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Usenaurinds (Power Factor, PF) $3pn PF flA1g5enine 0 Dia 1 Tnediszuuliindisien PF e 39
foulng 0 wanrisruuliihduliinmdSuendinann dedeidevesszuuiidan PF o fe

o w a

1. vibiiAniasgeyide (Power loss) Tundiauyadas

Yy o

2. vlvinmasgeydeluanedeg

3, ﬁﬂﬁﬁhﬁwé’ﬁLLaﬂﬁWﬁﬁ'wﬁqmdWﬁwﬂqmﬂw%ﬁmumzﬁaqgﬂf\i’mmﬂ%’ﬂudauﬁLﬁu
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dioifunsiinuszansamlunslindsnulugamnssudsfianudnduedisdaiiazde
uiladoidednanienisuiulssadasenaufids (Power Factor Correction, PFC) lofgstu

Wnsndeulunisusuduamusznauidsdenisldfuiulszq (Capacitor) devuuiussuulnii
AaguR 1.1

l

—> I ]
@ Ry L i i Capacitor banks
@) =]
Vg Linear loads
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Nonlinear loads

JUN 1.1 ssuulnihndnisusudgsasaisenaumasesaiulses

1n3UT 1.1 svuuliii 3 wla Sremdslnihlviiussuulaeriundowdadlningalagndiaes
Tmdudufiuaudveunasdny Ly way R, nsivdoudadinidaremasivinliiuluan 2 Ussian
a a v . = Y o v ) N o = w
Ao Usgtnnusninanlsenm@adu (Linear load) @aUsenaumigfiimuniuwasainilediul 3967
a ) dy [ (% [ Yo ° PN = 1 a 1% .
wilgnhiuanvguaniinliien PF ¢ uazluaaussinniiaesaelnanussianliidadu (Nonlinear
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AN szidnasnenidenieneanszsuIun1THanrel 99U RAINNTTUNTE 8123 ILAANTS
yhawiiianaindegunsaliifianulidedssuniuniosnaazlusuniussuudearslulssau
AN U [1]

atuumensudlufedostunafnsleuuuduuurunussuuladinléun anseadids
WUUNIETW (Passive power filters) [2]-[3], ﬁ"JLﬁUﬂizﬁﬂaU%m (Hybrid capacitor) [4]-[7] A9n599
AdaoaniuuauIy (Parallel active power filter, PAPF) [8]-[10] Wag@anToanIasiuuNa
(Hybrid fitters) [1], [11] luunansiBnsivantiu PAPF 1JuisaTinnadamguilandimiuszsuuldia
AinsldufuUszdmiuUusdmlsenaumaa

Tnevin TdmumsdeatusTowuud PAPF azgnauasliidudianuduniunieinim
Wnialeu (Virtual resistance or conductance) ﬁm%’wqmgﬂmﬂﬁmLﬂmmusﬁfa%mﬁ'amim’mﬁ’m
Lmé’uaﬁmﬁﬂﬁﬁmﬁiaim (Point of common coupling, PCC) wasszuulvin [8], [9] wazladl
MATeRfimsduinnianssLasuednileiivaussonglunsidassuednuagdos-
Tgwuudniouq Tunanieadu (12, [13] wiedelsinunisifwmesvesssuulninenaasiinig
Wasuuvasluanarildlunisesnuuuiiedesfuslowuudlaofuazriilinnuiislauuud
(Resonance frequency) eullanniindahiaussoalunstlostuslowuudanasuasunluni
tusfuorvasdumelfsruulnwihgadeadosnmdmalfszuulnihmegansvhauld

NnAfAeliiAuahilifiesnuideoves Chen Xu wazam [14] Ainns3doiAeatunis
dosruslonuudluanngiimsiinosvesszuuliihiinsdsuasdmnniwesiiudsuudasde
ffulszdmiulfulsiiseneuids snidedidthiauedt PAPF msazvhamduaani
Aasunlasuuidonaild (Selective variable conductance) 8V audislowuudiiiodudas-
Tguuuduuuruuielvilussansnmitilunstestuslouuuduuuru Tnefinnuiislouuuday
gnamaiaseinnaiaslonuuduvvrunudsiuazddsuwlasimunisasunamesiiv
UsggdmisuuFulgsadsenauids uegndlsimudinsfivaueiliminennsdniunisduon
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1.4 YdULVNUBINITINY
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[ [

1. szuulnihitvinnsanwnduszuulniiussdius 3 e, 50 Hz wsssulaiiiu 400 v, Afarias
Y83 UUNAaesluieIUURN sHvuIAUIENI 3 KVA

2. mydfeiidnviamasTouuuduuuruluszou iy fafumemnandesundlussuy
InfhAonszwasnsuetinlvan

3. insfnesvessyuuliniidnmaAsuwasie dufiuudueuvasinededimsddsunas 3
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Tuteresuddensdestunisiindleuuuduuurwiuiinmuionsivasundasmsines

Ul 2 naniegaSsauasLUUSassEunIssAdinmansvasssuulih i Ans T uus LU
T dnesvosszuulniihiinsiudsuulas

Wil 3 nandsstddeiiietesteunthilusdenistdosiunisiinslenuuduuuruiuiinmu
Aonsiasunlasmsines



unil 4 namisseazidsaniseanuuusimunuiiiet sstulsleuuudiuuruuiinamusenis
Wasuwasnsiiwesluszuului

undl 5 nanislassaiimunvesinsesidueafinuuurumuitedosfusTouuuduuuouy

unil 6 namdsnisiaesnsiauienivesinendumnelngiuisudsuiunismaaes
semiiwesinasdmsundnluiesfiRnsiofuduisanugniesutuduazanssansia
YoiEmIfitLaue

undl 7 Wuumaguazinmsunsianneiddeliauy saldstu

[
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LS LYUUUTLUUVRIUANSA a5 VassuU IR T n1sidasundag

a D

2.1 unun

Tuunilznaniuuusiassaunsniadamansossnsiinstowuuduuuruiulusyuy
Iylihifinsusuugeaflszneuidsnediiuuss dusEudusmeuuuiiamisadamanives
svuulihfinnsfmesvesszuvlifinisildsuulas seanduazidnauessuuliniinisfines
meluszuulniihdnisudsulasdasilianuiislsuuudvesssuuiisuulasmulude Tne
msfimeiinaudsuiaduineinusise adufiuaudueaundsinsuaradnfuuseqdmsy
USuuseandiuszneuiae

Inenimsidlafinniaueniensitasndiouiiounmshausemafineinasdiu
yuelngjdaduenassildandoyainangunsal@siifitnfiidags (1000 kVA) uazmisfitaesung
duruaviesufuAnisdadummfinesilddmiuresfuRnisdedidafidain (33 kva) lag
W51dmesuIns1druruInlngazldd11iun13910090157ULAE NITIRLA B TUIATIEIUTUIA
wesUftRmsalddmsummaasnisviinu Sntaesyliinsisuisuiuluunnssaeuas
nsvaaeslAneniinugaduil

Tuhtedalusnduneazdensag vesusazidedildnaiuiud

2.2 WUUINABIEUNISNIARNAEN S VD LS TUUUUTUUUVUIU

l
—=

Capacitor banks

s L I I
@ =]

Vg Linear loads

Nonlinear loads

JUN 2.1 szuulnihndnisusudgsadisenauiaamedinulsey



RS LSS [Sh (S=

Vi(s) 1,(s)

1
Cys

JUN 2.2 2sasanyasiewlavesszuulinfidnisusuugadusenaumdsesunulseq

INFUN 2.1 Uag JUN 2.2 Mvuali
ve  fe urasgnenssiuliin 3 e

v, A9 uswiuiigasesiu

i A9 NITUAWNEITNY

. 2

i Ao NIzualnan

. A v @

i AD NIELARILAUUILY

Vo(s) fa fuusaiaiusasiuwnatang
I,(s) fo fulsarvarvnsswhauwnasans
1,(s) fo dulsaarwnszialuan
L, #e manuwideniunasdie
R, D A1ANUAIUIULKEITY
C

C, Ao menugauyasawlavesiuiulsey laedl C, =3C,

o

P~ ! v & A 4
Av ﬂ?ﬂ’ﬂll‘\rﬂawnLﬂ‘U‘lJi%'ﬂ‘VlG]’EJLL‘UUL@aG]']

Ul 2.1 uanslasaisvesszuulniiifinsuuugssdussneuidsfesuiuusey 3
Usznaulufie undednsusadulndi 3 wia v, Inefiddufiunudundsdnefediaiumnideati
uwdsine L, oynsuiuAianudumiuunasineg Ry Inslvanazusznevlufelvanduduiadu
TnaadvhlviasuszneuidaiavuasivanlidadudadulnaniivviAnnsswasfueinlusyuy
il iielhAnAwazmnlunsilas s inazesnuuuszUUAIUAL JUT 2.1 azgnudaadunes
amﬂawﬁqma%ﬂagﬂugﬂﬁummammﬂaﬂmﬂm%ﬁqgﬂﬁ 2.2

