.29
5.30
5.31
5.32
5.33
5.34
5.35
5.36
5.37
6.1

6.2
6.3

a5 (A9)

¢
@
CaN

a0
usieenszuaanulanuuaiugy 1dnsai lilidniugu
a2 THAAMAL IUTNASAT . e 67
2vsiFeanszudulanuuabaulduuuny dg TusUnuued e . 68
AIIET TG oottt 71
maldeuasTnaadida llihasdain 7 kw ifu o kw iloyu o = 0 ose......... 73
maldeuasTnaadida llfhasdiann 7 kw iflu o kw iloyn o = 10 04m........ 73
mafdeuasTnaamdallihaedaon 7kw fu o kw iloyu o = 20 04m........ 74
madeundasTnaadrse lufhasann 76w i o kw Lﬁ'mgu 0L =30 B3f........ 74
manffeunasTnaaiisalwihngnng kw o kw Lﬁ'mgzu O =40 94M........ 75
maldeuasTwandies llihasaain 1 kwil 3 kw iloyu o = 60 04........ 75
nzuer llfhnszudadunla e Tl wemdins slauy 1AotHo e 76
nszue llfhnssuaaauma e Tl A s2a U UAOH e 76
AMVIEVINTDIYN G0 = 0 DIAT oot oo eeeeese e eeesesennnns 78
HAN3T108INIVIATDETAINATANN & = 0 DI coeoeroeeeeeeeeeeeeeeeeeeeeeeeeeeeneeeee 79
AVDIZVINTUYY O = 10 DIFN oo 79
AVDIZVINTUYY O =20 BIAT e 80
AUNIZIINTUYY O =30 DI oo 80
AVDIZVINTAYY O =40 DIFN oo 81
HAMITI00INTVIATDETAINATUYN O = 10 DI coooeroeeeeeeeeeeeeeeee 82
HANIT100INIVIATDETANATANN O =20 BIAT coorrereeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 82
HANITT1899NTVIAADITNINUNTAYN O =30 OF N cooooeoeeeeeeeeeeeeseeeeeeeeeeeeeeeeee 83
HAMITI00INTVIATDETAINATUYN O =40 DI coooooreeeeeeeeeeeeeeeeee 83
2sBmnszammlauuuaiuguIdidedmsniuauusaiu i uerda
areinuauuuudl louaz Tvaamaa WA ead D 86
TassadamnuauuuuitToveaszun TN IUGUR 6.1 o 86

2asTNYandvesFenseuddmlauuunIugu lduunnu dg............. 87



€
=i
=).

6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15
6.16
6.17
6.18
6.19
6.20
6.21
7.1
7.2
7.3
7.4
7.5
7.6

7.7

Y] 1
a150w5 (A9)
vq
4
i
T KT R TSN LA SR RT TS L Lo SR 91
nawamasa luanzasiived v, o, uag A, 1o P, wlasuulaa.......... 93
SEUUAIUANNTZUE T o e 94
ST U T e 95
4 o w o a3 4 *
mslasuuasTvaamas lvihaednin 7kwiilu s kwille 7, =500 v.......... 97
1 o a I 2 a Y
A VINALUDVIADINIABATNEIA T VBT oo, 98
D de 2
MNVITIUNTIAYIINGUN 6.9000 oo 99
o 4
WANITIIADITDIUNITA AT UIBETDDT NI et 100
- A |
VOULVALTDETNINUYDITL UM L, ILRSUUT e 101
- 4 4
VOUAADYTNIWUDITZVUNO €, URBUMU A e, 102
o o a ) 9
MIABIADIUNITAUAT I TOVNAMTUATIZHA NSV C,= 900 pUF oo 102
MIT1ADIAD UM TAATIVEDLHAMIUATIZH AN TU C, = 1000 pUF oo 103
MIT1A0IADIUNITEIATINADUHAMITUATIZH AT C, = 1300 pUF oo 103
= A A
VOULALTDITNINVOITZUDIND @ AOTUA9 104
o 4 a o [y
MITIAIADIUMIAATIVAOUHANITUATIEHANTY @, = 2TTx8 rad/s.................. 105
MITIADIADIUMTAATNADUHAMIUATIZW T 0, = 27TTx10 radss............. 105
MITIADIADIUMTAATNADUHAMIUATIZH T 0, = 27Tx13 radss.............. 106
= A A
VOULALTDITAINVOITZUVIND @, IUBOUIUDI .o 106
J 1 dy d‘ Y
AUATS, TUNUNMITAUNT (oo 109
' Y 2
ANINAIRBITOU ) S, oevrrreeeeeeeeeeeeeeeeeeeeeeeseeeeeeee oo eesseees e eeeeesses s seeeeeesssennnes 110
AUAR Y D BRIV oo 110
PIAUART S, THU Lo s 111
A I TIAUGOUTOY oo 111
3 % = Y as 9
vaen lapzunsumseenuuusinuauuuuil ledieIsmsdunuuaiy
BBU ST U oo oo s e 112

PTQEUIIIRIADU W 119



€
=i
=).

7.8

7.9

n.1

.2

.3

.4

.5

.6

2]

a5 (A9)

¢
@
CaN

4
i
[ 9) J = Y
nanoudusasiau Iiuodwavesizonszuamuianuuniugula
4 o w % d‘ I~]
o Traamaa luihaad1ae1uda91n 6 kW 31U 8 KW e oo 121
[ 4
panouauesinu lflieanareilsizoanszuaauauunaiuan 1@
4 o w o 4 <
i Traamad lWihaad 1 asulad910 7 kW U O KW eeereeeeoeoeeeo 121
=) <3 A a P I v Y
29953 89n T NAAU AU EUDVUI AN 1HAAT A AU Y oo 132
=) <3 A a S o w Y Y
19955 sanszuaauaauadatuVUsas Ny 1vanmaa I AaE D 133
TassardraTnaamad IUihA @ MUDAURA. ..o 134
= 9 = (=Y
esiseenszuad g uauguldnsal ilidnuau
. I @
R LY e TR T T RN TR (R L e e o 135
=1 Y ~ L= K%
s eenszuadauuunaUny lanaal hiliganiuau
TR R T oY Rl T R T 136



11 anuilnuazanudngyveatfayimn

Y ad a d o o o ] 1
Tapriursesaiannseindias lagniunldlunusugaaimnssuediaunivate

Tasmniz9asudasdumsesaiminnesias i 195 Ivae dwduIvaanilu

% 1 3

SidnnsefindmsedanlnaindsengdaniluTnaaiinimids nihada (constant power loads:
CPL) (Rivetta, Williamson, amd Emadi, 2005; Emadi, Rivetta, Willamson, 2006) Tagmue Tvaa
fiimsmuaumsihiay e asesudasi udhnszuaas uilu fhnssuaase Faiins
aruauusaau e e ueaes lihainsaruauanusa Tnaaiifisida Infhned

Y [l
AL AIHANTSNUADIAD 8T N NUDIE VY 1 ASATIFIAINIT0aATDETNINYBITZUL 1A 013)

v o

Wodd mMsuaadesnIne19ne linaa Il den o9 lasias19vedszun'ld anauw

9

= o

[ 1 P = a d A = 2 Y Av A [ a
ANNATI leTlﬂ‘I/iiJﬂﬁﬁﬂ‘leﬂ LRAZAATIEHIEDYTNTN G]NGlL!E]ﬂGIulﬂiJﬂﬁ’J“’l]EJlﬂEJ’Jﬂ‘]Jﬂﬁ’J!ﬂiw

o 03B

4

@ 9, < . N
wdesnmveasuasdulnihaszuans et Il inszuansa (Emadi, 2004) M3z
~ Y A a a0 ~ < A a 4
desamueeszuy IWinnT el oMY 19siEeInsTIaANAdUa I aLULUS A
aAav a a 4 3
(Areerak, Bozhko, Asher, and Thomas, 2008) 1119113983 nentinus HIwa0n 1993iT89nIzua
o d Ja 3 a d o w
amlauuuniugu 1@ dredniuauiile Taelvimaesifluginsaioannselindmaslums
a 4 4 wa o w g’; g [ [
aad iesnniiguaviadiunumas i 1dge Snnveesiiawsosnyussau i
7 { < < { A
e liasiuaziuldamwnnudesnisla Juduntdenldlulssnugadimnssy 91n
1 o a o [ a d
MIANEIRUAT WU MIHLDUTIeINeAdiarmaai §1MSuMIIATziadssamiivaie
ad 1 ad 1 d‘ =) a . ad A A
5 LU aﬁmmaﬂﬂiguﬁmuz (state-space averaging method: SSA) 15n151tUa3AA 2 (DQ-
a 1 { 1 a3 a
transformation: DQ) (Rim, Hu, and Cho, 1990) uazdsaunas lutluradu (non linear average-
Av Aa a 4 g o
value method :NLAM) (Han, Wang, and Howe, 2006) lua1u3383neninusiseldinaue
o a 14 ~ Y 9 an aa
pUDTIaINNANAManTv0INIEsInszuadlduuuniugnla are35nsuilasann
A ax o ' Y ° a 4 v £ a
o913 AInaaNITaad I uiassnadiamaasvessz U lagndes aziinaw

o 9 Y a J A =} g’/ o ) o 2 9
%D%@uu@ﬂiuﬂ"ﬁﬁlﬂﬂ%ﬁlﬁﬂEliﬂTW DNMIgUIZE S UTTUUaladnaie



U

d av
1.2 nglszasnveam Iy
A4 = Y Y ¢ 9 o ° A o w =
1.2.1 tWBANYIAUAIIBIAANNFIAEIN VIV UTIABINNAUAMAATFIMTUINDTITE
nszudenuauuuaiuanld
A o a 4 = = AN o A
1.2.2 19N AATIHADTNMNYDTFeanszuaauanidnIuaung Ivaa
I o w @ a
WuTnaadas IWdhnsduugaund (ideal constant power load)

=

123 A utiunseonuuUaAIAUANH o 115 U99sEsanssuaa W anyy

J

v Y
augula Wlaussouzmshaunavu lagldsnedyanilseavs

1.2.4Lﬁ@ﬁﬂmuaﬁmswﬁgﬁﬁﬂmTwsumszumﬁaﬁwwnwﬁma%maﬁwu

wasuilas

v Ay
1.3 UBAINANIUOINY
A Y o o a d =~ I ~
1.3.1 szuun 1¥dmsumsinsigitanss n ikl ui9asiseanssuaanlauuy
Y
RTINS
o a s v 2y ax Aa
1.3.2 HUUD0INNAUATIAAT S 19 IHAIT N5 99A 2
o dq 9 <4 Y o o 1 o
1.33 M1381a09a01U 15 0l 19¥a a0 LW #1189 (power system blockset) 5231
SIMULINK v94 1151053 MATLAB
(%] ~ Yo [ = PR @ ~
134 dnuaunlddiviuicasGeanszauudannuaiuau Iaduaaniuquiile
Y 9
1.3.5 “lmm'mmwmuwuﬁﬁymﬁ’u MINATIH DT NINVOITE LU GUN 1T
o a 14 a 4
1.3.6 115ATI19ABUAINYNADIVDILUUTIADINADARIAATUALNITIATIZH
Av A a J g @ o 4 a 14
EDETNIN NUITLINTNUT U IAENITINADITDIUM T AITADUNUNDS
I o w %] a
1.3.7 TnaavesszuiluTnaamas Iihasduuugaund
I = o [ = Y
1.3.8 myvonuuudInIuguil lo dmsuresizeenseuaauauuuniuan 1d 1933

a J 9 axy 9 a [ @
“I/IN‘]jﬂJuflﬁ‘iJigﬂ‘Hﬂ ﬂ’JEJZI‘EﬂﬁﬂuﬁW!L‘]J‘]JLL‘]J‘UGny,L“NﬂS‘Uﬂ?

Aav a a 4 g 1A 1 a Jd
1.3.9 \ﬂL!'JﬂfJ'J“VIEJTUWll‘ﬁﬁllﬂJWEﬂ?iﬂﬂﬂ?iﬂ@ﬂ!kﬂﬂﬂ'l‘l/‘l'lﬁ"mmﬂﬁﬂﬂ 9 Tu995 g
Y
guluieaALYUTIN09U09TTUUININY
1a 4 4 a
1.3.10 Uli]W%'lﬁﬂHW@ﬂ'i%VlULﬁﬂ\i%'lﬂ?J']ﬁiJ'f)L!ﬂ

1.3.11 uvasnemas lihausladunuauga



1.4 UBUIAYDINIS IV
Y
1.4.1 A9 NUT LN TUURINIENIT AATIZHIADITNINUDIIT T eanTSua
Y
awlauuunivgylamniu
142 1sH1uvearsiEeanszuaaiuva warsanluria Ivuanisviiau
¥ Y
HUUADILDUNIIY (CCM)
o ~ o o ~ vy ax
143 oonuuuainuauille dimduasesiGesnszuamumnauuunaiuan laa09s

=

a s A 1 Y a v W
Tl"lﬂﬂﬂluﬂﬁﬂigﬂﬂi NIININ ﬂ”l'iﬂlﬁ’iWLL‘]JTJLLTJ‘]JGIWTJ”L%Qﬂi‘]J@]’J

¢a ' v
1.5 dsglarvimane:lasy
Y J Y Y 9 o a s 9 an a A
1.5.1 1deeAnaiuiaiumsds ey uiiaeanenaamans aae3sn15ulasang
o [ = Y
dmSuresiSesnszuaaulannuniugu e
Y J Y 9 a g o [ =
152 ldpesnnuimumsinaizsianornin d1uiuaesisesnszudavlauyy
auu'la Al Tuaamas lihasdamugauaa
4 [ 4 o @
153 lassannuddiunisasuguussau T daedna d1suaesiEesnssuday
wanuunugula drodanaugui 1o
4 ' 2 A
154 1desrnu i valumsesnuuuganivauiuuiile Tasldisnialag,
a S A 1A a [
Usz@ang NEena1 IBMIAuRULUAYF5 VA

1.5.5 UNANUIVYHILUNTIEAVIIA N30 UL IR

Y] ' A a d
1.6 m‘mﬂgﬂmu’mmuwuﬁ
a a o’dy 9 é 1 Y o v 1 d’}
Ienunusilsznoudle 8 un e luuaazunlivavuedsas 1l
~ I ° 1 = I 0o o [ 4
ynn 1uuni nandsanuduuinazanudinyvesdgn 1agilsyaen uag

/A ' @ av a a J 2 aAawv a a 4
1]3818%1!‘1?]?”@31%3Mlﬁ}iﬂm@ﬂﬂ1u3%53ﬂ81uwu‘ﬁ TINMNUVDUIUAVDINTUHIVIINITUNUTD

o
Av Aa A 9

{ 1 a o J { & S
uni 2 ﬂﬁWﬁﬁ\?ﬂiﬂﬁuﬁiﬁmﬂiﬁﬂJ Llﬁg\ﬂu'ﬂlﬂﬂlﬂﬂ?"“ﬂﬁlﬁﬂ?ﬂ‘ﬂtl‘ﬂﬂﬂ'lﬂﬂﬁ‘ﬂ'l\‘]
a J ad a Jdo w a J A
AUAAITATVUDIWNITUANNTOUNTNIAILACNITUATIEULTADYTNIN
d’ a aa 1 4 aAa [
unn 3 ’E)‘ﬁiJ']fJﬂ'liﬂ'lﬁLL‘]Jﬁ\?ﬂﬂ'ﬂ‘L!El]LL‘U‘Uﬂ'N dl LLZWﬂ']ﬁﬂﬁgQﬂﬂﬂ'l'illﬂﬁ\iﬂﬂ'lﬂ‘ﬂﬁ']ﬂ
damaa ldh
~ o o a 4 = IS A
UNN 4 1 UFUDUDUIIR0INNAUNANTATVD9905 5e9nseiaauaauatlauyy

'
A o

U3a laet Inaadluddiunmuuas Inaanimas Idihasds msmldidhugadunazms



M luan1ignida N15ATIFOUAINYNAREIVBIDUTIADINNATAMAAT 1AL
ANTIZWADYTNINVDITLUY

unit s iauenuuSaeaneAdamaniveesFeanszuasuanuuaiugu 18
ilifisanuau Taet Tnaadumdumas Tnaafifidida Tfhaeds msvhlddudadu
YOIUVTIADY NMIAILIUA IUAN1IZAIAT NITATIITDUAINYAABIVBIUDUTIADINIG
ATAMAAS 1AM UATIZHIADITNIN

unii s hiduenuuSae I AGERmManS VeI Foanssuasanuuatugu 18

(3

atidnugy Taoli TvaailuTvaaniimaslitha iy mahldfudadu mssuaualu

F
Y Y Y

ﬁﬂ13$ﬂ\1ﬁ3llﬁ$ﬂ']i'€]@ﬂllﬂﬂﬁﬂﬂﬁﬂﬂmﬂﬂﬂﬂﬁﬂ\‘llﬂh ﬂWi@]i’Jﬂf’f'ﬁ)‘UﬂTﬁJQﬂ@%}ﬂﬁﬂlﬂﬂllﬂﬂii'laﬂﬁ
a d A =2 A a 4 A 1 =

NITAATIEHITDYTNIN 5’311ﬂﬂﬂWi!ﬂaﬂulLﬂaﬂWWﬁ11]L@ﬂiﬂl'ﬁ]\‘]igﬂﬂ‘ﬂi\lﬂaﬁﬂlﬁﬂﬂiﬂTW

uni 7 dudauensoonud UM AUANE IS U TFosnszudamaunuaiugula
9 as 9 a o o Jou o 4 Y
ﬂ'JEJ'J‘ﬁﬂTﬁﬂHWWL!UUGﬂ‘Ll"L“If\?ﬂﬁJGI'J ﬂ1'ﬁﬂ1ﬁuﬂﬁﬁﬂ%u3@i}ﬂ‘i$ﬁiﬂ VBDULVANTIAUNULASNIT

a 2 o ~ o o = Y an

NATDUNITIUINDT ’L!f]ﬂiﬂﬂuhlﬂllﬂWﬂﬂ%EJ“]JL‘V]E]‘UNﬁﬂTﬂ/]NTL!GU@Qﬁ?ﬂﬂﬂﬂﬂﬂ@ﬂﬂ!tﬂﬂﬂ’)ﬂfl‘ﬁ
Y '
ﬂ\i!ﬂﬂllagﬁ?ﬂﬁﬂﬂu‘ﬂE]f)ﬂU,‘UUﬁ?ﬂﬁﬂ?iﬁﬂﬂﬂlﬂﬂﬁWﬂul%Qﬂ'i‘iJ@]’J

S g
uni 8 Wnunasiluagvorauomus



NN 2

U

o d a 4
Y3NAIIIUNITNLAZNUILNINY IV

o

2.1 unmn

Av A a 4

Y H
Q"IL!’Jﬁ]EJ’JTIEJ"IHWH%ﬁGhLHHﬂ”li’)%QlEJLﬁEJ?JﬁJ‘IJLL‘]J‘]J51@@\‘11/]"Ix‘lﬂil!@ﬁ?ﬁﬁglmzﬂ"ﬁ?miWZﬁ

= ) 1 =) Y &£ A A Yy 9 o a o
LﬁﬂﬂiﬂWWﬁ”lﬁS‘].l’Nﬁ]iLiEJ\‘lﬂi%LLﬁﬁTmWﬁu‘U‘Uﬂ’J‘UﬂNUlﬂ ‘*]Nil!@ﬂ@‘ﬂwiullﬂﬂllEﬂnﬂ"li?ﬁ]ﬂ

'
1 1 =

Y Y o = @ Y 2 A =2 o o
AU LLazWWU”I@EJ’N@]@Lu@Q‘Uull’]ﬂ\ﬁjﬂﬂﬂu m&mﬁ]uiu‘uwﬂ 2NWUBFAUDNITIAITID

v
Ay A4 o

) 1 < v Y A av A 9 o A
FTTIUNTTIUNUIYNUNYIVD Tﬂﬂuma@mﬂu 31U A9 1UD fJVILﬂfJ’JﬂJi’]Qﬂ‘]JWﬁ"U@QIﬁaﬂVI
A o o Y o A ad a do o ° a 4 a 4
llﬂ']ﬁ\?ul‘V\IV‘hﬂ\W]'J‘Vlll@]ﬂﬁ%’ﬂllﬂlaﬂ‘ﬂ'ii’JUﬂﬁﬂ']a\uﬂJ’Ui]']a@\TV]TQﬂm@]ﬁWﬁﬁillagﬂTi?LﬂﬁTgﬁ

= a g a d o o 79 ¥ Y a v v W
LADYININUDITZUUDLANNIDUNTNIAN LLaZﬂWﬁﬂﬁ8'584719’]1%ﬂ15ﬂu1"f’lllﬂﬂ@'l‘]alll,"lﬂﬂiﬂﬁﬁﬂﬂ
uArIngsN e I9d s ums oo gD 1T G esnseudauanuuaIugu e

U Y U %

a cics' o Y| d'd \ ac Aa d
2.2 J1H) ﬂmnmmmnuwamaﬂﬂaﬂmm‘lv\lwma INUADITUUBIANNITOUNA

U

1a4

Do

=2 2

Aaov A a s’dy l AA o 9, o A
J1UHAYIN WHWH‘ﬁuﬂﬁTJﬂQWaﬂi5“]/1‘]Jﬂl@ﬁiﬁaﬂﬂﬂﬂWaﬁllWWWﬂ\‘]ﬁ'JﬂNﬁ’E]ﬁ%‘U'U

x®

a d a d o o 9 [ = =i a d a 4 a o 4
@Laﬂ‘ﬂﬁ@uﬂﬁ'ﬂ’lﬁﬂiuﬂWH@’Nﬂ FAINDUFDYTNINUDITSUUBLANNIDUNT Tﬂﬂ‘ﬂi‘nﬁu

]
@ 9 v AA o o

a A A v A a g a 4
ATIUNTTIUIIUI EJ‘V]L?]%J'J"U@Qﬂ‘UWﬁﬂl@\‘liﬂﬂﬂﬂﬂﬂ?ﬁ\‘ﬂw%Wﬂﬂﬂﬂﬂﬂﬁﬂigﬂﬂﬂlaﬂﬂi@uﬂﬁ
Y

v ¥

o w A 9o Y o 1 A =2 o Yo A [ dy
18N G]1“%@’3%ElvlﬂﬂWﬂﬁﬂUﬂ’]W]\‘il!@]ﬂﬂﬁi}ui‘liﬂ%ﬂq‘ﬂu Llﬁﬂ\‘lhhﬂi@ﬂﬁ\‘]ﬂ 2.1 U

v
Auv a4 9 (%

A o w 9| v A
MTNWN 2.1 Nﬁﬂu’)%ﬂ“mﬂﬂ’)ﬁllﬂﬁﬂ‘ﬂWaﬂlﬂﬂiﬁaﬂﬂ?ﬁQ"lWWTﬂﬂﬁﬁﬂiJﬁﬂig‘U‘U

[

ad a Jdo
DIANNIDUNTNIAN

= d‘d a J
Ynanuw — . .
AUZHIY 132 AYURINIUINY
(n.7.)
1989 | VladGrigore, U UAUIMISANYUNIIANUNYANTTUNDIAVDIIIDT
% o P o w @ d @ ]
JariHatonen , | iaafuuuuiing #91 TnaanadInihaed Weadsunie
JormaKyyra, ToudmsuTuuamaniuguuseau ldihuagnszua i
andTeuvoSuntio | Tus1 Tvuamsiinszuaaoiisaas lidoilioq




'
Auv aAa 9

(3 J

A [ o w 9| Ao
MIWN 2.1 Waﬂ”lu'ﬁ]EJVILﬂfJ'J‘UENﬂ‘UWﬁﬂlﬂ\ﬂ“ﬁﬁﬂﬂ"lﬁﬂllV\IV\hﬂ\iﬂTVliJﬁ’Oﬁg1_|°L|

[

ad a d o 1
DUANNTDUNANIAN (71D)

[

AU ]

)]

M3 AYUDINUINY

Emadi, A., Fahimi,

B., and Ehsani, M.

1A UUIAANITVIAEDITAINOULLD U1
o w 9 @ 9y 4 A
Tvaamaa ihaedrTuszuu Iihvs unssaiiuuag
v & A= )
m3ud ldaruuiiugiu ssuuidnelsgnouaie
2995012911 a192995 TIMDINITOONUULAINIVAL
A o o v A d AasaAs
uu Tvuaaeud v Tulsulasduaxiluaxng Tvaa

° % a 4
ﬂ’]aflhh"l‘?/}\hﬂ\?@? I@fJﬂ']i’Jm‘i'lgﬁlﬁaﬂiﬂ'lwellﬂ\‘l‘igﬂﬂ

AIUANBAENGB T aDesn1wued las1wuevl(Lyapunov)

2004

Jusoh, A.B.