Fefiasanenzravesnszuasiuediniiinainivan Aagliasauyasemafagui 2.3



WY YN

1,,(s)

Ry Lgs I, ()
1 o
CYS—

JUN 2.3 19sayadawaveslowuuduuuvny

nN3UT 2.3 Mvuali
I, (s) 79 Mulsarvarsnszuassuetinunasany
1,,(s) Ao Mulsarlawnsziasnsuatinlnan

NITANYaluIuN 2.3 Weflasianainnisinunseiasisueiinluan suiluaudunasdng

v & | o & Y a 3 v v ¢

wagdivUsEagderuuiy Beasiduameliinsiauuuduuurunulussuulniii lneanuduius

sewinanshaansuelinluan 1,,(s) waznszuasnsuetindunasang Iy, (s) awnsanlalnenisls
anyIeashuensualanall

1

C,s

I, (s)= 1,,(s) (2.1)
R,+Lss+—
s T LgS C,s

[

Msdaguaunisn (2.1) milegluguilenduaielou (Transfer function) lainadl

G (s)=1(8) _ . ! (2.2)
1,(s) LCps"+R,Cps+1

lae?l G,,(s) vgniseninflandudiglouslowuuduuuaniy &9 G, (s) daggnunluldy
sanuuusimuauitelesiuslsnuudiuusnuluundaly



2.3 szuulunasdiuvualuguazansdmauiaiasujinnisidamisiinesy
n1saguulas

.
[ |
J ? Nonlinear load
Capacitor banks i
* ROTLTT _{» ———{—wo]
ROt =]
2 BN

Variable linear loads

]

Fixed linear load
Linear loads

JUN 2.4 szuulnlihnnsdwesvesssuuliihansawfouwdasla

£,,(s)

JUN 2.5 2asauyasiamavessvuuliihinsiwesvessyuulwihausaideundadle

U7 2.4 wansszuuliihdsdmnsiivesvesszuulwihanansadsuutadlddaiasasauya
seulafaguil 2.5 ansad 2.1 wansdmnidimesveszuulniidaidannsduvuinlnguaz
AU URNT MsdiwesiasdmuunlngazgnlidniunisinaenIsiiuresEuy was
Wilwesuesdruavieslfiansesgnlddmiunisnaasssruudsduiesuinnig lnenism
Amnsfimesnandmsnatesl fiRinstaunsonildlaenisuszandldanndde [16] wazeuide
(17] Tnoszuuliihdeguil 2.4 UszneusneesAuszneu 2 dufe
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A19197 2.1 Wsfiwesvesszuuliihuesduuinlgiaziinsdiuvuineslfuifinis

UINFTIFIUVUIN | UINTIEIUVUIA

a9AUsENOU 1881380 , v e
vy Vi uAn1g
AAuaulad 3-phase, 380 V, 50 Hz 1000kVA 3.3kVA
L Aanuwdeniuvasne L, 29.76 4H(5.85%) | 9mH (6.42%)
BuNLAUTUIAIT Y , - —
ATANUATUNULAAIRY R, 2.16mQ(1.35%) | 0.90Q2(2.04%)
Tramiaduned FdumurE et 140kW 465W
NanLTLEUAIN )
ADLUULAAF 90kVAR 300VAR
L 1 19n:
Tnandaduasu L L4 16kW 16kW
FiaPuyIUeuNITUALAtENn
wlasmlel K 116kVAR 387VAR

ADLUULAAAN

. 1ASIIBINTEWA 3
Tranlaligady 260kW 870 W

< « v Y
WALUULANARULAAAFIAUNIY

126kVAR 420 VAR

FAulsea 1199: 14.5% wpnianiioulas
‘* (C, =1050 uF) | (C, =3.5uF)

2.3.1 89AUSENOUNATNITITLABIAIN
asrUsznavludlutazluinisidsunlasAanisiwasnaannisnanasy G9azUsenau
Tusne

2.3.1.1 Va5 IAUINRAN
WWuuvrasenssu 3 wa wsesuluiiuuin 380 V anud 50 Hz

2.1.1.2 aaussamaaduai

I~ L [y Y P o 1 £ & A o a 1 [y

LUuIWa@W'J@WUV]']uGUU']uﬂUG]'JLWUEJ'JHWW@LLUUL@ﬁGﬂ FIUAINIFILDANWLNIAU 140
= 2

kW uaginassuan?vl 90 VAR d@usunisiiiimesuinsiduauintnguaziaidateaiiwivindu 465
W kazinassuendin 300 VAR d@msumisimesuinsidiuuinvieslfuisinig

2.1.1.3 IaausznliiBaduni

) a [ A A v Y & a1 o W = v

Wunassenseia 3 anuufiuraulaenillvaadauniu Fllaridiueaniniyindu
260 kW d1msun1diwesunnsaiutuninguaziainduaaiwivindu 870 W dmsunisiiines
1INTIEUVUIANIUTANS
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2.1.2 a9aUsznaunAIwIsdimasilagundasanla
asrUsznavludrutinisfiwasvesszuulniianunsadsundaslotieldludiasauay
79899ANUAINUABNTIUAB UL AN ST asYasEuU i FaazUsznauluse

2.1.2.1 BuuAULNaIINY
BUNUWAUTLNEIT18UTZNDUMBAIANUAIUNIULAEITIY R, LazAIAIUATEIUN

o

widsine L, Ssaenndestudmnuiumusazaanuimieniilvavemiautas Afafidaves
nlaulasAe 1000 kVA d@msunisfiwmesuinsiadiuvuinlnguag 3.3 KVA d1m5unisiine suns
dhuvwinneslfusinig Adamdswesniisulatdmsumsiivesuinsduvuaingazlugniniia
Mawemilaulasdmsunisdwesuingdiuruinnesufuifinisuseuin 300 win A5 dives
Un@ (100%) v03 L, wag R, Ao 29.76 uH (5.85%) wag 2.16mQ (1.35%) a1ua1audInsy
W5 fiwesuInTdIInlrgay 9mH (6.42%) was 0.9Q (2.04%) AUaIRUAINSUNITITLNDS
1ATdILIATsUFTRNT Taefian L war R, dwmfumisiwesuinsdmauinlng azify

P15 D539 MUAININNISS 1000 kVA [18]
I a ¢ o X a ' % & a °
ANBURWAUSLaIT18RaNTaAsURUaIAN IR B LA L UN1S91889LaY NSRS
o d‘l a '3 1 d‘ a 6 Qdd‘ o Y
nsvhnuiegatanuamuien1sdsuwlamsiwesiussuuliwedisndnauelunistesiu
A5LARLS U UUSLUUTUIY TuIdetadunaudwiasanetarunsaananls 50% a1nA1UnA tuAe
L, 4oz R, Ao 14.88 uH oz 1.08mQ siua1nud1mnsunisifitneasuinsidiusuinlvguay

4.5mH uaz 0.45Q fuaRudmsunslmesuasiduuInieslfuiinig wazaiunsaiiuala
200% qnAUNG WuRe L, uaz R, Ao 59.52uH uwaz 4.32mQ auaiaudmsunisndwes

msduTuIamgkay 1I8mH waz 1.8Q suadudmsumsnilwesuinsiadiuvuiniosuunnig

2.1.2.2 anUsznniBaduiiuasuudasdnla
91n3U7 2.4 Wanuszinndaduiiudsuwdasaliaziiogieiuimun 3 19 Jaus

'
a0

1 1% v Y v v ~ o 1 Y = o w = v
azLszmﬂszﬂaumammumuauﬂsmﬂummummmmwumam FIUAMNIAILDANWNINY 14 kKW

[

wazMadawaA7N 116 kVAR dmsunisdiwesuinsidintuinlvguaziainiaseainviaiu 54 W

LagMasLaAnn 387 VAR dmsunsfiwesunnsidiuuunniosuuanis

2.1.2.3 fraiuszadmsuusulsamaausenaumas

LummmﬂiiﬂammLauUsvmwmmummwﬂ,‘wm PF SiAsi mLﬂUUﬁua%QﬂﬁiaL%’wiU
Iuiwwlvmmwaﬂiwsam PF iwawu mﬂs‘dw 2.4 mmuﬂi“%maamaﬂwwm 3197 Faue
azLwazgﬂmamqssuu"lﬂ/\lﬂﬂmamﬂaaqﬂuimamﬂﬁzmwL%QLauwmaauLLUamﬂ@Lwaﬂswgam PF

TlndLAes 1 39 1 WnavUsznevlumesufiuuszuunn 126kVAR (C, =1050 uF souuuinadi)

dusunndwesuinsidusuialugies 420 VAR (C, =3.5 uF) d1m5unisifinesuinsidiu
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uaeUfURn1s JeAnildndu 14.5% vesiidamdeutas anlumdunuuszgnaunsalduldlsde
M 1 1% 2 @0 waz 3 1 hdssuuliihAe 1050 F, 2100 uF uar 3150 uF anud1iu