ViauemoTumsaEaes nusuiioaan
wavedIvaamad ihasdalussyuaesiemaaluih
A ians I Enessnsearas i Tasnisiinszy
@803 MWl 1AeATIN Y Ve liaRa ugA(Middlebrook
Sritérion) HONVINHEATNIFNAUDNTOOAUDLIIDT

= A ) A A A X 4 0y
Wqﬁclﬁ/\l LW@GI)"JfJGl‘WﬁzﬂﬂulﬁﬂﬂiﬂTWLWNﬂJuﬂﬂﬂjﬂ

2005

Rivetta, C.,
Williamson, G.A.,

andEmadi, A.

WiguoinednuTrnaamadliihaedrluszuy
Y
TihaeaEodniazmsviaadssninaesszuy v

[l { a o o <
Tagyjaiunnganssunainvesnsasuasiuadiiluas

o w

Fali Tvaamas lihaedn tagnganssuvesisasutlas

t%

Ax d AasAA 2 A o w 9 J
AuamuazninInugy ¥l Tvaamas lnihnein

2006

Emadi, A.,
Khaligh, A.,
Rivetta, C.H., and

Williamson, G.A.

Buauslvansiaelnilinady nisvia
wwdosanluszouldfvessooud Wi Fafiaees
wlasfumda fhuazrsesvunemes i wenanii
Failms AU IR UILIAAYEINTIIAIERET AN
dnfuTnaamas ihaed luszun ihvessooud
W s2udauanemsesnuuudInuANd T U9eS
udasduluszouldfhvessaoud Wil uiief Trnan

e lulihaeda




v
Auv a4A 9 (% % 1

A o w 9 Aa
MIWN 2.1 Wﬁ\i"li!'ﬁ]EJVILﬂfJ'J‘UENﬂ‘UWﬁﬂlﬂ\ﬂ“ﬁﬁﬂﬂ"lﬁﬂllV\IV\hﬂ\iﬂTVliJﬁ’t‘)ﬁg1_|°L|

ad a do o J
DUANNTDUNANIAN (7D)

dd‘da J
Unanuw — . .
AULHIVY M3 AYUDINUINY
(A.7)
. . o am k) =
2009 | Rahimi, A.M. HurueIsMsunyn MsvaadesnInu L
. =\ o [ v aa A R A [
andEmadi, A. woandl d11svrsasulasduaailuay geneinilv

'
=)

as o ’q Y o v A
sy Tviniinlszgnalgnuiesulasiuad
I A A o  w (4 x o

Wuas il ivaaniaellihasd e ldszuull

~ 9 o < Y
@aesnn laglananinanissiasedniunisaiaig
a J 4 <
AvuNIMAsLaznamInaasunalunsasIvao LAY

= Y
JUHIU

U U o

a A A v a dJ a ¢
2.3 JTHIAVEUNINEYIVBDIN VLUV INADINTNAUAAIGAILULASNIIIUAINSHLADYININ
Aaa A d.o o
VadTUUalanNIdUNANIAN
A a S A aa A do o A o 3 9 o
IHBNINNITAUATIENLADYTININUBDITSUUBLANNT DUNTNIAN Nﬂ')’]iﬁ]'l!ﬂu@@\iﬂ'lﬁﬂ
° a 7 Y X o < v o A% ’
HUUDIADINNAUAFTATNUAIINGNABD “]Nll‘]J‘lJﬂ'\ﬁ@ﬁIﬁﬂﬂ?qﬂmﬂlﬂuL!UUQWaﬂQ‘ﬂﬂlu@g
o [ A a a Ja g a o ¥ o w Y
ﬂ‘]JL'Jﬁ’Iﬂulu’lel’m’lﬂWaGUf]\1ﬂ'liﬁ'WIGIN"U@\1Qﬂﬂim@LaﬂﬂﬁE]uﬂﬁiujﬂﬂillﬂﬁ\iwuﬂ'lﬁﬁklww'l
° Y 1 v Y a S A v ¥ = o Y o o
‘VI'Icl,‘ﬁ'Mﬂ'JnJENEJ'Iﬂ!La3%U%@u1uﬂ’]ﬁ?mi’]$‘ﬁlﬁﬂ‘UiﬂTW ANUU ﬁ]\?’iﬂlﬂl&@l@\?ﬂ’lﬁﬂllﬂﬂﬂ’laﬂﬂ
a 4 aa a Jo o y o t4 [
NNAUAFMTATVITEUVDLANNTOUNTNIAN Lﬁﬂcl%ﬁluﬂ’l'iﬂ’lﬁ@QﬁﬂWHﬂWﬁﬂ!L!agﬁWNWiﬂ@Wﬁﬂ

(3 9 [

=) dy a d A Y a A A o
‘VIQ‘HQWLlﬁTLlGl,uﬂTi’JLﬂ318WLﬁﬂﬂiﬂ1WﬂJﬂdi$ﬂﬁJVlﬂ TﬂEJNL!’N]EJ‘VILﬂEJ’JGU’éNﬂU!L‘]JUﬁﬂﬁ’E’NﬂN

Y
v U 1

a J a d A ad a d o = = @
AUAAITATLASNITUATICULADYTNINUDITSUUDLANNTIDUNTNIAN mm“lua@mumﬂwuu

9Y o ti'
Llﬁﬂﬂllﬂﬂ\i@'lﬁ"lﬂﬂ 2.2



{ a v H [ o a 4 a 4
AN 2.2 HaNUITENNGITOIN VUV UTIADINNANAMN AN AL M TUATIZHADITNINUD
ad a J
FTUVDIANNTOUNA
dd‘da 4
Unanu — . .
AULHINY A3z dIAYVINUITY
(n.7.)
1989 | Ridley, R.B. HuavenenvuyuIaesdnsunsud luad
o o 4 A, 1 {
Uszneuiatvessasulasdunnuyad areisaunae
HAZIIININITOONUDUAIAILAN LATNITATIVAD
A11UYNA0Y TAop1A8N13318098D1UNITUAIY
a 4
ADVNIADS
o o a o [
1997 | Mahdavi, J., Emaadi, PAAUOLUDUUINADINNANAMAATAINT VDT
o < a 1 { a a <
A., Bellar, M.D.. and | ) agdu@d®iiuas a1e35aunaedSglaniugna
Ehsani, M. (Generalized state-space averaging) UAENITATIVNDY
ANUYNABIVDILVUTIAD TAgA1TTIa0IEDIUNTTE]
9 a o
AUADUNIADS
o o a d o [
1998 | Soo-Bin Han, Nam- WU ouuUTIA 09N 1NAAAMTATFINTUIIDT
. ~ 9 = a < Y
Sup Choi; Chun- Feansziamulanuuarugualeiauliagon Al
a a a J v (%
Taik Rim, and Gyu- | 25m1suas@nruagnisiasiznanyuznaln lag
Hyeong Cho ABNTATI9TOUAINYNADIVOINDUTIADI01AINTS
Y
$1009001UNTAAIABUNUADS UDNIIAUGTINAT
MITUBNANIINAADIDI IDNAY
. o o a 4 9 d'
2004 | Emadi, A. HuausnvuTasanndiaenaaiszuy i
Y I~ 4 [
15znouUd182993 ) asiuaTIuATa191993 10U D
[ 9 ad d’ =3 a < o [
nuluszuy dresaundelsgiaoiuznaly dmsuy
[ o 4
N13ATIVAOUAIINYNABIBIABNITTIADIADIUNITB
Y a 4
ALADUNUNDS
. ) o a 4 9, ~
2004 | Jalla, M.M., Emadi, HauenuUIIavInndamans szuu N
gy y v aa g S A 1
A.,Williamson, 1J5zneunlensasulasiuasiuasalennsreune
G.A., andFahimi, B. | nuluszuy a1e35anunaedsgianrugnaly ns
Y] o 4
ATI9AOVAINYNADIOIRENITT1A0IADIUNITAIAIY
A P o Ay v
ADUNANDST WTouNIHaN lA91INMITNAABY




{ a v H [ o a 4 a
A1 2.2 HaNUITENNEITOINUULUTIA0INNANAMAAS AL MIUATIZHIADETNINUD
ad a o [
F2UUDANNTOUNT (7D)
= d‘d a J
Unanum — . .
AUZHITY 152 dAYUeINIUITY
(n.71.)
o o a 4
2004 | Baghramian, A., and T UAUDHUUTIADINNANAFNTATVDIIIDT
=\ Y] 4 é =\
Forsyth, A.J. Geanszuaarianuy 2Wad ¥311viaa
paaalvflnadn I@ﬂaéﬁﬂ'uﬂa‘c’J(Averaged-value)
dmiuITnisasnaenanugnaedldeidonis
S10damIUMTAAAONNUADS
o o a 4
2004 | Emadi, A. M AUDHUVTIADINNANAFNAAS AL NS
a s = ) Y] =\ &
WA ILH DT MNA 1SV B eanszuantlung
91 Tvanaaunmuvinuny Inaamas Iiihasan
Taguuui1a09091995 1a01de3TA LS il
o a 4 = 9 aa
anrugia bl sagdinsiziiadesnin 4189501
[OREON!
. . . . o d’ % = 9}
2006 Han Liqiu, Wang Jiabin, Buausnefadesanyesszuunilh
Jd o [ 4 A
and Howe David nyziansa 270 Jaae dmsuszuuldinasostiu
O o a a { [~ a
Tagordetuuiiaeigianiuen liihugadu
a 4
(Non-linear state-space models) AL NI1TILATISH
= F2 a1 = o
ADEININA183TA1L1ZDI TIUDINITI 1004
ADIUNMIUAWADUNUADS
o ) a 4
2007 | Ligiu Han, Jiabin Wang, P UAUDUUUINADINNANAFNAATVDIIIDT
=] Y 4 Y= d'
and Howe, D. (389nTLUAUVY 61aL 12Wad TagdITaunae
A MTUNITATIITOUAINYNADIVO IV VT 1003
DININITNAIADIUNITAAIIADUNUNDS




10

{ a v H [ o a 4 a
A1 2.2 HaNUITENNEITOINUULUTIA0INNANAMAAS AL MIUATIZHIADETNINUD
ad a o [
F2ULDANNTDUNT (710)
= d’d a o
Unanuw — . .
AULHITY 132 AYUDIIUIY
(n.71)
2008 | Areerak, K.-N., VA UoUIVTIADIN AR TN F11SVIDTF 84
< A a dé =\ o w 9 o
Bozhko, S.V., | nszua@uaavaumlanuuuias ¥93 lnaamaa lnihaedn
[ v 9 an aa a 4
Asher, G.M., VUIUNVAINUNIY Tas25n1511Ua99A2 azn1sAATIEH
) ]
and Thomas, EDETNNVBITZUUAIBITANUDIZIY NEDUNIANYUASINY
D.W.P. ANTNAVDINITADS NAINAADITDYTNINVDITELUDNAY
2008 | Areerak, K.-N., WA UDUUUT100INNANAATAS VYD II905(5 84
[ a <3 A
Bozhko, S.V., | niguaaimlauyuaiunuaieiiauibagoy Tagldigns
aa a o = 9 a1
Asher, G.M., 11)a98A2 LA NIT AT ILMIADYITAINVDITEUUAIBITAN
Y
9 o 4
and Thomas, 191209 Wi OUNIUTAINANITTIA0IADIUNITAUAIEY
a o
D.W.P. ARUNAUANDT
. . o ad QI =\ 9}
2008 | Jiabin Wang, Huague s tiuiadesninveaszuy Wil
and Howe,D. | p3guaasd nilnaamas liilneds drensesnuuudd
o 1y v Jd o 1Y
AIUAY FMTUNIEsIsEIa DY 12 Wad d1msy
a d a
MFAUATTZHADITNINVL NI UUNGITSVUAIVAY 1393
Y
N394 taz Iraamad Iihasdunniiu Tagerdedsana1zag
o a 4 = 9|
2009 | Areerak, K.-N., Huauenisuasizanesamszuu Iiives
A A o =R = v A a 2 A ~
Bozhko, S.V., |1A5840u lagartenanaiainaduilo Ivaainis
. = o a o A v ax =
de Lillo, L., wasuuilas vuudiaeanentiamanine1deIsNs1ae
a A A 9 ~ < A
Asher, G.M., A2 1a8TLUUNNINTT2NOVAIBIDTITEANTUAIAUAAY
a 4 Y
Thomas, Al auUUUIAY 29930504 B NNA MU U
<3 4 1 <
D.W.P., NUY52990929930309 1A THAANBIAB T ULIIKAND IS
1 <3 a Ed
Watson, A.,and | NUN13AIVYNAINGI NMITUATISHIADITNINYDITLU
v A 1 o o
Wu, T. 21A835A11299 NTUAAINANITINADITDIUNITAIAEY
A 7 Ay v
AOUNIADS LazHaN ldaINNINAADY




11

! Awv A A o o a J a
A1519% 2.2 Wﬁ\i"li!'ﬁ]ﬂﬁlﬁﬂ?"’ﬁl@\iﬂUL!UU%Tﬁ@QﬂTQﬂﬂJﬂﬁTﬁﬂﬁlmgﬂ?ﬁ?kﬂi?gﬁ!ﬁaﬂﬁﬂTW"U@\i
ad a g
FLUUDANNTOUNT (§1D)
i~ A 4
Unanumn — . .
AUTHIVY F1IITAAYVDINIUINY
(A.71.)
) a 4 ) o
2009 Hao Wang, Jinjun °L!']!ﬁu@ﬂ'li’Jmi’lgW!ﬁ'aﬂiﬂ’lWﬁ’lWﬁUﬂﬂﬂil!ﬂﬁﬂ

. v A g ad a 9 ax J a a
Liu, and Dan Hou; | AUATEUATIUUTINANIE A28 TInaivoIlaaalga
a 4 a a 4 a a a 4
TAsNTBDIANADUNUAUFUALDUNADUNLAUTUD
&Y =2 aA v =
1 aulasdy saunaIsmsdTuldjuadesaiw vag

o J a 4
I,LEWNWﬁﬂ'lii]'lﬁﬂﬂﬁﬂ1uﬂ1ﬁﬂ!ﬁlﬁﬂﬂﬂh‘w3lﬁﬂi

U Y U ]

a 2 a a d d o
24 addemgavesnumsinIsmataanilszavginlszgnaldnuifayriima

IAINTIN

[ a o Lo F ax a o o 70 Yo A
mMsaumuumgslSuantainkdyylsaugnihnilszgnd lsnuaun

a3 Q

Y Y o A A Yo ~ a A =2 A Aa Y v [ 1
ApamsaumIMaeUNNzaN g laoe19kyszdnTam Juilunteuldnuediauninale

]

] a, a [ %) 1 o a
Tagiin1ain5113% msAunnUaE s usndsegnd ldnuausudsns suunuie
' Y o w o Ca] 9 A A o
wu szu Iihias setuanugy mesgyenanyal 1uai Taslusdairmiuuimsinaue
Av A A Y @ Aa g a Jdo w o o
NUBNNITINUNMT0NARIAINIUANAITZ VDDA NNTOINTMAY TagodenuDTIans
a J Y as a I 9 = o Y v A T v
nundiamaaialeIsndynlszasgidesnn uaginmsh ldldnussuninanaienu
Av A A 9 o o AaA a 4 Jq Y o Y
pon 1l Tagsruddoiineadesnunisinasimadyyrdseansuidszgnd lgnuaudiu

a g‘: v = = o 9Y o d'
’Jﬁ’Jﬂi'ﬁﬂJGNLLGIGlU’E)ﬂGIﬂuﬂiﬁ%ﬂqﬂullﬁﬂ\‘iMlﬂﬂ\WHiN‘VI 23

v 9 v o

A a A A as a 4 79 ¥
A1TNN 2.3 WU EJ‘VlLﬂfJTJ‘lJ@\‘lﬂ‘]Jﬂ"l'iLl1’J‘TJ‘I/IWﬁﬂﬂluiUUWﬂigﬂB;ijiJWﬂi$Qﬂﬁ1%

nuymnaIengsy
AlAaa 4
AUTHIVY TIICAIAYVDNIUINY
(f.71.)
9
2002 Puangdownreong, D., ﬁuﬁuamumuuaz’J%msﬁ’um!,mumyj
. a [ (% s A [ 4
Areerak, K-N.,Srikaew, FaSuan Tunsidszgna iemsszyenanyal
el A AR I 1 9

A., Sujitjorn, S., UDNISUUY Lll'é)igﬂﬂﬂﬁﬂ‘]el'llﬂuﬂ?il!ﬂ'NsUfNQﬂ@ll
andTotarong, P.




12

A Av A A 9 @ o A a 4 70 9
M1IWN 2.3 WaxﬂuﬂfﬂEJVILﬂfJ’J"’U’ENﬂ‘]Jfﬂﬁu"I’J‘ﬁVI"I\‘]‘]jﬂJuﬂJuT]JizﬂyﬁiﬂﬂizEgﬂﬁcl‘;b'

U INaIeINTsu (Ao)

PRIPE PRI 4
Unanu — . »
AULHITY A3z IAYVOIIUITY
(n.7.)
o ax a L
2004 | Areerak, K-N., Hnduedsmadyanlsecanglums
d o [ o Aaa
Kulworawanichpong, T. and ﬂizqﬂm’mm‘umiaammﬁmmmumma
% 1 Y] 4
Sujitjorn, S. geogluszuulvihauie 5150 waziisiad
HUVAINDABY 6 A7
o a o 14 a 4
2004 Kulworawanichpong, T, HUdueITN15ATIIVEITHOUNT
Areerak, K-L, Areerak, K-N tunlvd Tage1de3sn1sAUMIMDUAIYLT
o o ' o LA
and Sujitjorn, S. UYTURY FINUNAWIT0IZYONANEA U0
[ Y
inmnevuluszuy i ldedrgndenay
LU

[Y] 9 [

av A ANy Y 9 ! a A A o
mmm:ﬁ]ﬂglu@ﬂmwnlﬂﬂmﬂﬂummu NUITNTUIVYNNYIUDINVLUUUITDINN

(2 @

Atlafaas eI IAT A DeT NG MS UTZUUBE nnTonndmas 59 lulinm s naue

Y
Aav A a

A g ~ Y o 3’; s R o
izuumﬂmwmENﬂﬁmﬁﬁmwdmmummm"l@ ANUU 114@114’3’1]8’31/]811!1/\114‘514 WUUAUD

a o )

LL‘iJ‘]Jﬁi"Iﬁi’NTINﬂﬁ@]?ﬂﬁ@]glmzﬂﬁ’JLﬂiWﬁL’dﬂﬂiﬂTWﬁWﬂ%UDQ%iﬁﬂﬁﬂiguﬁﬁ"mLW?{LL‘]J‘]J
Yy 9 @ ~ 2~ Ja 3 a do o o ~ s A =
avaula arearnrunui lo Feliginsaoannseindmauiulnidines 1eend

A o w I {a o
auautadiunmumas i ldun SeilunteunldawTssugaansy uuusiasanig

[

a A a a a :(g v as aAa A = ) @
ﬂm@ﬁmmimma PINGIUNUTY 92013551 a9an 7 1o nla MU FNE 1S

=<

sruvmudaduaa i lueda ldinisiuauenuisunernumsulac@aiegnodunas

[

) an a Jd A o A o 1 A I ddy
AIUITUITNITUATIEULADYTNIN ITDIAYITNITATUIUN NI Lummmﬂu‘wqygwugm

9 1 ¥ o

Y
HAZNVUABUMIAUIUN WFUFDUNINID tazTUszanTA I wena 1Nl WU NMIDBNLLL

o Y a I

ax o o a J aa A

'Jﬂ')UﬂﬂJﬂ'JFJ'J‘ﬁ‘V]'Nﬂﬂluﬂlu1ﬂ33ﬂ‘]&lﬂi?ﬂﬂULLUUi]']ﬁfN‘Vl']\Tﬂmg‘]ﬁ'lﬁﬂﬁ"ll@\‘]ﬁgﬂﬂﬂlaﬂﬂﬁ@uﬂﬁ

o v w 13 A ' J v & Aav a a c’dyd 2 o

183 fNUlillﬂuﬂﬂiWﬂ;]’f]ﬂ’NlLWﬁﬁﬁWﬂ ANUU AIMUIVYINYIUNUTU IWUNITUUTUD NI
@ ~ : o o a 4

@@ﬂl!ﬂﬂﬂﬂﬂjﬂﬂqua G’]i);\i’f]Wﬁﬂll‘ﬂ‘]JFi]'laEN°VI'Nﬂﬂ‘!@lﬁ’lﬂﬁ5ﬂlﬂﬂﬁﬂﬁ]iﬁﬂﬂﬂigllﬁﬁ1mW‘l'ﬁll‘U‘U
Yy 9 ax 9 a o o A A o =1

ﬂ')‘]JﬂiJulﬂ ﬂ'JEJ'J‘Eﬂ13ﬂuw1llﬂﬂﬁ']‘]aljl“b'\1‘llﬁll@]'3 !,WfJLWiJﬁminuﬂum’u‘mmumamu‘im

nszudenuauuuaiuanla



13

25  asi

Q

]
v A

A o J Ao A A 9 ~ Y o A dy I a
ﬂiﬂﬂuﬂiiﬂ‘lﬂiﬁ11!,Lﬁ$\111!’Jﬂﬂﬂlﬂﬂﬁﬂlﬂﬂﬂllﬂu'llﬁuﬂah‘lﬂﬂﬂ 2 1 1luna Y
= 9 o a 4 a d A adg a Jo o X
INYIUDILUUIIAINNAUAATATHAZNITUATIEULITADYTNINUDITSUUBLANNTDUNTNIAN B
Ao 1 9 Y A I I g Ao w 1 A [ YA o o [ o A w
AANTHIVYAN 9 Tudr9au amﬂmﬂuwugmwmﬂﬂgamwmmp%ﬂ I ITUNITNIINY
a a o @ a a o a 4 a 4
MIUNUT LazmMITNaIYs2anTN Yo LU UTIa0IN NANAMITATUAZNITIUATIZH

~ ad A Jdo w 9 A 2
Lﬁﬂﬂﬁﬂ'lwsllﬂ\iigﬂﬂﬂlﬂﬂﬂﬁﬂuﬂﬁﬂTﬁQGlWLWN‘JJ”IﬂsUu



UNN 3

=) &l A
ﬂqygwugmmmﬂamm

31 ynin
1 a o a o s i
MIANEITZUUAN 9 NMIIAINTIN LiuTIaeeaneadiasaas Januiuiluedian
o [ a Jd aa a o Y
dmTumsesnuubazMINATIHI LY Mynlasaaniunisulamendiamaninlaaa
% 1 1 2 A [ 1
anugudouvesszuy lWihawlaaunalaiuedsdyaismsainanansonlaSua
I a 1 T a
malfhanunuaild (abe) Wndlsmamis lihenudeuraioguuunudag (dg)lu
4
NuATEIneinuitirode s nisiasana lumaruuuiiasanendiaman i d1miuaees
v o o X Yo a = ) 17 dy dy o o cﬁ’
utlasdumgs ez lasumsesuieluuni 4 dwmsuiiom luuntivziuaue vanmsnugu
v 1 ' Y
Meanumsutasdniriun1imeeaseesaeniat i s Iiinanud laungsvu

Aounsasmsudasasnar Tl luunede 1

3.2 mimlawmﬂm%n (Clarke’s transform)

uruMNNEo 3 vadmstilastSinama lheasila (abe) Audmamia o

J [ { 1
unU B0 Tasmiutasuesnairinuaaslanegdi 3.1 unu o 1geguuunuesurldanaz i

adwmdaunu gifluyy 7/ 2 m@eumsudaslsunama fhaula (abe) dualsunm
naihuunau op0 aunsafinisan ldnnaumsi G.1) e Fuy fo YSuamalnihay

wlala o Faeranueds usesn Wi nszueliih wie Wdnduiman Wi dhudu



15

>

1 3.1 sruawnmesmsulasaulaiuunu o0

|.faﬂ0 J = |.Taﬂ0 J[fabc] (3.1
_1 1 _E_
NRER
2 3 3
1o [Taﬁ0]=§ 0 E} —7
11 1
_2 2 2 |

[ v A J 4 @
ﬁ'n’ijﬂ@uﬂ@iﬁﬂ’ﬁl!ﬂﬁﬂmaﬂﬂa’ﬁﬂllﬁﬂqqﬁ}ﬂﬁﬁuﬂ'ﬁ

[fabc ]: [Taﬂo ]71 [faﬂO ] (3.2)



16

1 0 1]
1 3
O PR A
i [Tl'=| 2 V2
By
2 V2 |

3.2.1 msulasszrnanny off vazuni dg

v 9
seuuIihanosanluaudseaneianuswdusz oy i drdeaanve

Y
v o =X

=Y a Y| ~ 14

HUUaUAA ﬂ\‘iuu%\illiJWi]'lﬁilﬂﬂiif]ﬂlﬂ'l\i\lww']ﬂullﬂu 0 g‘ﬂ‘ﬂ 32 UAAMNUNININIAD T
o Y o 1 o