2.4 n15SpULIBUTUIANANDUAUBIMNNAMNAVRIHanTUag ol dIuTUIA LYY
wazdefduarglounnsduruiniasufuning

NATULUSHULTIBUTUIARARDUAUBININAMUATDINITITLADTNINT 1IN LA LAz
W15 T9D5UINTEVUINTRIURTRANT Faanunsauanalalaenisunudl L, R, 91 100% way C,

71 100% (2 19) asluaunisi (2.2) udmdenruinraneuauperuilafsgun 2.6

- === Large-scale parameter
(Lg=29.76 uH, Rg=2.16 mQ
and C,=1050 uF)

— [aboratory-scale parameter

(Ly=9mH, R;=0.9Q

and C,=7 uF)

Z00

30 e g .

| ek VO :

10

JUN 2.6 VWNANANBUANBINNANNATRY G, (s) dmTumTdimesinnTaduvua ey

W15 TeDsUNTIEIUIUINRIUHURNS

a = v & ~ v ) | a | ~

N3UT 2.6 aiulavuiavensassdanulndifgaiuuinnasnguALALANE1LNES
antleenssanunisiauuud aaiudsaansadenilsdduaislouvesnisifwesuinsidiuauining
M‘%@Wqﬁ%’umEﬂausuaqmiﬂﬁLmaifmmwdausuumﬁmﬂaﬁamiéfﬂmﬁiéﬁaﬂﬂﬂaaﬂLLUU&]”JMUQN
Wiataanuslawuugtuundnly F9luswidedidonilenduaislaureanisdmasuIns1da1uvuIn
v a wa d{' ) d' @ Yo 1 dl‘ c{'d'
WeslfURnmsiitethlueanuuussuuaiuay wazaINgui 2.6 agiiulainlegnilinnudnivuinves
HARDUANBIHYWINGgIIAR  ANUATargniSend1 Audislouuus (Resonance frequency, f, ) @9

anansauseanaalaann

fr S (2.3)
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2.5 nanauauamANNIvaLsTwuuuduuuruuilisnTfimesvassuulniaginag
Waguwag

Tuinerinufasuiagsatiunisdestunisidnslsuuuduuvruuluszuuludifnng
Wasuuamidines mﬂgﬂﬁ 2.4 LﬁaﬁmﬁLmsz‘fl,mdaﬁhaﬁmiLU?{sJuLLUaQﬁaﬁaLﬁuﬂﬁza;Lﬁa
USuugedn PP Innsildsuntasasiilvinanevaussnisauivesilsidudielou G, (s) I3
WaguwUasnulusne 1ledufiuaudunasdiefinisivasunasmin 100% anauvde 50% was
ity 2009% wieufudnAuUszuUAsuuaan 1 v (50%) 10u 2 1@ (100%) uay 3 1w
(150%) vuInveIMAnDUaUIMsANRz DU gUR 2.7

(&
= SE
a3 = I~ .
S S~ 2% e eeceeecee 200%o0f siv.
NN T2 F 0 :
S~ en ¥ 100% of siv.

—_— = 50%o0f siv.

*siv. is source impedance variation

*(1) line for 200% of sourceimpedance variation with 10.5 uF

and 100% of source impedance variation with 7 uF capacitor C,, are coincide)
*(2) line for 100% of sourceimpedance variation with 10.5 uF

and 50% of source impedance variation with 7 uF capacitor C,, are coincide)

JUN 2.7 aunananauauemeannuiives G, (s) Wemsilwesvesszuuliihiniswiouwdas

9n3UT 2.7 sziildimnufisTsuuuduesszuuagiinaiasuutasann 211 Hz aufls 732
Hz arudisTouuusiifduenuiiunndatusnnidvinldendeniseanuuuimunamiitetdesiunis
AasTouuudiiielisyuuilafiosnmaaenguniislowuuddadurnavimenasduussifundn
Tumsvianeninudatul
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)]
§D-
DD
e
©
Z

J1UIYNENY

3.1 uni
TuhdeienidunisnanisnuddeinedesiunistestusTowuuduvuruulussuy
Iylihifinsusueeiusznouidseiiiulsyy Tagldfinsesuieimdnnsvhau laesunsy
N1991197U ’J\‘if\]ﬁam,luaGi@LWﬂmﬂumﬁLﬂiwﬁizUU NAMDUAUDINIIANLAYEITEUY TITsToRuaL
Fosesluunazds delduvsenniu 2 Wdedeusesufe
SnstestunsiiasTonuuduuuruiuiinimisdmesvesszuulnilddngg

3
fegmeiuvianun 3 35 Ae

1.
Wasuwkuag a9

- AINTDINAILUUNATN
Y] I3 a
- fiulseglavin
- AINTDINAILDATINLUUVUIY

2. An1stpanunsiinLs gL UskuuTUIUnA NS dwasvaessuulnihinnsiUasuuag

luhtednluasiuseazidonnne vesuiassdosnfilanaiuiunan

3.2 35n15U09NUNISEA ALSTBRUUTLUUIUIUNAINISI0LR D5 V95 UU WA L8NS
Wagudag

3.2.1 ANTBINAIUUNIETN

o o w = & aa < 1 [} v [y a s

minsesmasuumadnluniunduegrunndmiunislesiunisiiaislowuy uduuu
gunuluszuulninndnisuiulgeanfmussnauiidsedunulsyy Bdavdedunieniinazany
FumusynsuiudunuUsey Wedsunnuislasuudvesszuulihldiesatuaiudvesnssua
gnsueinifegluszuulih Tnensdedinsesiauuunadnidifuszuulihasdudagui 3.1 39
= ' o =
1v9saNganalanigun 3.2

{ —v—rr -

R, L Passive Filter

s s I i
S —L
@ [—wr]

Vg Linear loads

Nonlinear loads

JUN 3.1 2993FINTRIMaALUUNETY
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1,,(s)

1
o T

5UT 3.2 13sauyasielaveaasinsasidauuuniadl

IN3UN 3.1 Uagguil 3.2 Mvuali
I, (s) A9 nIsuasnsualinimasang
1,,(s) A9 nizuagnsuaiinlvan

Ly Ap Amanumiieniunasdng

R,  A® AIANAIUTDILNELTY

C, foanfiudszgdinsesiauuuniadn

L, #o menuwidenifinseshduuuniadn
R, A9 ANANAIUNIURINTDIASUUUN TN

= v o & ! ¢ a A 3 a
aunsnkanInNuduiusTEninanssuassuetinuasivan 1,,(s) Nldonszuasisuolin
wiasane I, (s) A9

1
R.+L.s+—
F F C,s

I (s)=

1,,(s) (3.1)
Ry+Lgs+ R, +Lps+——
Cps

Inguauntsi (3.1) nsdivelviegluguilsndudneleuiuansanuduiusseninenssuass-
vetinvadlvan 1,,(s) Nilnenszuassuetinunasany Iy, (s) lansil

Iy(s) L,C.s" +R,C.s+1
1,,(s) (L.C,.+L,C.)s*+(R,C,+R.C,)s+1

(3.2)

= < a =l L ! S v & =
JUT 3.3 WunanauauemnaanuivesvunaUisuiigussninessuuinednnuy sy iiles
pg1ufigINegUN 2.1 laeldaunisi (2.2) warszuuiemnsasiauuunIaanaagun 3.1 lagly



16

aunsil (3.2) Fsaziiildidhnsesfdauumadnazidoumuiislouuudvesszuuinegiiuszunn
100 Hz desniszuuiididafuussgfiesedafolnefinnuiislowuudegivsyanaeueinsusiu
7l 7 (350 Hz) BelapUninssuinamnud 100 Hz azlifinszuaensuednlvanegdsnarinlilsiiinnis
Yeunseagsuatnurasansluszuulni

wiogdlsfinuiBifidedoseguansusenisdaeiufio

1. mnniwedvesszuulnihinsdsudas slonuuduuveuuenasiatusnls
fawsinazdinssiosnsesfdauuumadning dsluunsaaunisalagilifianldaneigauas fodld
mwnNé]’m%mﬂﬁuﬁﬁmm%’m’fauqqLﬁw%m?{m{]@mﬁ [4]

2. mm?ﬁ,ﬂmuwﬁﬁé’mwmmﬁaagmaqéfamaqﬁwé’aLLUUW’]&%W 9199zneliLAnAIY
FAometunlfidedasunuiieansldlfnnszdulugiuauiiu (12

3. éhLﬁuﬂizﬁ;mﬂﬁ%ﬂﬁﬁéfaamié’mmﬂiwuLLiqﬁuIWWwﬁqmjwhLméfumaﬁzuu
Tl [19]

=
o

- Only Capacitor
— Passive Power Filter

w
(=]

[~
o

—_
(=1

Magnitucle (cB)

R
=]

&
=]

ol i i il . I N N R
10° 10
Frequency (Hz)