AITUFTUNUDIISHINIUNY 0(,3 Uasiny dqiﬂﬂﬂ"lillﬂﬁ\‘]uﬂu O{ﬂ Lﬂullﬂu dg 814199

a Y o d' d‘ = aAa é =W 1T W
Ansanlaneaumsi (3.3) e @ Ao yariuveinsiasnni aelinumny or

{ s <
319 3.2 uwuamnnwesmsuilaauny of unnu dg

fu| [cos@ sing| [,
{qu_{—sinH cose}{fﬁ} @3



17

dnsudunes aveamsuilasaasldnaanms
o cosd -—sinéd
fo | _ _ Ja (3.4)
S5 sing cosé@ | f,

d
33 msudasvesihsa (Park’s transform)
I = I A
msutlasvesisadlumsutlasFmnamidiihonunuasla (abe) Wuilsua
9 = ddy 4 o @ J
ma ldhasaauunnudgaaiinuguuanmsulasvesnalin SMSULHUMNINADI NS
v v
udasvesthinuaasldnagd 3.3 Tag uau @ vzaaminiuuny ¢ uaziimadmdunu ¢

msutaslSunama lihauma (@be) fuiBanama Iihuuunu dg ansoinsan1d

nnaumsn 3.5 e T, Aedimamiallihawmlalaquay 0 Ao yunyuvesmsuladd

a é ISPl ' v
A FPIUAUNNY wt

{ 3
517 3.3 uwunmnnmes msutasamlmilunnu dg

[quo J = leqO [ fune ] (3.5)



cos®  cos(d— 2?”) cos(@ + 2?7[)

18

e [quo]:E —sin@ —sin(e—z—”) —sin(49+2—”)
3 3 3
1 1 1
2 2 2
dmsudunesamsullasvesihiauans lanaaums
[fabc ]: [quO ]7l[qu() ] (36)
cosd@ —sin@ 1

e [quo ]’l = cos(@—%z) —sin(e—%) 1

cos(@ +2§) —sin(@+ ZBE) 1

Aa v !' o w 4
34 mswasaninusasmeasmaslvlih
U 4 I o A a L o 1 o w
Tudrutlaziunsihdsmstlesdamndsygna lgnuisesenedatias lnihawe
zé 9 v Y [ % d' ) 2
(Ong, 1998) H41/52NOUAIPIIITOYNTUVBIAIATUMIUAVA AN AL IVTVUIUYD I
< ) 1 o w
mu1lszy wieunwaasisasauyavesaodamaa lihuuunu dg
341 299350YUNINVBIMIMUMUIAZA N HENN
v 9 v W A o ' o o 9
FTAVYABYNTNAIRUMUNUA I Henhwesdedeiias Iiihaula
@ A 2 & A o an aa ’q ¥ A 9 o
naaaaagli 3.4 Fuiuszuunezinnsmamladniuilszgndld ieas1aunudiaoans

a J
AUAFAATUAS NITANYAVULNUdg



19

R L Iy

Vas o— NN —0/,,
I
R L b

Vbs o_/\/\ /\,—‘ I—O Vbr
R L Ie

o 9

517 3.4 Mdumuunazdagitleniwevsasamedetias Iihala

nsunsaau ihanasonvesmedsiias lnfhawaaslugdn 3.4 uaas

Tadaaunsn (3.7)

d
AV =Rl +L—1 (3.7)
b b dt b
AV, I,
ANy =1 AV, | wag 1, =1,
AV, I,

nnaumsi 3.7) wlasawssau lfhanason (AV,,.) naznszualWiihin

TnarumedamasIndh (1,,) mnSnama fhaumaduiSinama fhuunnay g

@ o { A s s
Tasordeaumsmsutlasvesthsaluaunisn 3.5) vazounesamsutasvesithsaluauns

1 (3.6) FIaNIaUaAITIoazBen laniaunIn (3.8) DaaunIn (3.11) Aall

. . d .
qulOAquO = R(qulo I dqo) +L E (qulo I dqo) (3-8)

Hinasngmsudasveaihin (Ty) guaaealuaumsi (3.8)



20

) . d .
quonqlo ANV = quoR(qulo Lo )+ T L E (qulo Lo ) (3.9
d _l _l d
AVq0 = Rl g0 + LT 3001 (Teg0) Vago + Tgo =~ (Nago) (3.10)
dt dt
d 4 d
AV = Rlypo + LT E(quo) Vo + L 7 (Iig0) (3.11)
0 - 0
A d
W Ty E(qu()) =lo 0 0
0O 0//0

Y
[ Y

gaiumnsaeuaumsusiau vhanasovraznse i n Tnavumedamae Inihou

U dg ladaaumsi (3.12) 1av (3.13)

AV, =RI, - aLI, +L%id (3.12)
d .
AV, =RI, + oLl +L—i, (3.13)

NFAUNITN (3.12) uag (3.13) Ni]sauy‘aauﬂimméfqﬁ’mmuﬁuﬁa

mtignhvesaedeias Iihinaas13lugln 3.4 awnsodeuldoguunnu dg Fauaasla

[

Aa317N 3.5



21

R oLl L
220 g NN
o A—O) .
Vs 1y Var
o— o
R oLy L
+ —_— C +
Vds 161 Vqu
o— _—Y

517 3.5 2asauyavesdadumumaza e luaedaias dhuunnu dq

342 NIVNUYR IR UIVIZY

v g 1 o o o { :
sy Ut ul g vesagdaiias lihammlauaasdagali 3.6 ¥

< ~ o _Aax aa 79 9 o o 9 o a J
LﬂUi$U‘]J‘Vlﬁ]31!1’3‘5ﬂﬁll‘].lﬁ\iﬂﬂi]?ﬂﬂi$Qﬂ@l1“lﬂfﬁﬁ‘iﬂﬂ1§ﬁﬁNLL“]J‘]J%”Ia’éN‘VINﬂmﬁﬁWﬁ@iLLﬁﬁi
NITANYAVULUNU dg

e — ‘o)
ZC,CZ‘

(@ —e 'e)

lc,b‘

o —o o

+ iecd
C

Von

v

319 3.6 aAnnvilszgvetrsvsaedaiaa luihaula

a ~ ] v a3 1 o w A
worsannszua IWiha Tvamudunulszquesaedatias Tuihlugiln 3.6
uaasldasaunmsi (3.15)



22

CiV

= 3.14)
c,abc d t abc

{ 1 { ] v o {
nnaums (3.14) wlasmnszua b Inarudunvilsey (1, ) vaz useauIdihnan
1 v I @
asoudunulszy (V) 1ndfsmamis dhauaduilSuams lWihuuunudg Tavende
aumansudasvelisaluaumsi (3.5 nazdunesamsuiasvesthinluannisi G.6)

é = Y v d‘ [ dy
FIUTOUAAITIAZIDEA laaannTN (3.15)-(3.17) AN
T d T v
dgo cqu E( dqo qu) (3-15)

o a2 4 {
hwasadmsutlasvesihia (Tago) AuAARATUANMIN (3.15)

d
I cdg0 — CquO { (quO )quO <k qu:(l) (quo )} (3- 16)
I cdg0 — qu (quo )V dgo +C— (quo ) (3- 17)
0 -o 0
1o dqo (quo) =lo 0 0
0 0 O

9 v
ﬂQ‘L!‘LlE‘ﬁ3J15‘5]&“?]EJL!Z‘T?Jﬂ15LL§Qﬂuulv\l%j\l"l@]ﬂﬂiﬂllllagﬂigIIW%"I?ILIWE‘IWWM?HEJ?N

e Iihuuunu dg 18daumsi (3.18) 1ag (3.19)

iy =—wCV,+C=-V, (3.18)

i, =CV, + C%Vq (3.19)
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: < @ { J =] %
sz Fuiluussau llihdanasondunuilszy c.uv91993n509 Taoki Trnaadaduniu R
uaz A flo yumsuldoumlasznietiaunasne (source bus) nuaia Iilihnszuaady (AC bus)

Faaaalugii 4.1

6-pulse Controlled Rectifier rp LF

: p : W—rm

Source Bus AC Bus + +
Vsa Reg L eq
_®_ ——AMW\—

iﬁ@— R“’ LU‘I Edc Voul - CF§ R
'---r Vse R og L
1,
Cw—l— C;l— C;l— _ _
1

~ = < 2 a 4 v Y
gﬂﬂ 4.1 lejmmzuﬁmmwamzuﬂaugmummuaziwmmmumu

) Y
wavin 2, luaneaadias i1 agsi IR aama v aen 1 (overlap angle) Yulu
] A a X ~ o Y @ 9 d ] 1 A
yanumsaIade Feinariliussau llihioduann mwransznudinanamsafasu
A E) ) o Yy A a Y o
naveayuANuHaoyansouniddanudmmulsua 14 - Ausnudiueidnaves
1995i5ganszuaala aquaaalugain 4.2 (Mohan, Underland and Robbins, 2003) 1213

Y
Mumulsumla envsadnaldnnaumsaail
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Tash o Ao ANUDUDITZUU



26

AA—o
. N DN Rt

Vv in,a
bus,a O—2—0—

Iin b
—> A E

v
bus,b o del E dc

1.
I?ms,cc ic’of\ 4N
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4

Jd o a a { a
Wanduaeanisalaze s, lugdi 43 awnsoudasldlae oynsuysies (Sakui,

U
v

.. . =X A A = ra J a A Aa
Fujita, and Shioya, 1989) ¥IWTUINANNDYAFIU (”luwmsm"umiu@uﬂmﬂmuimwu)

a3

De

J v a a 9 [ dy
Wansuveamsadadeaule uaasldauaunsasil

S =2\/§{sin(at+¢) sin(at—zéz+¢) sin(at+2;+¢)} (4.2)
T

abc

Tagh ¢ #e yulania lWihnszuaady

[ v o 1 a 4 [ o [
AanudunussznIdunauazioIanavenszud lvlih nazussau lWihdmsuaces
Soanszudarnld udaIn uaunIs i (4.3) g (4.4) (Hansen, Asiminoaei, and Blaabjerg,

2003) A1UAA

Iin,abc = Sabc[dc (4-3)
Edcl = S:bcvbus,abc (4-4)

J

o a ) o < 4 a
LL‘]J'U%1aﬂﬂﬂ1ﬂﬂmﬁﬁ1ﬁ@§ﬁ1ﬂiﬂlx‘]’1]il,diEJ\‘]ﬂi&&ﬁﬁﬁﬂlﬂﬁmhﬂﬁﬂllﬂ‘ﬂﬁiﬂ‘"l] Y
A (] o w I [ 4 a { A 3
Ansanunasiemas liheuaiuuovauga Taelinnsanasueininavuluszuy
uamqmﬁmmmﬁﬁmLWﬁﬁ’mﬁnmiuiwmﬁmizummmimﬁm (continuous conduction

mode, CCM) 29955 sanszuaauvla aunsoutaslioguunnu dg seliaumsvesmsuias

9
v A

aa
ANIAIY

2 2r
cos(@) cos(@)——) cos(@)+—)
T[e(r)]=\/§ 3 3 (4.5)

—sino() —sin(@(t)—%[) —sin(e(m%”)

Tagit () =a)t—%+¢l

MNANNIN (4.2) (4.3) uag 4.4 nsoudas1deguuunu dg Areaun1sn (4.5 a1

Y
=

@eouaunsldaq
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Iin,dq = quldc (4-6)
Edcl = S;irqvbus,dq (4-7)
Saq = ﬁ -Zf[cos(qﬁl ~¢)  —sing,-9)] (4.8)

INFUNIT (4.6) (4.7) 1ha (4.8) 199565 0anseud el e mmimmuﬁ”wwﬁauﬂm

2~ I @ 1 2 Y 4 1
Tilth aadl 5, waz s, 1Wudnnaruvesrieuilay vuogiuyulamsindeuivewn dg (¢,)

v
S o

[ @ d o [ a
yuavesnssan Iihida Tlihnsgnaaat (@) ununmnnmesdmsumsuasang uaag
Y v A A A ' [ 9 A o A J
laaagili 4.4 100 v, fe Arvoagagavoussau lilillaiuvasiie 7, Ae meeagagaved
nszua il v, fe Arveagegaveutseanldihnga lWfhnszuaady uaz Ao Arvea
Jd o a A
IgAURININFUVDINITAINYL 90T WOV 12983 (FBaN Tz AW aVUUNY dg 811150

eraa lanasali 4.5

U

=~ J o @ aa
gﬂ‘ﬂ 4.4 LLW‘L!ﬂWWL’JﬂmE]iﬁWﬁi‘Uﬂﬁ!Lﬂa\‘lﬂﬂ’J
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Re, Loy OLggly 1:S4 '\/r\/j\, \/r\l;\, Lp
AN + e —
]d I ind I de
Y + 4 +
VSd C) Vbux,d —_ Ceq (UngVblmq % g
R, Loy OL ool g Eder E e Vou—== Cr g R
W
A + L
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qs
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Ly
VSq C) VbMS,’J — Ce‘i (ocqubus,d
O
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alsanue

T
X = [[ds [qs Vbus,d Vbu:,q Idc Vout ]
BUNA
u=[v, | 4.9)
@
DN :
y = [Vout]
Y4 Yo A Li'
AUMIOYWUT aa laa el
[. Req 1 )l : 4 | V.
- Y ol, ——— +—
ds . ds qs , busd | sd
q eq eq
° Req 1 1
lgs = —algs - Iqs Vbus,q + Vsq
Leq eq eq
. 1 3 243
Vbus,d = Tgg + waus,q T Lge
eq ﬂCeq
® 1
Vbus,q = —a)VbuS,d +_1qS (410)
eq
° 3 243 " "y 1
Ide =4~ Vbus,d o e 7 Vout
2 A Lp  Lp F
¢ 1 1
Vout = Lge = Vout
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LYRE( A =\ o a 4 D A
NTUNITDY UF luaunIshn (4.10) i’ﬂiﬂﬁ'DL‘UEJL!L!,‘U1_]’i]Tﬁ’EN“I/I"I\iﬂﬂ!ﬂﬁ?ﬁ@lﬁslugﬂllﬂﬂﬂﬁaﬂ
E4

v A

aoue 1aaail

y=Cx+ Du

ie  x= [I is Los Visa Viwsg Lae Vou ]T

bus,q

u=[r, |

y=",.]

) o a J [ {
MU 8azBeAURULATAS A B CHaz D LEALIasdumsn (4.12)

. )
S ) —i 0 0 0
Leq Leq
R
B 0 —i 0 0
Leq Leq
1 0 ﬁ& 0
A= Ceq 2 ﬂceq
0 i - 0 0 0
Ceq
o o [P.aB (__j 1
2 ., L, L, L,
0 0 0 0 i — 1
L CF RCF 6x6
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_\/E‘ cos(4,) |
2 L

eq

\E' sin(4,)
2 L

eq

o O o o

c=[0 0 0 0 0 1,
D =[0],, (4.12)

4.3 msﬁm3am'ﬂm;mnzﬂaé'h61ﬁ%’mama‘%mﬂﬁmmﬁuﬂﬁumwwmmu

A d = v Y
VIAINI U HaAFINIUNIH
o a o d' 9 ) 1
NNUUVTIA0INIANARIAAS IRaUNI N 4.11) 102.(4.12) Aesrmuimiig A, Tay
Av A a o’dy o L% 1 9 = o w Y a 4 9
NUAEINGINUS HozMuImm IR 8NN3 liaveaias IWdh Sinszdszuuau
Tihnszuaadulusd 4.1 Hvismiasesareasnitane unun1nns lvavessias Wil

[ A o Y] v @ [ = " o a
E‘T”Ill”l'iﬂl!ﬁﬂﬁﬂﬂgﬂﬂ 4.8 ﬁ"l‘l’iiﬂﬁ’JLﬂ‘]Jﬂizﬂﬂlﬂ\iﬁmﬁﬂlﬂﬂWHE]EJiﬂﬂﬂﬂllﬁJunﬂWi]”lim"l

Source bus AC bus
|« A >
| &q jﬂq Pbus: (PL+PIUSS)/3
| I\N\/ Qbus = 0
Ig
VS Vbus

5U7 4.8 sedaias Idhmitade
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A = o w 9 Y v dy
11n3U7 4.8 aunsodieuaunsms lnavesias Wi 1daail

2

%cos(y—ﬂ) —%eosm (P, +B,)/3 (4.13)
VvV, . Ve

A A o A o Y o A v A =}
e ¥, Ao ussaula (rms) Mia lWihnszuadan(AC bus) HIBHTIAUBUNNUYDIIDTITO

4 1 o 1 a A 4 U
nszuaae A feo yuamsifousenan % nu 7, 10z 2/, Ao A0NRLAUSUDIA 0

bus

Tagntas lwihes e vazmaa lihsingaea warsaninssan lwihnszuaady awiso

e laaaanmg
B,,=(B+0,)13 (4.15)
Qbus = O (416)

2 Y

o P, Ao mimas IihnTuaaaad i iag £, fe ardias Ildhgapdendadiumiu r,
Faensomuin Iaonaunish (4.17) uaz (4.18) awday dmiuaridas uiihlsing
o T g 4 a A A

mvualdiianiu o ilesmnauuagiuvesiesisesnszuannsanInnszua liihdunad

eaasenuuseau Trlihduna

2
P, :% (4.17)
Boss = rFIdzc (418)
4 E .R
Tagn V del

out

- (r, +7: +R)
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E dcl

Lo ="+
(r, +7: +R)

3\/_(\/—

dcl bus

[2 2 1| @Leg
Z = Req+(CULeq) , ¥ =tan (=

eq

a

d @ { o [ X 1%
wio v, Ao useau lihnvaldihaszuaaay Failunssau lihdunavessasSoanszua

q

Y J ) o o
wag E,, o ussauliluerdwaaieonveisGesnszud dmsu v, o useau lufh

J ~ =23 @ Y A ' v 9 A
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Yo A

(4.13) D4 (4.18) s adewauniso s ave st i 1ds e

V2 103320, )R 5

V.V,
St cos(y —A) — —25 cos(y) =
~ (y—A) - 3 (7)=

NIV IRy, 3V, )2 (4.19)

3R 7(r, +7: + R) 3 z(r, +rF+R)

2

V.V, . V2 .
—bws gin(y — 1) ——2sin(y) =0 (4.20)
~ (r—4) ~ ()

NAUNITN (4.13) uae (4.20) ﬂ'uﬂiﬂﬁWu’Jﬁ!ﬁWNmﬂﬂﬂqﬁliﬂﬂa%ﬂWiL‘Tﬂﬁ’uﬁﬂl

fadu-smldu Fon1d 186 7, naz 4 fiannzasda e I 1ddmiunssiaes
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o @ o 4
F0IUMI ! LAY AU UUTIa0IN NANAF TN
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Vs=220;

alpha=0;

w=2%pi*50;
Req=0.15;
Leq=30*107(-6);
Ceq=2*10"(-9);
rf=0.3;
ru=3*Leq*w/pi;
r=atand(w*Leq/Req);
z=sqrt(Req"2+(w*Leq)"2);
R=20;

eaVbus=100;
ealampda=100;
es=le-10;

k=0;

while eaVbus>=es & ealampda>=es

if k~=0

% Vs Ao amasneiad Iihnssuaadunilana
(Vrms)
= a I'4
% alpha A0 YUYABFUIUVDS INTAADS
% w AD AIANNDUDITZU (rad/s)
% Req A0 AANUAIUNIUVDIENBaIMa i
A LY d‘ o 1 o w 9
% Leq Ao Mauvieivesaedamas Iuih
[ YR~ ] o w
% Ceq Ao MAANUYTZYURIEBdIias Wi
% rEan Aa UL luale1U092995n504
A ' Y A
% ru 19 AINNUATUN UK ADY
A 1 A a 4 1 o w 9
% 10 ATHNUD BT UTUDIE B aa Wb
L= A o 1 o w
% z A0 ABNINAUTUDIaIiad Wi
% R A0 A1 11ana1011M 11
% caVbus A9 AIANUAANAIAITUAUVD Vbus
% ealampda A9 AANUAANAIAGUAUUDY lampda
% es 1D AANUAANAIAVDIHAIRAY

A yd‘ o o A Y
% LW'(’)GLVTN@1!1%ﬂ']1’i‘l!ﬂﬂ1§]ﬂﬂlill@1!

%1 k Ty o

du= Vs*cosd(r-lampda(k))/Z - 2*Vbus(k)*cosd(r)/Z-36*R*Vbus(k)/(pi*2*(ru+rf+R)"2)-

36*rf*Vbus(k)*cosd(alpha)/(pi*2*(ru+rf+R)"2);

DU=Vbus(k)*Vs*sind(r-lampda(k))/Z;

dv= Vs*sind(r-lampda(k))/Z - 2*Vbus(k)*sind(r)/Z-(36*R*Vbus(k)

*cosd(alpha)/(/(pi”2*(rut+rf+R)"2)- 36*rf*Vbus(k)

*cosd(alpha)/(/(pi*2*(ru+rf+R)"2))*tand(alpha);
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DV=-Vbus(k)*Vs*cosd(r-lampda(k))/Z;

U= Vbus(k)*Vs*cosd(r-lampda(k))/Z - Vbus(k)*2*cosd(r)/Z -
18*R*Vbus(k)*2*cosd(alpha)*2/(pi’2*(ru+rf+R)"2)-
18*rf*(Vbus(k)*cosd(alpha)/(pi*(ru+rf+R)))"2;

V= Vbus(k)*Vs*sind(r-lampda(k))/Z - Vbus(k)"2*sind(r)/Z-
(18*R*Vbus(k)"2)*cosd(alpha)/(pi*2*(ru+rf+R)"2)-18*rf*(Vbus(k))
*cosd(alpha)/(pi*(ru+rf+R)))"2)*tand(alpha);

%AUIUAADVYDI Vbus taz A 1as U Ao Vbus
nag vaa A

Vbus(k+1)= Vbus(k)- (U*DV-V*DU)/(du*DV-DU*dv);

lampda(k+1)= lampda(k)- (V*du-U*dv)/(du*DV-DU*dv);

% siaainau lmidmsuseuds lUdae

Aao1in

eaVbus=abs((Vbus(k+1)-Vbus(k))/Vbus(k+1))*100 ;
ealampda=abs((lampda(k+1)-lampda(k))/lampda(k-+1))*100;

%ATIVAOUAIANUAANA1AVOIAADL

V_bus=Vbus(k+1); % IAHUANAINABUDI Vbus
3 1

L—lampda(k+1); % INUA WA ATYDI A

else % lisuiungdn

Vbus(k+1)=230;
lampda(k+1)=0.0001;
end
o o A 9
% NMUUAANDULTUAU
k=k+1;

end

Lampda=L % AHAINAYUDI A
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i Tnaamas ihaeda

Vs=230;

alpha=0;

w=2%pi*50;
Req=0.15;
Leq=30*10"(-6);
Ceq=2*10"(-9);
rf=0.3;

Lf=6.5¢-3;
Cf=1000e-6;
ru=3*Leq*w/pi;
r=atand(w*Leq/Req);

z=sqrt(Req"2+(w*Leq)"2);

for P=0:1:20;

eaVbus=100;
ealampda=100;
es=5e-10;

k=0;

while eaVbus>=es & ealampda>=es

if k~=0

% Vs fio aumasnemad Iihnssuaadunilana
(Vrms)
A a 4
% alpha Ao YUYATUIUVDS INTAIADS
A ' A
% w AP AINNNDVDITLUY (rad/s)
% Req Ao MANUMUNIUVDIENsaIma i
% Leq Ao maavilenivesaedemas lnih
T v 1 o o
% Ceq AB A ANUYTZYURIE DI TWTh
% rf Ao AL LA 810929950504
% Lf A0 A2U11871U0979950394
= R~
% rf 719 AR MDYV I19TNT O
AL ) A
% ru f1D AINNUATUNTULUEADY
A 1 A a 4 1 o W 9
%1 0 ATHUUD IBNTAUTUDIE B aa W

% 7 A0 AUMBANT YD Ie a8 T

wiuamsidasin)awes Tnaaiga Inihaas
910 0 kW 49 20 kW

% caVbus A0 AAVIUAANAIAGUAUV Vbus

% calampda A9 AANUAANAIAG AUV lampda
%A NUAANAIAVOIAINDY

A v A o o 2 Y
% LW@GLWN@uVlGUﬂ'qu@ﬂ']ﬁf]‘].l!ill?‘]u

du= Vs*cosd(r-lampda(k))/z - 2*Vbus(k)*cosd(r)/z;

DU=Vbus(k)*Vs*sind(r-lampda(k))/z;

dv= Vs*sind(r-lampda(k))/z - 2*Vbus(k)*sind(r)/z;

DV=-Vbus(k)*Vs*cosd(r-lampda(k))/z;
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U= Vbus(k)*Vs*cosd(r-lampda(k))/z - Vbus(k)*2*cosd(r)/z - (P*10"3+Idc(P+1)"2*rf)/3;