5UT 3.3 NaRBUAURINNANUAYRIBAINTBIMAIUUUNATY

3.2.2 fanulszglavin

Aufulszqlavialagninaeluauanwide [417] dmsudesiuslauuuduuuuuiu 67
[ a A Yo °o w I v v @ =i < a v
ulseglausarenisidsiinsasmdwuunenfineynsududuiulsey JUN 3.4 \Wunuideves P.
Jintakosonwit wazauz [4] Tun1suszgndlddunuiseqlausadmsutosiuslouuuduuuou 3ad
ATANLARDIUN 3.5
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500-W nonlinear load

PCC .
vs S LS L 53R
3¢ 380 V @ A
50 Hz, 5 kVA \_~ YL
! | &L &R
1
i
25 RF oLy | B S
* Ie'aa! - Ry
Vde ZiZ Cac o AVAVAY
N g AN\
2.4-kW resistive load
bt koL N
+ ~N 3-kVA, 380/160V

transformer

\( y 3.8-kVA linear load
three 100-VA PF = 0.64 lagging
single-phase | | 2.3-kVAR
PWM inverters I A-connected
o) capacitor bank

JUT 3.4 2sasuiulszglauialuaideves P. Jintakosonwit uazaas

iSh ,,L;s,, UTh iLh
?:C}l.
v T K G) in § Ry, % Ly
T

(v)
JUT 3.5 2sasayaromdvesnasiuiusygleuia

N3UN 3.5 Amualn
Ve A9 WSIHUFINTBIMAILDATIN

. a s a  al v &
i, Ao nzuasnsueinilualuduiuysey
i, Ao NIzlaesuelinluan

K A9 A1ANUAUNULEL DU

2.9-kVAR inductive load

S
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wanmsianuiuguredlsidmiunistesiusleuuuduuuruuee duniesinesiegly
szuulihazgnanuanliiduanusunuadouiieunsuegiuiunulsey neasianluguddmiu
AuRvaNyaazaziianuiumugEmiudmsuautensueiin Wedunedinesgndsliinau

Ve @1130910970
Ve = Kig, (3.3)

fie K Sengefifissmeuaslifinismismnananfiietuandaiuae aunisd (33) A
wusIaingmuiidesnstasyillifinszuasuednlnatluluiiuvysyqluvasfinssuandnya
Hapsannsalvaldmuunfdieusutsddussneuidaesssuulidh dadudufvlseqleviai
asavaLseiassueniinlagusiranansuednislouuud

Ul 3.6 uanmaneUALIANLIvesNsTIassuedinlvaniidmarieusfuiigaesam
FowSeudisutuszuulifimssoduiulsey svuuiesifudszqiissediaden szuviidesifiy
UszqounsufiuTuenmosuariniulszaleuin Sneiildiiinsdfaussonziflunsannisene

s a A a ¢
GUENaqill@lﬁﬁﬂﬁ')’]mﬂLiISULLuus(j

40
. !-\ e = e i
- \ e Y ]
30 o Sl = i & A
’ H T A T e 4
— A .y .
< ;! < . —_— /
2 LN Sy
- 20 Py N N /
—_— 2 ” .
K = . . - b \
= H A A )
i . 4 Y
éﬂ 10 o Ny
o \\
™ ~
Il 0 e
Nf —-—-— without C TN -
.
§i]=====- only C N
Bt I S 2 SRR C with reactor
hybrid bank
20 T H
100 1k 10k

frequency [Hz|

JUN 3.6 nanauaueRANNivedIsALiuYIzylauin

N I a o oAy Y & aa Say v =
uwiagnslsimunseasiBuadanlananuudiuisnisiiivessydisilae
1. FBilmunzAuduiulsygndamligannindeindmsussuuiidesnisdunuussnd
ANgaLn AiRnssuavesfnIasiduenfindiewnauuInvesfiivysey inlisiA1veafinses
Mdauaavlazgeunnauluiie
o = < Y v oA 4 a ' a
2. NWANDUAUDINNANUARIFUN 3.6 aztiulainduiinisvengansuetinuininauly

Y

ANNATIgendn 400 Hz Jusiuly



3.2.3 AIN529N189DANINLUUTLIY

JUN 3.7 2asiinsesidauaaiiniuuruiliuaideves Xinwen Chen wazanie

5UT 3.8 19sauyasielnaveIRTiinTasid ke uuIuY

1NFUT 3.7 uag3un 3.8 Amualn
Ao nszlalvan

AD NIELED9BIYALTEENSUaTN
Ao Nzlavalvesnsuatn

i Ao nssuashsdafiofuduslauuud
Ao nseuaduduslauuud

= 1 o IS
AB AIAINUUNEFNDUY

>~ X T

=

Ao 9N1VYNLYATEBITUBTIN
fl9 9MI198718999 PAPF

L



a

20

anIsmanianlasuanudenlunisin APF luussendlunistesiusiawuuduuuruly

szuulwihifimsusuupaduszneumdsediiulsyaaenisin APF sevuuiuszuulil [8)-
[10] 5U7 3.7 Wuewddeves Xinwen Chen wazansz [13] Tunisiien PAPF unUseendldly

Uasiuslonuudiuuvu Falrsauyasdoumanagui 3.8

wannshanuiugwedisidmiunistesiunisifaslouuuduuuruiuse PAPF 9gn
muabiduaanuiadeuiivinuegiussuulni Fanszuadadaiiedudnslouuud i awse

Valthha
L =K, v,

[

lauAn K, danunsaidouwdasentalagldfianmuauiuu Pl dall

K, =(THD], - THD, )(Kp + KS j

Tagil
THD, @8 @1 THD W manegvedusaauiign PCC

THD, @8 @1 THD veuseiunyn PCC
A v o/ !
K Ao §ns1venedndIu

K. Ao DNI1VLILDUNILNTH

[

A S 1 ‘:4' v o ¢ ' . =~ 1 . 1< &
ﬁ]']ﬂE‘U‘Vl 3.8 fleAtuaelounuanInNENNUGTENINg I, NENARD I REISUATIaNIY]

lg

i 1-G.K,
i, LCs’+(R,C+G.K,L)s+1+G.K,R,

(3.4)

(3.5)

(3.6)

d' a . A 1 . Ay v [ PN
E‘U‘Vl 3.9 AAINARDUAUDININAIUAYDINTSLLE I, NENNARD I VIVLW'Mﬂﬂ’]iWﬁ’eW]ﬁQJﬂ’]ﬁVI

(3.6) BeazunulgaTisnsiianinsnanuuailiAganaseusnaauislsuuugadlaiduegiauin

Y & 1 aa o P o s
LLaﬂ\{L‘WL‘Viu':l'nlﬁﬂ'ﬁu&JaﬂJiiﬂm%‘V]@iuﬂ'ﬁﬂ@ﬂ ﬂULﬁi"?ﬁ BUUFLLUUVUIU
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5UT 3.9 NaRBUALRINNAUAYBIITAINTBINMAEATINKUUIUIY

1 ] I3 aa -d’jQJ M vya a 6 @ d‘l a 4
wing19lsAnuITRlllATinnseonwUULAE AT IR I UUSEL AU BN NLMDSVBITE U
Tndinsasuluasdaenvaziindulalussuulnin

3.3 35n15U09NUNISL AN LY BUUTLUUVUIUNAINITI0R DS VR 9szuU AT NS
Wagudag

JUN 3.10 nstesiuslowuudiuuruuieismanuiiuasusvatiuuiondlalunuideves
Chen Xu hagAy
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nFateiiiuindedsnisdesiunisinsTouuuduuuruiufianisfinesvesssuy
T ladfinnsiuasuudas winmsfiwesmeluszuulnihiinsiudsundasivandudildesnuuull
onvavlvaussaarlunstesiusTouuuduuuruuiruansoanamsoarieluninduenas
yilszuulwihgyideadiosnmls dsagiligunsainneg fidesmegfuszuulwihifnauds e
visoawyiliszuudestulnihdinisesiniiilinszusunsnannganisvinudailfiAanisgade
seldiluegaunnluningnamnssy

JUN 3.11 nTsuavaesUnauamdeion15n I InAuas el uLs

5UN 3.12 TunaunInsIainanunslowuud
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sUN 3.13 msvihauitedesiuslouuud

f\]ﬂﬂﬁié’ﬁwmﬁﬁuﬂ%eﬁa;ﬂawudwﬁLﬁmmu%’wm Chen Xu wazmaz [14] fildinaue
FEnstostuslonuuduuvruniluszuuliihiimsimesvesssuulniniinsasuudas Tnoeil
Ieidereansnidde [13] Fefilaszunsunisviiaudagud 3.10 Ssmsfmefvosszuuluiniinng
Wasuwasie C, uay C,

Tumiadeiliinsdnauedn PAPF arsasvhaududanuhiuasuudasuuuidendils
(Selective variable conductance) 58U AwRtonuLTiledudusTonuuduuvuwielFE
Usgansnmialunstosiuslowuuduuuruny Tnsfimnuiislowuudazgnasiainsefnsain
slowuuduuvrunudaiuagiuasulasiinunsuasullawesdiivuszadmiuuiuugaa
Usznounias