V= Vbus(k)*Vs*sind(r-lampda(k))/z - Vbus(k)*2*sind(r)/z-(P*10"3*tand(alpha))/3;
%iurumaeuves v, nay A lag Ude v,

az vVao A

Vbus(k+1)= Vbus(k)- (U*DV-V*DU)/(du*DV-DU*dv);
lampda(k+1)= lampda(k)- (V*du-U*dv)/(du*DV-DU*dv);
% munumaey lnidmsuseuss lide

MADULN

eaVbus=abs((Vbus(k+1)-Vbus(k))/Vbus(k+1))*100 ;
ealampda=abs((lampda(k+1)-lampda(k))/tampda(k+1))*100;

%ﬁiﬁﬂﬁ@ﬂﬂ"lﬂ'ﬂll ﬁﬂWﬂ'lﬂ"U@\‘lﬁ'lﬁf]U
V_bus(P+1)=Vbus(k+1); o IAUATHARAcYRY 7, Tusoumsmuiud p

bus

Lamda(P+1)=lampda(k--1); o% INUMIFaRAsYed A luseumsmuiun p

A=Vs-Vbus(k+1)*(cosd(lampda(k+1))-i*sind(lampda(k+1)));
B=z*(cosd(r)+i*sind(r));

Idc(P+1)=(pi/(sqrt(6)))*abs(A/B);

Vout(P+1)=(3*sqrt(6)*Vbus(k+1)/pi)*cosd(alpha) - 3*Leq*w*Idc(P+1)/pi - ri*Idc(P+1);

else % laiuiunds
Vbus(k+1)=230;

lampda(k+1)=0.0001;

Idc(P+1)=0;

end

o ° A g
% MYUAANDULIUAU
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k=k+1;

end

N(P+1)=P;
P=P+1

end
subplot(3,1,1)
plot(N,V_bus,'*")
hold on
grid on
title('230 V,400 Hz,Alpha = 0")
ylabel('V_b u s(V r m s))
subplot(3,1,2)
plot(N,Vout,"*")
hold on
grid on
ylabel('V_o_u_t(V)")
subplot(3,1,3)
plot(N,Lamda,'*")
ylabel('lamda(degree)")
xlabel(P_C_P_L(kW)"
hold on

grid on

I 1 o
% NUAT P UBITOUNITATUIN

% LEaINI A waman
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Tsunsumsduam dmiynesiseanssuamuauyvniugy 1a

Vs=230;

w=2*pi*50);
Req=0.15;
Leq=30*107(-6);
Ceq=2*107(-9);
rf=0.03;
Lf=6.5¢-3;
Cf=1000e-6;

ru=3*Leq*w/pi;

r=atand(w*Leg/Req);

z=sqrt(Req"2+(w*Leq)"2);

Vref=500;

Vo=Vref;

for P=0:1:30;

eaV_bus=100;
ealamda=100;
es=5e-10;

k=0;

while eaV_bus>=es & ealamda>=es

if k~=0

% Vs Ao anasnemad Iihnssuaadunilana
(Vrms)
A ' ~
% w A9 ANANUDUDITEUY (rad/s)
% Req Ao AANUMUMUYDIEIwaItas lWih
% Leg Ao Madvieivesaegamad Inih
T v 1 o w
% Ceq o AaANUUszURIaIodIias lnih
% if 1o A LAl eIU091995n504
% LEAD MANNLIVDIIIDINTD
A 1w a3
% rf Ao AMAWNV1T29VU092995NTD
A ' 9 A
Yo ru A9 ANAIINATUNIL U DN
A v a A 4 U o w 9
%t D ANUDIBUNLAUTYDITBEIR A THTh
LA a J 1 o w
%z 0 ATPNTLAUT YD aariad Wi
% Vref a5 1151994

% Vo fie tsean lvlilio1ana

% smuamsilaoulasves Inaamad e
910 0 kW 94 30 kW

% caVbus A0 ANIWAANAIAB AUV Vbus

% ealampda o mmmﬁﬂwamﬁ'uﬁ’umm lampda
%ANNUAANAINVDIAIAOU

A v A I3 o A g
% LW@iW!Q@uVlﬂJﬂ'lwuﬂﬂ']@'[’]llljll@]u

du= Vs*cosd(r-lamda(k))/z - 2*V_bus(k)*cosd(r)/z;

DU=V_bus(k)*Vs*sind(r-lamda(k))/z;

s1=Vo0*0.4275/V_bus(k);

s2=secd(acosd(s1))"2;
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$3=0.18275*Vo2/V_bus(k)"2;
s4=0.4275*Vo/V_bus(k)"2;

dv= Vs*sind(r-lamda(k))/z - 2*V_bus(k)*sind(r)/z-s2*1/sqrt(1-s3)*s4;

DV=-V_bus(k)*Vs*cosd(r-lamda(k))/z;

U=V _bus(k)*Vs*cosd(r-lamda(k))/z - V_bus(k)"2*cosd(r)/z - (P*10"3+Idc(P+1)"2*rf)/3;
V=V _bus(k)*Vs*sind(r-lamda(k))/z - V_bus(k)"2*sind(r)/z-
(P*10"3*tand(acosd(0.4275*Vo/V_bus(k))))/3;

s%eeumaouved v, uaz Alag Udo v,

bus

uaz v ae 4

V_bus(k+l)= V_bus(k)- (U*DV-V*DU)/(du*DV-DU*dv);
lamda(k+1)= lamda(k)- (V*du-U*dv)/(du*DV-DU*dv);
% muameovlrudivsusevas lide

CRERSITN

eaV_bus=abs((V_bus(k+1)-V bus(k))/V_bus(k+1))*100 ;
ealamda=abs((lamda(k+1)-lamda(k))/lamda(k+1))*100;
%ﬂﬁﬁﬂﬁ@‘ﬂﬂ"]ﬂ')uJﬁﬂWﬁWﬂﬂl@\‘l‘ﬂo'm’f]‘iJ
Vbus(P+1)=V_bus(k+1); % INUAINAIRAGUD Vbus
Lamda(P+1)=lamda(k+1); % iNUA WA asYDI A
Alpha(P+1)=aco0sd(0.4275*Vo/V_bus(k+1));

% ATUIUMADVVYDIA O VOAUAAZTOUMTATUIN

A=Vs-V_bus(k+1)*(cosd(lamda(k+1))-i*sind(lamda(k+1)));

B=z*(cosd(r)+i*sind(r));

Idc(P+1)=(pi/(sqrt(6)))*abs(A/B);
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else
V_bus(k+1)=230;
lamda(k+1)=0.0001;
Idc(P+1)=0;

end

k=k+1;
end
N(P+1)=P;
P=P+1
end

subplot(3,1,1)
plot(N,Vbus,'.")
hold on
grid on
title("Vout commad =500 V")
ylabel('V_b u s(V r ms))
subplot(3,1,2)
plot(N,Alpha,".")
hold on
grid on
ylabel('Alpha(V)")
subplot(3,1,3)
plot(N,Lamda,'.")
ylabel('lamda(degree)')
xlabel('P_C P L(kW)")
hold on

grid on

Y
% lisuniundn

o o 2 Y
% MHUANNDULTUAU

<3 1 1 o
% U P TunnagsouveINsAIuIN

% uaaININAHaImagYed ¥, auaz A
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Abstract: -Power converters with their controls normally behave as a constant power load. This load can
significantly degrade the system stability. Therefore, the system dynamic model is very importance because it
can be used for stability analysis. It is well known,tharpower converter models are time-varying because of
their switching behaviours. This paper presents the D() modeling method to eliminate the switching action to
achieve time-invariant model for the stability analysis. The power system studied is the AC distribution system.
The small-signal model of the powersystem is obtained by using a linearization technique. The small-signal
simulations are used to validate the"DQ) linearized model. The reported model is then used for the stability
analysis via the classical control ‘theory. The results show that an excellent agreement between the
mathematical model and the three-phase benchmark motdel is achiaved.

Key-Words: - Constant powes.loads, D€ method, simularion, madeling, controlled rectifier, stability analysis

1 Introduction

Electrical loads based on ~ power electionic
converters are widely used in many applications.
Unfortunately, power glectronic driven loads often
behave as a constant power-load (CPL). The CPL
can significantly degrade the system stability [1]
[4]. Therefore, the dynamic medel of (he. power
system with CPLs is very importance.

It is well known that the power converter model
is time-varying because of the switching behaviour.
Several approaches are commonly used for
eliminating the switching actions to achieve time-
invariant model. Then, the classical linear control
theory can be easily applied to the model for a
system analysis and design. The first method is the
generalized state-space averaging (SSA) modeling
method. This method has been used to analyze
many power converters in DC distribution systems
[5]-[7], as well as uncontrolled and controlled
rectifiers in single-phase AC distribution systems
[8],[9] and 6- and 12- pulse diode rectifiers in three
phase systems [10]. The second is an average-value
modeling method, which has been used for 6- and
12- pulse diode rectifiers in many publications [11]
[13], as well as generators with line-commutated
rectifiers [14]-[18]. These rectifiers can be modeled
with good accuracy as a constant DC voltage
source. However, this method is not easily
applicable to the analysis of the stability of the
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general . AC power system with multi-converter
power electronic systems.

Another technique widely used for AC system
analysis is that of DO)-transformation theory [19]
[21], in whichpower converters can be treated as
transfasmers-The DO modeling method can also be
easily “applied for modeling a power system
comprising vector-controlled converters where the
SSA model and the average-value model are not
easily applicable. Moreover, the resulting converter
maodels can be easily combined with madels of ather
power elements expressed in  terms of
synchronously rotating frames such as generators,
front-end converters, and vector-controlled drives.
The DQ models of three-phase AC-DC power
systems have been reported in the previous works
[19]-[21]. But these do not include a constant power
load (CPL). Applying the DQ modeling approach
for stability studies of the power system including a
CPL has been addressed in [22]-[24]. The DQ
methad for modeling the three-phase uncontrolled
and controlled rectifier has been reported in [22] and
|25], respectively. This paper extends the work in
[25] with the eigenvalue theorem to analyze the
stability of the system due to a CPL. The stability
results from the theory will be supported by using
the intensive time domain simulation. The paper is
structured as follows. In Section 2, the power
system definition and assumptions are explained

Issue 2, Volume 6, April 2011




150

WSEAS TRANSACTIONS on POWER SYSTEMS

K. Chaijarumudomrung, K.-N. Areerak, K.-L. Areerak

G-pulse Controlled Rectifier Ty I -
I ll'l' faanat
] ]
I A 1
Source Bus AC Bus + +
Fea N e L &
_@__MRM
Vb g L ; p
—G>__~R-_m " de o == Cp CPL
| V. o Leg —]- |

Fig.1 The power system studied

The DQ dynamic model of the system from [25] is
explained again in Section 3. The steady state value
calculation for the small-signal model derived from
the proposed method is presented in Section 4. In
Section 5, the model validation using a smallssignal
simulation and stability analysis for each [iring
angle of controlled rectifier. are shown. Finally,
Section 6 concludes and discusses the advantages of
the DQ method to model the power converter for
stability analysis.

2 Power System Definition and

Assumptions

The power system studied in this paper is depicted
in Fig, 1. It consists of a three-phase yoltage source,
transmission line, G-pulse controlled rectifier, DC-
link filters, and an ideal CPL connected to the DC
bus. The ideal CPL is used to represent actuator
drive systems by assuming an infinitely fast
controller action of the drive system. Hence, the
ideal CPL can be considered as a voltage-dependent
current source given by:

Ion _& (l)
VOL'.'

where V,,; is the voltage across the CPL and Prp; is
the power level of CPL.

It is assumed that the three-phase voltage source
is balanced. The equivalent parameters of a
transmission line are represented by K., L., and
C.; The DC-link filiers are shown by elements rr,
Lr, and Cr. F; and V., are the output terminal
voltage of a controlled rectifier and the voltage
across the DC-link capacitor Cr, respectively. A
phase shift between the source bus and the AC bus
is A as shown in Fig. 1.
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The effect of L., on the AC side causes an
averlap angle j in the output waveforms that causes
as a commutation voltage drop. This drop can be
represented as a variable resistance r, that is located
on the DC side [22],[26] as shown in Fig.2. The r,
can be calculated by:

wl,,
r= e @)

b
where o is (he source frequency,

Fig.2 Three-phase controlled rectifier with overlap
angle resistance

It can be seen from Fig.2 that Fj.; represents the
output voltage from the switching signal without an
overlap angle effect, while £;. represents the voltage
al the rectifier output terminal taking onto account
the voltage drop effect.