Supoulumshauwesmidseiiiieliszuvannsadesiuslowuuduuuruiluanigi
wsfwedvessruuiinsiasuulasiduneusine

1. szuumuAuazdsly PAPF vhaululuunnisnsasduanudislowuud (S, adngluii B )
TnensUaunszuavay i Fulugupdvdmdendigssuulnindgun 3.11
2. FPUUAIUANALYININITIAAILIIIUNYA PCC @90 v, NIBUAWNANEY iy WaznIsua
. ] o o & Y] a A Y] a 3
YYEY 7. INUUILYIINITAIUAWTUABUAIFUN 3.12 Litensiainanudislawuuduesssuuliin

TngludIUN159529 I ANUDLS ML UG TLTaUsELN 0.5 FUNTTUNITATIVINAIIUDLS MLk UL
3. szuumuauazinnsmvauiedesiuslawund (S, andlun B) lneavasinseua

K

Y a A Y] s va Y] a{' ¢ o A
a']ﬁ@ﬁLW@ﬂaﬂﬂumI‘mLuu‘U L, 1‘1/11]?’]'3']&]LWNWSﬁ@JﬂUﬂ?WNﬂLﬁIﬁLLuu‘U tW ﬁﬂﬂUum@ﬂﬁ%UUﬂaqﬂJqﬁﬁ

A3 Ialanagun 3.13
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4. wnAalTEneuAmLIEUsNsUeln (Harmonic distortion factor) UBWSIAUT
PCC (HDE, ) fanaumilanmuald szuundulumuwnmanudislowuudivg

usognelsinu Lﬁaﬁaimwmﬂ%%aﬁgﬂmmLLé"s%Lﬁuiéf'jﬁ%'miﬂf“%aéfaamwizmi
Faline

1 T duresTaussdiu 1 6 Wistaussdudl PCC uwazldifuweasinnszua 3 & wion
FUUNTELALEITY NTzudlvianlaznIELaTALY s uudumesimuady 4 i

2. l¥fnsiatnensueinionun 4 §1 1iiensiainensueinueussdiu PCC nszua
WASIE NIZLALNAALAZNTEUAVALTY

3, %’jumaumiﬁﬂmuLLazImqa%f’Nﬁgwmﬂuaqéhm‘u@mLﬁaﬂaqﬁ'mﬂ%uuu%mwmu
ADUTNNH AU UL

4. szuufitiguellanunsanevausssonisiUasunlaaslonwuusuuuauuldegasunay
IdumszidnssuamnuiisTsuuudlang 0.5 JuflunisesiaduanuiusTouuug

5. windwesiuBsuuadluszuuliihaesssuuihiiausifomanuquasiafiulsey
Wit uatlilldfinnsesnuuunasinseiiiedufiuaudvesundsseinsidsundasniounnansly
neildluniseenuuuimun Sadumanisaifiorafnduldlussuuldh



unil 4

ad

SNUNEUDEINSUNITUDINULS LU LLUUS U UUYUIUY

4.1 umin

Tuunifagnamisiiauslinednusilunsdestuslawuuduuuruuiinmudens
Wasuamnsiwesvesszuulnil Geaziusiuainnisin PAPF devunufussuuliiudaaing
aumsvnsadinenansiiieltluniseonuuuszuumuay Tududaluaglfineraunisludiuusnly
asnudenlaezunsuniuaudmsulosiuslouuuduuurniuudidaguaunisneg Tieglugluuy
YBIIIN3IREYFINNTBULUULUA (Open-loop shaping design, OLSD) s‘z'fuf]u%%ﬁgﬂl,ﬁaﬂwﬁm%’u
oonuuuimualuineinusi ludndaluasdunsesuelussaziBenssesnisesnuuui
aunuiiiedestuslonuuduuuruudieds oLsD uarludugninevesuniifenisdusunanis
ponuuuiimuauiilaussaazfiAlunsdesiuslsuuudiuurulasiiafosnmaidenmusionis
Wasuuassiweslussuulwih

4.2 n15U09A UL YUUUGUUUTUIUAIY PAPF 280150529 9ANSeuaaNsuatnuiasang

—
]
Nonlinear load
)
Capacitor banks c \__
. . — — A
R L b i [~
Y)Y I I \__—MNW\—
@ f ——————
Vs o
’ LF Variable linear loads
y
Cd
<
APFC 9 *K ivdc Fixed linear load
T Linear loads

sUN 4.1 Bnsmhaweiivedasiuslowuudiuuruiy

JUN 4.2 2asauyasiaiavesisnismiausiiedesiusloiuuduuuruny
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'
=

NFUN 4.1 uazui

Y

4.2 funli
i A9 NIZWATDI PAPF

I,,(s) #9 suusaruarwnszuassuaiin PAPF
L, #emanuwideniinsesnssuaves PAPF
C, fodududszglnihinssuansives PAPF
v, A9 w3sulivnssuansaues PAPF

G.(s) Ao mpuauiedaaiusloluudiuuruiy

Brsiiauefiefinne  PAPF  auwufussuuliihuazendenisnsinanszudensueinves
uaseiletosiusTonuuduuuru Ui 4.1 wagguil 4.2 uandlaszunsuiduifenvennsasmds
uazdRsaarawlavesisnsThiauenudiy  Maidumelouiuaninnuduiudseninanszua
g15ualinues PAPF 1,,(s) funssuagnsueiinvesunasing Iy, (s) awduguuuuideiuiu G, (s)

Wz 1, (s) way I, (s) Wuunasienszuauiioiiuiinssiine I, (s) seiuazle

Ig(s) _ —
m—Gom(S)—GO[(S) (41)

laed
G, (s) Ao flanduaielounalus (Plant transfer function)

IN3UN 4.2 annsaussendlivguijunnisviudeu (Superposition theorem) e 1, (s)
Mumauan 1, (s) woz 1,,(s) sl

I3, (8)=G,, (), (s)+ G, ()], (s) (4.2)

aun1sn (4.2) azgnihlvasanduvdenlnezunsumuaudmiulesiuslsuuudwuuauuly
dudialy

[ ° [ [ ¢
4.3 ‘Uaaﬂlﬂﬁ]ZLLﬂ'ﬁJﬂ'J‘Uﬂlila']‘lﬂﬁ‘U‘l’]aﬂﬂuLiIWLL‘L!uWLL‘U‘U‘UU']u
Tuhdellazilunisadsudenalaesunsunuaudmsudesiuslouuuduuuruuieaunse
aselennaunisn (4.2) uavguil 4.2 nanilaregui 4.3



‘I 0 ($)

Goi (S)

1,(5) ++ I, (s)

=G ()G e () — G, (5)
|_> + N(s)

JUT 4.3 vhenalnezunsuniupudmiulesiuslawuudiuuuy

IN3UN 4.3 Amuali
G pp(s) Ao flanduanelouvos PAPF
N(s) A9 dygiasuniuainnisin

NUAEALABZLNTUAIUANAITUT 4.3 @nunsam 1,,(s) 19an

I (s)= _GC(S)GAPF(S)(ISh (s)+ N(S))

Weidunsanmududeulunisesnuuusimuauiedeaiuslawuuduuuuu

wgnimualidu 1 whunuaumsi (.3) asluaunsil (4.2) alel
15,(5) = G,y ()(=G(5) (L, (8) + N($)))+ G ()1 (5)

Jaguaunsm (4.4) lvivelidesdensiiasgiasla

__ G __Gc8)G ()
ISh(S)_1+GC(s)G0m (S)IL,,(S) G ()G (s )N(s)
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(4.3)

G pr (5)

(4.4)

(4.5)

’J‘VlEﬂuWUﬁQUUuQ“Isdﬁﬁﬂﬁﬁ]ﬂamﬁ’m’aﬁauLL‘U‘ULU@ (Open loop shaping design, OLSD)

L‘W’e]’e]’e)ﬂLLUUG]’JF’TJUF’]‘LI&’]M?U“G@Qﬂumi‘ﬂiLLuu‘ULLUU‘U‘L!’]u muuﬁmmawmﬂﬁmma (4.5) GL‘VIZJL‘WE]I‘M

aaﬂﬂaa\iﬂUﬂqiuqlﬂiﬂjQquﬂU'ﬂﬁ OLSD %ﬁﬂiqﬁlauLaﬁJﬂﬂQUﬂ@
- Wenduaneleurnta (Open-loop transfer function)

G, (s)=G(5)G,,(5)

(4.6)
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Juilsidumelewiadaiidenis welildnuauifuazaussanenuynamuneffenis

- fleAduanglauniula (Sensitivity transfer function)

I
G (s)=—— 4.7
SO =16 (@)

Juilsridugelouiiuansdsmmuannsalunisidndssunmuanmeuendidiurluszuu s
TR INAREUANDIMINIANETIRININ Y UTaeudislowuud Judelysaufu G,.(s) Faudu
fasdmelouslouuuduuuruuiazylfiAnnsrnastuauilfuunTe sHan e UAUDIINIAINE o
audsTouuudivuinanasauliifinnsvens Seiumneimuanansaiias Sundensiinslouuud
wuurUldThe

- fleidunrelowdnduaiula (Complementary transfer function)

G, (s) =) (@.8)
1+G, (s)

< & o 1 Ql' =2 o v o A a X [
L‘UU‘WQﬂ“U‘LliﬂEJI@‘LJ‘V]LLE“I(Nﬂ\‘iﬂ')’]llﬁ?ﬂ?iﬂiﬂﬂ’]iﬂ’]ﬂ]@ﬁmm’]ﬂﬁUﬂ'?J‘LWlLﬂ@%u%ﬂﬂﬂﬂi]@Iu33‘U‘U

=

AITHYUIAVDINANDUAUDINNIANUANIAINNING NAHDFUTBINFYYIUTUNIUTAAIINATIA
Wulinazifiafaungs
WVIUANENNTT (4.6), (4.7) uay (4.8) adlu (4.5) agla

I5(8) = G(5)G,. ()1, (s) = Gr(s)N(s) (4.9)

1%

Tudwdnlvaunts  @.9)  Haggnmihlldlunisesnuwuuimaiuauivetesiuslanuuduuy
YWUIYTT OLSD sialy

4.4 n1598nUwUUAIAIUANWaUB U IRl LG UUYLIY
luideilaziduniseonuuumauauiielesduslouuuduuuruiy G.(s) Ingldisnis

IndeygInasoukuula [12] Fetunaulunisesniuumigionisiisuainnisidenlanduaialoun
aud G, (s) Wooanwuu G.(s) watlesainnisdiwesvesszuulniiinisidsunlasdevinli

G, (s) dvangilenduseloudaguil 2.7 Bedunauniseanwuuiimuruitedasiuslauuuduuy

yunilinseungulunng msdwesndsundasiu agdeadenld G, (s) Telanudislowuudeg
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UsnafnasesauisTowuudinu B591n3U7 2.7 Ao G, (s) Ailsnduiiunudvosunasdne
AU 100% uagdLvUszaindy 7uF duAfmsizaniian foantuazinel G, (s) W
aaﬂLLUU&T’JmUﬂuLﬁaﬂaaﬁ’wﬂmmmﬁwwmu‘m&Jm"maumi (4.6) Wil G, (s) FAnduiewna
(Phase margin) Wazduiiednsnvens (Gain margin) Tﬁﬁmgqﬁgﬂ@j Fanadildfovzvilwszuuiilisu
nseonuuuiaunsadesiusleuuuduuuauuldlnedaunmusenisiudsuudamisfimesly
dufimdotimundg

[y

AanUAneIn1saIINmIMmUAmLsigkuudwuuuulyImednusilfiegmeiu 3 Usenis fie

1. Hmuauazdesannsatestunsinslsuuuduuvrnunasidnensueinidey i
aeluszuuliih

2. fhauauazdesiiadosnmila amusionisiudsundassdmesmeluszuuliin

3, éhmuam%G’Taﬂﬂ'a@iaé’mmwmaumaumﬂmsi’mﬁmﬁmLﬁm%uié’msﬂuszwlw%

Lﬁ@lﬁ‘lé’f@mamﬁ’ammﬁﬁamﬁﬁy’a 3 4o avefaunsil (4.6), (4.7), (4.8) uaz (4.9) luns
Ansgidiethlugnisesnuuuimuniniietestusleuuuduuvauu feildunoulunisiasegy
Fastoluil

1. mstestuslouunduuvrununazidnaruetindifleg iy

svvvazdosannsardnslounuduuuruulutieaudislowuud ( £) uagridneansuedn
fiflogn (919upindusud 5 ( £,,) @areSuiaiinduludiudaly) Fsanaunisi (4.9) sziiuls
FndeansTi 1, (s) lidswansenude I, (s) sedeailinansvauemninnuiives G,(s) fifn
Ju

|Gy (s)] <<1 (4.10)
Tutemnud £ wag £, (P399 << 18 Yosninuing) 89910 (4.7) awnsavinlalagl
G, (s)]>>1 (4.11)
2. fiatosnmia amusensildsullamnsfimestussuulnin
A v S a Aaa 1 a a s Y
Wislisyuuiliatosnnisiinnupmusenisivasullasmsifwmesnelussuulniazaes

aanwuuls

|G (s)| waz |G, (s)| =1 (4.12)
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AssUsnMANRSTIveIeiadL (Gain crossover frequency, £.) 83 G, (s) %wzagﬂusﬁaq
anudsgyritseudislonund (£) fuaruiivesdyinsumuainnisin (1) Sseusavldlae
panuuuli G, (s) fifndudlowa (p,) funnifeanedenisilasuwlasmsifiwesvesszuulii
Farnfimunzaude

p, =45° (4.13)

3. syuuldlnedygrusuniu
sruvazsadlidluodyausuniu Seunidyausuniuinazsifianyienudgs (f,) a0

aun1sfl (4.9) azmulainmndesnsi N(s) lddwansznuse I, (s) awnsavilalay

|G, (s)| <<1 (4.16)

NEUNTSN (4.8) anunsavinlataelsn

|G, (s)] <<1 (4.15)

Fedudielrldmunmanding 3 dedeiildnaruudrineiu anunsavilflasniseonuuuly

G, (s) ﬁﬂmamﬂ’aﬁ‘]uiﬂﬁqammiﬁ (4.11), (4.13) uay (4.15) Fsamnsathaunisi (4.11), (4.13) uay

(4.15) unFeuiudusie (Asymptotes) 283u1n (201log|G, (s)| dB) LLaszLWalﬁﬁqgﬂﬁ 4.4 &

wdosoenuuuliduitmesualiogmioiuiiunaliduanuinnoey @, wieuduyuasy
-

& A v = Y v A PR el'
LWU@W‘UV}LLiL\ﬂI‘VﬁﬂQﬁ'ﬂ'ﬁJﬂﬂuqﬂLa'ﬂ @ LLagsﬂu’]ﬂIV@ﬁmwuwLLiLQ'ﬂM“U'Nﬂ'J'uJﬂW@J']EJLaGU @

&

Phase (degree)

2 I ‘ S 5] I I -
10 10 10
Frequency (Hz)

JUN 4.4 Jeulaisaansves G, (s)
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mseenuuuli G, (s) WDudaguil 4.4 lhtuagdesendeaunis (4.6) laensesnuuusa
AuAN G.(s) unseiald G, (s) Aagui 4.4 lnedaupuielnlnluudazteululagnasuliudaly
M13797 4.1 FallswazBualuniseeniuuiimuAuaie Ul

1. msUaaiuslanuuduuurunuuazindnansuetiniilog iy
Wolunstestiusloluuduuuouiy winves G, (s) dzfesdlawiaannil 1 wneg 9

(%
[ Y]

Audslonuud £ Suaves G, (s) 1 £ JAwnd 1 ung egwan  seludadifiann

o [ g S ~ 1 qg"
Jdudedifiniuauivevaieludiud
dAvsuduTToaENIIAIUNITdanTzuasniuelln AAves G, (s) zARILIANINT 1

A s A Av o o 3 A o o A % = a a -1
1N Ngsuetinidesnisfidn Geensuelindwiuil 5 £, (250 Hz) legnienluineinusaduil
wszvIAnTElavesiulidannfandlomeuiuesuetinduy  wazeniuetindidun 7 lagnusiue
¥ -al' a -:l' 1 4" Y o (% Q’ljdl d‘
wafusSeunslakuud Fenmuandmsuaussaneilie G (s) laevuinves G (s)
ARlAILINATY 1 1N Anssensuetinfidesnisidnlazaziedlauesnil 1 10 AU

dldll % a nll 1 QII s a dlsu o W C% 4 a
ANUDBUY YUEVRY G, (s) Iedpiinmsiisuudatiiunfiansueliniidesnisidnuasiuaiod
! A a 4 = v 9 ] & '
AUSEINL 0 B3ANTIUSIUANLARNY Favwinkasyumaras G (s) Neansaananituazlidma
] a aa | a a ~ a ~ A =
AOUIIMANILADUY  duanrelddusnmasssruUensdiwestussuulnvhiinsiasullas &
dadendl ¢ =0.5 war ¢ =0.05 G, (s)gvungeanivanzaudmiunisiidnansueing

 a & = a | a = a =
ANuRNgNFeNdafie £, waryaavzAsuwlatlinnseuion £, Fedwandoiatiosninves

seuulidlansimasinisiasunuad

2. amueanuiensasuulamisfiwesvesszuulnd

aussaariannsoilldlaonislidiuilela p, 983 G,(s) HAminin 45° %qﬁamuam
drwiuaussamzilae G.,(s) @3 G,(s) %”LIJLﬁmgm 90° iU G, (s) maentuaud lng
Apnudidadin £ fwsauves G, (s) Ao 220 Hz Farnmuadasinliunnves G, (s) Hanld
HovauAulufivinuaud 7, uay £ uazdnuilomares G, (s) fiAannndt 45° uagannlunii
T nawaeeldainnisiiiy G,.,(s) Fesfuagldifinuuudiailifu G, (s) denalinanouausnis