Since the commutation effect has been moved on
to the DC side, the switching signals for 3-phase
controlled rectifier can be applied without
considering the effect of overlap angle. This is show
in Fig. 3 in which a is the firing angle of thyristors.
The switching function of §, in Fig3 can be
expressed by a Fourier series.
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| 1
Sp f

Fig.3 The controller rectifier switching signal

In this paper, neglecting the hapmonies of the
power system, the switching functions can be
wrilten for three phases as:

sinfar+ ¢ 2er) (3)

B g sinfar E—;ﬂ\i’ i)

. T3
sinfatd—" g- @)
L 4 |

where ¢ is a phase angle of the AC bus voltage and
a is the firing angle.

The relationship “hetween  input and output
terminal of controlled rectifier is given by:

I'm.ah( = S.\br ]. {4)
‘Ec':] = S:’bc ths.ahc (5)

It can be seen from (4) that the fundamental
input current is in phase with the switching signals.
In addition, for a controlled rectifier, the
fundamental input current lags the fundamental
input voltage by & [26].

Equations (3)-(3) will be used to derive the
model of controlled rectifier by using DQ modeling
method in Section 3. The model assumptions in this
paper are as follows:

The rectifier is operated under a continuous
conduction mode (CCM).

The output DC current of the rectifier is
constant.

The amplitude of the three-phase source is
constant and balanced.

- Only one commutation occurs at a ime,

- All harmonics in the system are neglected.
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3. DQ Dynamic Model of the System
In this section, the Q) modeling method is applied
to derive a mathematical model of the system as
depicted in Fig, 1.

Firstly, the controlled rectifier is transformed
into a two axis frame (DQ) frame) rotating at the
system frequency @ by means of:

2 cos(@)

T{g}_ \: cosig— 2:) cos(f + E?s,] 6)
3

3
2 B
sinil) —sin(@ Tx} sln(_&-.?}r}

where g = gy z e
o

Combining equations (4)-(6) results in:

Iin.dq = qu Ige M

E.:':l = S:qvhm.dq [8]

Secondly, the switching functions in (3} can be
transformed into a DO frame by means of (6) to

give:

s, _\[E’gﬁ_mﬁi{@ P ] ©)
VN2 o -sin(p - g+ o) |

The vector diagram for the DQ transformation is as
shown in Fig. 4 where V, is the peak amplitude
phase voltage, [, is the peak amplitude current, Vi
is the peak amplitude AC bus voltage, and § is peak
amplitude of the switching signal, here equal to
243/ x as shown in (3).

Fig.4 The vector diagram for DO transformation
From (7)-(9), the controlled rectifier can be

easily represented as a transformer having d and q
axis transformer ratio S; &, that depend on the
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phase of the DQ frame (g), the phase of Vi (d),
and the firing angle of thyristors (). As a result, the
equivalent circuit of the controlled rectifier in the
DQ frame derived by using D() modeling method is
shown in Fig.5.

) g

F b,

o)

O

Fig.5 The controlled rectifier equivalent cireuit in
the DQ frame

Finally, using (6), the cable section—can be
transformed into DO “frame  [27]. The DOQ
representation of the cable is then combined with
the controlled rectifier as shown in Fig5. As a
result, the equivalent cireuit of the power system in
Fig.1 can be represented “in the DO frame as
depicted in Fig.6.

The equivalent circuit in Fig.6 can be simplified
by fixing the rotating frame on the phase of the
switching function (¢ = ¢— ). This resulis in the
circuit as shown in Fig.7.

Applying the Kirchhoff's voltage law (KVL) and
the Kirchhoff's current law (KCL) to the circuit in
Fig.7 obtains the set of nonlinear differential
equations. We define:

State variables:
x=[1, I, Vs Vi,
Input:

u= [Vm By ]T

Qutput:

y= [Vm]

L v.J

The set of nonlinear differential equations is
given as follows:
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* Ry 1 1
Ty — Iy ol gs b—Vey
L{’ﬂ' E’nq L:bes, d e
. Ry 1 1
lgs = _*""Idﬁ' - .[_ ;qs - 1r.fmw.q qu
eq eq eq
. Lo 3 23
bus,d = ds T Phusg T T Yde
Cog V2 =,
L]
Vius,g = _{"I"}m.d' i3 C ]qs
e
. Iz sda
13 243 i Ty 1
Tde = = Vous.d ~ [_ == e == Vour
.\ 2ap lp ILp Lp
4 ' | fepr
Vout = - fnfr' - —_
CF CF Vour (10)

The equation (10) is a nonlinear equation. It is
well known that the linearized model can be used
for a controller system design via a linear control
theory. Inaddition, the linearized model can be also
used to analyze the small-signal stability of the
power system including a CPL [22]-[24]. Therefore,
(10}, is linearized using the first order terms of the
Taylor expansion so as to achieve a set of linear
differential cquations around an equilibrium point.
The DQ lineagized model of (10) is then of the
following form:

Ox= Al )k Blx,u)on ()
dy = Clx,,u, )+ Dlx,,u,)du
where

&=or, o1, oV, oI, oV, [

e, d (5]/;;
o = [(SV']? 6PCPI. ]T

us.g

@ = [(jl/w']
IIE _cm’.[i‘ +a) 0
Ve oL,
!3 _sin(4, +a) 0
V2L,
B(x,u,) 0 0
0 0
0 0
i
0
CeVrn |,
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Fig.6 The equivalent cireuit of the system in Fig.1 on D() frame
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Fig.7 The simplified equivalent circuit of the power system
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4. Calculation the Steady-State Value
The DQ linearized model in (11) needs to define
Voo and A, The power flow equation can be
applied to determine the steady state value at the AC
side of the power system in Fig.1. This leads to a
system of nonlinear equations:

h_;M osly-3) "lz‘-»-wsr;«) L)
/4

7 siny) = @,

V lrf 3
Jath ol )=
= siny - 4)

where the following steady-state values are: Vi,
voltage at AC bus (rms), A, - phase shift between V;
and Vi, as mentioned above. Note that 7.y is the

transmission line impedance, while the active and
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reactive power (per phase) at the AC bus is given
by:

B, =V,,I cosee= (P, [3) (13)

Qo = Vil sine

It can be seen from (13) that the P, and Q.
depend on the firing angle of thyristors (¢).
Equation (12} can be solved by using a numerical
method such as Newton Raphson to achieve V.,
and A, at the steady-state conditions. Consequently,
Voo for DQ linearized model in (11) can then be
calculated by:

.n‘.ﬂ @

W3 ) 2] 14
”(‘OSEG} P Id:‘.u rFld".u[ )

=—nil

oo g bus,

where

Fo

$ I'Jﬂus.oe

Z."'f‘? 'z ‘

3

fd;;,u !I?."E\fg \|

\le\ 7 )

G \]Ha”i‘ : (‘m'rx;)z . ¥z= Lan-l[%i“

5. Small-signal Simulation and
Stability Analysis

The DQ linearized model in (11) is simulated for
small-signal transients against a corresponding
three-phase  benchmark  circuit model in
SimPowerSystems™ of SIMULINK. The set of
parameters for the example system according to
Fig.1 is given as follows: V=230 V yopiase =50 Hz,
R.~015Q, [,.-30pH, C,- 2nF, C=1000pF,
=03, and L=65mH. Fig.8 shows the V,
response of the system in Fig.1 to a step change of
Prp; from 7 to 9KkW that occurs at t = 0.4s. (@ = 0
degrees). Similarly, Fig.9-Fig.13 are the responses
to a step change of Pz from 7 to 9kW for a equal
to 10, 20, 30, 40, and 50 degrees, respectively. Note
that the firing angle cannot be allowed to exceed 60
degrees to obtain the positive output voltage of the
rectifier on the DC side [26].

From the results in Fig.8-Fig.13, an excellent
agreement between both models is achieved under
small-signal simulation. It confirms that the
mathematical model of the power system with a
controlled rectifier derived from the D) method
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provide a high accuracy. Therefore, this model can
then be used for stability analysis.

T -
4 m—Benchmak nodd
= D Inearzed rodd

VoulV)
§

l].;E ﬂi-‘ 045 s 05 I!.;G
Time(sec)
Fig8 Model verification for changing Frp; from 7
10 kW (a = 0 degree)

T T
— Bencimark modsl
— D linesrized modsl

L
04 043 5 055 06
Timalsec)

Fig.9 Model verification for changing Prp; from 7
to 9kW {a = 10 degrees)

= Banchmark modil
= D) linsarz ed mode

i i i
135 04 245 05 155 06
Timafsac)

Fig.10 Model verification for changing P;; from 7
1o 9kW (a = 20 degrees)
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Fig.11 Model verification for changing Pegr from 7
to 9kW (& = 30 degrees)
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Fig.13 Model verification for changing Pcp; from 7
to 9kW (a = 50 degrees)

In addition, it can be seen from Fig.8-Iig.13 that

the harmonic components due to the switching
actions are included in the responses that are
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simulated by using the three-phase benchmark
model, while the responses from the DQ linearized
model provide only the fundamental component.
However, it will be shown in the stability results
that the mathematical model derived by considering
only the fundamental component can correctly
predict the unstable point of the system.

For stability analysis, the () linearized model in
(11} is used with the eigenvalue theorem. The
cigenvalue can be calculated from the Jacobian
matrix A(x,,u,) in (11) by:

det[21-A]=0 (15)

and the system is stable if
Ref1}<0 (16)
123,....

where i the number of state

variables).

, n(n

To investigate the instability condition of the
power systemin I'ig.1 due to a CPL, the eigenvalues
of the system with the given parameters are
caleulated from the Jacobian matrix when the FPrp;
varies_fram 0 kW to 50 kW. The dominant root
locus for @ equal to 10 degrees is shown in Fig.14.
According o (16), it can be seen that the system
hecomes unstable when the Pz exceeds -22 kW,
Note that the results depend on the system
parameters such as system frequency, DC-link
filters “etc. If the parameters are changed, the
stability results will be changed. Fig.15 shows the
time-domain simulations that support the theoretical
results with instability occurring at Pz equal to 24
kW. This is greater than 22 kW for the unstable
condition predicted from the theory.
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Fig.14 Eigenvalue plot of the system (a=10 degrees)

Issue 2, Volume 6, April 2011




156

WSEAS TRANSACTIONS on POWER SYSTEMS

2
n

W 3

P (M)
$
>

w B

&

]

"'rn"“

& 3 8

24 FL] 18 ir 28 24 3
Timim{sme)

Fig.15 The simulation validation of Fig.14

Similarly, Fig16-Fig.19 show the eigenvalue
plot for a equal to 20, 30, 40, and 50 degrees,
respectively. Fig.20 Fig.23 show the time domain
simulations that confirm the theoretical results of
Fig.16-Fig.19, respectively. It can be seen that the
mathematical model derived from the DQ method
can be used to predict the unstable condition of the
power system.
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Fig. 17 Eigenvalue plot of the system (a=30 degrees)
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Fig.20 The simulation validation of Fig.16

In the future, the dynamic model will be used to
predict the instability point for variations in system
parameters such as system frequency, DC-link
parameters etc. Moreover, the dynamic CPL
explained in [24] can be also used with the DQ
maodel of three-phase controlled rectifier from this
paper instead of the ideal CPL. This is to mvestigate
the effect of the dynamic CPL to the stability
margin.
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Recently, the artificial intelligence (Al
techniques are widely used in the power system
application [28], [29]. Therefore, the mathematical
model derived by using the DO} method from this
paper can be also used as the objective function of
the Al algorithm for the system design.
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Fig.21 The simulation validation of Fig.17
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Fig.23 The simulation validation of Fig.19
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6. Conclusion

In this paper, the D(Q) modeling method is presented
for modeling a three-phase AC distribution system
with a three-phase controlled rectifier, DC-link
filters, and an ideal CPL connected to the DC bus.
The proposed approach is very useful for modeling
the AC distribution system and also concerning a
phase shift between source bus and AC bus.
Moreover, the resulting converter models can be
easily combined with models of other power
elements expressed in terms of synchronously
rotating  frames such as generators, front-end
converters, and vector-controlled drives. This paper
also present the D) linearized model that is used to
analyse the system stability due to the CPL. The
three-phase benchmark model is used to verify the
stability results in the paper. The results show that
the mathematical model derived from the DQ
methed can predict the instability point with a high
accuracy. Therefore, electrical engineers can use the
mathematical model to study the power system
behaviour and to avoid the unstable condition. In the
future, therdynamic model will be used to predict
the instability point for variations in system
parameters.. Moreover, the mathematical model
from this paper can be also used for the Al
application to the power system design to achieve

the best performance.
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