LA NSWRLTUNIAL

3. nanovauadlilredygyiasuniu
IRV G, (s) LADIUBINIT 1 1IN9 NUTNINUANUDVOITYYITUNIU £, Tadeyey e

o

1
v

sunmuluanddeifivuguainnisaindues PAPF Galla1ussann 5 kHz faunuiivelilissuulise

Y =

o = o 1 = o 'l
dya1usUNIUARAINTDIANUDANIY Gy (s) Tallanuddneg? f,
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fnuausiedosiunisifnslaiuuduuuruniy G.(s) aunsanlalaenissiuiuves
G (5), Goy(s) 482 Gpy(s) MIaun1sh (4.16) Falanadaannsi (4.17) Inunanouausaniiniud

199 G (s) usiaguit 4.5

) RS
& o & o

IS
o

-
Qo
(=]

gree) \ [aonitude (dB)

Phase (de

-100 L i SRS
10° 10° 10*
Frequency (Hz)

5UN 4.5 nanauaueIenunves G.(s)

JUT 4.6 uazguTl 4.7 UanIUUIANERDUALBINIAIUATEY Ge(s) way G, (s) Teaziiiuld

=

aonndastiuaun1sT (4.10) waraunisil (4.18) mud1fu wasvunves G (s) waz G,(s) Hvun
Uszaas 1 (0 dB) fivsimenud £, Sedenadosiuaunsd (4.12) Swndildnaruonnyilile
G, (s) éﬁ’qgﬂﬁ 4.8

E‘U‘ﬁ' 4.8 uans G, (s) BaldSunisvaedie G.(s) @ G, (s) Algdladulumudouluss
3197 4.1 wazgUT 4.4 nusznns Bslddruiewadio 58.1° deidunnninfidesnisiio 45° s
dsmaiviilvsruudadiadesnmannniiflddmueerls Bsluniduddnidoshswes (g ) il
Wiy 23.6 dB duunsatuayuirszuuiildsunisesnuuuifiadesnmiiddenisiudsuuyas
wisfiwesluszuului
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9 v Foulwwes | Yaaenudves . .
TrgUszannsaanis fAIuAY WSTNBAIAIUAN
G, (s) G, (s)
2
Hosrumaiauslouund (2S j+22§l P  Z250Hz £, =05
byl T T = = 0.
10. uam};mjmmi PUUUBUUUIUIULS G, ()] >> 1 fotof G () = Sis : Jis s |
Adnensuetintussuulin ( s j 2, ¢, =0.05
+ s+1
27 f,s 27 £
\ . o S
2. AsnuReNsUaguLlaInIs1anes p, >45 f. G, (s) = oy f. =220Hz
1
4ot e Gos(8) =3
3. lilwedaymasuniu G, (s)|<<1 | f,=5kHz ( s +1] f, =5kHz
2rf,

G (5) =G (5)Gp, (5)Gs ()

2.93x107"%s% +4.60x107"s*> +7.23x107*s

Ge(s)=

4.10x107"s* +2.59x10"s* +4.14%107"s* +1.91x10* s +1

(4.16)

(4.17)



Magnitude (dB)

10° 10° 10
Frequency (Hz)

5UT 4.6 YUPNARBUANBINNANNNTBY Gy(s)

=]
[=]

—
[=]

Magnitude (dB)
o

10° 10° 10
Frequency (Hz)

SUN 4.7 YU PNaRUANBINNANNIYRY G, (s)

r —
coo

lagnitude (dB)
=

»
=]

A -40

120
60

-60
-120
-180 L
_240 H H HE i | H H HE S
10° 10° 10
Frequency (Hz)

Phase (degree)

sUN 4.8 vuauazyaaras G, (s)
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45 aussanzluntsdostuslonuuduuuruiunazalnunamusanisiuisuulag
w15 Enas tuszuulnia
derdunisuaniniznsidauedanunsatestunisiinslauuuduuvauulgedied
UseAvEnm G (s) awgnuszgndldfumiime itomeiifiniaudsuuasiasuil 2.7 nafiléde u
71 4.9 Feasadiuldi o dundsensuedniid iy wuiaves G, (s)Gy(s) il 0 dB lu
N9 MTwesiinmaiuasunas Fadauenindanuay G.(s) faueiaunsadundenisiie

slaiuugiuvrnuluszuu i sdnesinisdsusadlaivaundinseuaquanuasLowuug
52139 211 Hz quile 732 Hz

JUN 4.9 WAves G, ()G, (s) Wlaussandldimuny G.(s) luvagiimsilweivesszuulii
QUEISIGEMISIEN
M7 4.2 uansAieLaLa AEINTIEIEUBY G, (s) Fsnsdinesosszuulnindnig
a = o 3 Y o 1 A o A o & PN = =
wWasuwlas FeagdunsiulainmiaduismatazAmadiuiosnagedanduuviniuniiiesweds
NEANNINTEUUNLASUNTBRNLUUMEIENULaueliatiusnnRwasAmLsann N5 UG8 UL A
wisiimestussuuli

A195197 4.2 AHaLlaLarALHENTIVEIT0Y G, (s) Wonsilmesvessyuulvihinisiudsundas

a A

DUNLAUTLMEIDNY | DUNLAUT WA DUNLAULLIARIT Y
VNN 200% WagukUas anad 50%

Cp, (uF) 3.5 7 105 | 35 7 105 | 3.5 7 10.5

p, (83A1) 58.1 | 548 | 49.7 | 51.8 | 58.1 | 57.2 | 36.5 | 51.8 | 56.7

g, (dB) 235 | 296 | 331 | 175 | 235 | 271 | 113 | 175 | 21.0




uni 5
1AS9E519A2INIDIN1ALDANNUUUTUIY

5.1 unin

Tuuwﬁaza%memaazL%amimqa%ﬁwamﬁhmuau&hmaqﬁ'}é’qLLUU?Jmu (Parallel  active
power filter controller, PAPFC) lay G, (s) %aié’%umiaaﬂLLUUiuuwﬁr;hum%gﬂmﬁa;aﬂu
PAPFC a3dUszneuves PAPFC asUszneuldne fmsiafaensuedn nszwardsdmiulasiu
slouuuduuurun - dumuaunssiuliiinssuansadenles  nssuaddsmues PAPF  uazdn
MUANNTTUAYRY PAPF Fslassainaues PAPFC uansdsguil 5.1 Tadaneiiudmiunisinadiu
#eq Ifgnanaidlagld DS1104, dSPACE [20] dannsniimesves PAPFC lagnuandflumsiedl 5.1
lngsgasidunvetaialsenaunieg ssgnesuiglurmdedaly

VT(I lS lF

* K tO
i Lo o~ i 47 IGBTs 1 1 1
» | Harmonic |’s: G.(2) £ £ =é J:l_ —p C,

AY
/1

Detection “RC A ——=
—»-[PLL}Z [} ! £z %A
* + K3 .

Vd(' PI 1 de dq 0 iF —

- Analog Hysteresis

abe dSPACE Current Controller

PAPF Controller
vdc

sUTl 5.1 Tassasaviamanvas PAPFC
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A9199 5.1 WISELAO3A199) V99 PAPFC

o . . , UINFIFEIUVUIN
WISELNDT nsrEwvUIN ey e
WU UANIT
wanlunstneAdyan 7, 50 us 50 us

ANMNUIATEINTRIIINTOINTELE L, 33.3 uH 10mH
sunuUszqussauliihnszuanss C, 33mF 110 uF
At munsussaulninUssuanss v, 700V 700V

ns1venedndiy K, 0.044 1.46x107

gn31veeduiinga K, 1.27x107* 4.23x1077

PNNITUATANDIITA +15A +0.05A

o/ ¢ a
5.2 NM1971529INT13UBUN
N1305291nNITuasNsualinvaradulaldnug1uIsnaus198s dqo ddlastdadumud
Mﬁﬂuua (Synchronously fundamental dg0 reference frame) [21] %Qﬁlmmmiuﬁﬂgﬂﬁ 52

I I, I,
| LPF \ [
abc + dq0
. I 1_ _ i .
. ‘p-| "LPF —%(P-"» EARNS
+
dq0 abc
I, >

JUN 5.2 lnagunsun1snsiaingnivedn

31NN 5.2 Amualn

i A9 NITUAWNEITNY
i, A9 NIzlasueliniady
I, AD NIzRanUwLILNY (direct) Tulknue1989 dqo

I Ao NIzLARIRIN (quadrature) Tuwnue1989 dgo
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I, Ao Nszuad UL (zero sequence) TuuNUE1989 dqo
I, A9 DIAUTZNOUNIZUANTINNLUILLNY

I, fio 09FUsENEUNSYLANSIAIRN

I AD BIAUITENBUNITUAATUAILLLIUNY

I fie eafUsznaunsELARdURIRIN

M3nT99innIzuassuednauaINnsTRaLMaTng i FgniUatnuaINknud1eds abe 1y

WALDNNBY dg0 Fallann1sn1suaunume

sin(@) sin(@-2%) sin(0+25)
l 2 2372' 237r g
I, |= 3 cos(@) cos(6— ?) cos(6 + ?) i, (5.1)
Ly 1 1 1 &
2 2 2 ]

Tne
. A . v a
i fo nIzuaa a 999 i luwnue1984 abe

i, f® nIzuawa b ve9 i ulNUD1983 abc
. A . 1% a
i, A9 nszuawla c ves i, Tuknudn9de abe

6 Ao yudededaldzuainainiadengy (Phase lock loop, PLL) @adalaslud
(Synchronize) funssaulninilina a Tulnuen99s abe

nafldaInniswlashe 1,, 1 uag 1, Tenseua [, uaz 1, azUsznaudigesAusznauded

d1ufe 99AUTENOUNIELERNSY (dc component) WagoiAUTENaUNTELEdAY (ac component) lag
anuTaleuaunslagadl

R

I,=1,+1, (5.2)
5=@+; (5.3)

lngasAUsznaunsziansilulnud1eds dqo dupieasAusznoumUInanyaluunuensds abe
wazesAUsznaunTzuaadulunnue198e dgo duReoInUsznausNTualinluLNue1989 abc AIUURIN
eanisesdusEneuveseninelinfaansavililaed 1, uag 1, dudinsesnnnudaisiugeasyili

I8 7, uag I, sudeiu lneidenanudén (Cutoff frequency) vesiinsasagil 50 Hz adupi
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winzanviameinuauslunsdngansasiuasiinisnseiien (Ripple) vesdyantios 910ty

(5.4)
(5.5)

A 1, wae I, Mldaveenain 1, uaz [, Nagldesduszneunseuaadudail

~r

d :]d _I_d
:]q _Iq

~a

q

g1suednunasdne i, Tulnuenede abc awnsamilaainnisin 1, waz 1 ulasnauain

WAUBN989 dqo tHuununeds abe fail

; cos(0) sin(d) 1~
) - 2 . 2 !
ig, =0y | = cos(@—?) sm(@—?) 1|1, (5.6)
IO

ich
cos(6 + 2?”) sin(6 + 2?7[) 1

5.3 nszuaAnasansutosnuislanuud
Wialvl PAPF anunsadesiuislowuuduuuruiu PAPF azgnatuaumie G.(s) 3alasunis

2ONUUUNHEINUNTINIUIN BEelsianudle G.(s) Aosgninadidlugiuuuiniuauwuuninea

G (s) Bsagluzuuuulay s (s-domain) agdsagnuiaadulaum z (z-domain) Feaunsaudasla

Tneldrdslulusunsy MATLAB® aail

>> c2d(SYSC, T, METHOD)

Tned
SYSC  fo G.(s)
T, Ao nalunstnAdey gy
METHOD #e 3alumsyilsilsieiiios (Discretization) Fdluinednusidonl4iinisns

Adusunile (first-order hold)

Fananleannisiuandulawy z Ao
(5.7)

6.917z* —17.732° +12.52° +0.5812z —2.268
z*=2.3942° +1.852% —0.4948z + 0.0425

G.(2)=
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307 5.1 nszuarmduiiedestuslanuuduuuawy i, awnsormuinlaned
i;h =-G,(2)iy, (5.8)

5.4 N15AUANLTIAUINAINTZULENTS

PAPF ffaanismimuruussiuliiiinssuansadmiusnuszduussiulined dsfaaunu Pl
wuuahisiewdies (Discrete time Proportionalntegral) lé’gﬂiéﬁu%mﬁwuéiﬁaa%aé@mm
nszuamdsdmsuinumssiuusaiulniinssuansalined dyaiunszeamdsdmniuinmse fu
ussulrifnssuanse i, anansasuaaldsai

i;dc = KP(VZC —V )+ K, %(V;c —Va) (5.9)
Togil
V. A9 w3ssulurnszuanss
Vi Ao At unsusanulniinssianss
K, Ao 8ns1veNedndIU
K, AD 8n31VeN8BUNNTE
T, fio anlunstnadeyaied

91naunsn (5.9) i, (Buduslunnu d (d-axis) Y99unu8198 dgo aeslsnmunszua

o Awy

AAINRBINTIEAedeglunTous19Be abe Fsanunssawlansous1adalamail

" cos(0)
Irg
Ly = | gy
Lre
= Y a avy
23] lqlll'f]']ﬂ'eNVl mU11n PLL
aa U o U U

NIEUAAAIF1INTUTN Y TLAULTIAU

sin(6)

2 2
g—-— in(@ ——
COS( 3 ) sm( 3 )

cos(6 + 2?7[) sin(6 + 2?”)

[y

(%

i;dc
0 (5.10)
0

IWinselansIsuvaa abe

Ao nIzamasd msusnusEaussulninnszuansavauna a
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. Ao nszuarmdsdunsusnssauusatulninnszuanssveamla b
. Ao nszuamdsdunsusnseruusaiuliinnszuanssveaa

91na@un157 (5.9) astuladndauay Pl dosnsal K, waz K, wisasuauussiulni

nszlansiliae Tuinerdnusaduiladenldisn1sdunszilaense (Direct Synthesis, DS) [22] tile
mAmawes K, uay K,

o : J_ +—0

Iy (s) § 1 § Iy (5) R, Vpe(s)
’|‘ Cyes Rpg Vocls) > C,R s+1 >

° v — o G, (s)

(n) (¥)
JUN 5.3 wuudnaemneadinmansvasusaiulninnssuanss (n) 2avauyanssiuliinseuanse
() vdenlnezunsuvomsssulwinszuansy

nN3UT 5.3 Mvuali

C, Ao funuuszquseiulniinszuanse
R, D AIANUAUNNUTBIAIATUNIUE NS U T IALssaulninsELans
I,(s) fie nszuanldmunuussiuliinszuanss

Voe(s)  fo ussnulniinssuanssandnm

Handuanelouwsadulninnssuanss G,.(s) Nuaninnuduiusseniaduna@sfe 7,(s)

LazleNeTaRe V,.(s) azidudsaunisi (5.11)

R
Gpo(s) =22 _ % (5.11)
1,(s) CuRs+1
v, I, v,
0% Geae () _>(S) Gpe(s) <) >

JUN 5.4 Udealnaznun1sAUANLSIRUINNTELanse



a2

JU7 5.4 wansudenlaazunsunisauauusssuliiinszuanss nedl G, (s) Aedniuau

wsaulniinszuanss n1sesnwuumiauankssiulinnszuansen 1838 DS dapuan G, (s)

[

AN U LA ST

1 1
Gy (8) = — (5.12)
Gpo(s) 7.8
Tagil
7, A9 ANAIMIVNAIANYBITEUUAIUANITANABINTS
WA G, .(s) Tuaunisd (5.11) asluaunisit (5.12) agld
C I 1
Gy (8) = —+——— (5.13)
7. Ry.s

NaunIs7 (5.13) azmiuliinguuuuresaunisazdugluuuifesiudugiuuuiag luvesd

AIUAY Pl AD
K
Gepo(8) =K, +—+ (5.14)
S
W3suifieuaunisi (5.13) uazaunisi (5.14) azlé
k=< (5.15)
TC
1
K =—" (5.16)
Rz,

lngAanuduiussenitailunisidiganiigasda (Setting time, ¢,)  dmsuni1siany

[ a

Fyey1u9daas ¢, Ao

t, =4t (5.17)
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£

WA ¢, UpANULINURIFY IO RNALINE 98% VBsA1aAIgYeiu FeAinenisluauITyll
fip 10 ms Aeuagly r Wiy 2.5 ms seanntuunuan C,, R, way 7, asluaunisi (5.15) uag

(5.16) agla

K, =0.044 (5.18)
K, =127x10" (5.19)

[

n3UT 5.4 Aeidudnelourslaannsamlanal

G, (s)= Gy (8)Gpe (5) (5.20)
1+ Gy ()G (5)

WUAT Gg, (s) w82 G (s) adlu (5.20) azla

1
G = (5.21)
(8= 000255 11

A A Y = ' [y & ‘gd J d‘
L‘WE]‘VH]%LLﬁ@\‘]I“VTL'WL!'J']ﬂ'ﬁE)E]ﬂLLUUﬂ’]iﬂ'ﬂ‘U@llLLiQ@UlWﬂ’]ﬂi%ﬁLLﬁﬁ]iflﬂLUﬂiﬂumﬂﬁ t, AUN

Aeansanunsauanslalaenisteudygrudunauuuilandutuiulaniianuls (Unit step function)
WU G, (s) Blanansgu 5.5
Y

e R R D oA R R RS bttt T T
| Settling time=9.78 ms
Y S« S S §
H I
z : I
T R e [hommmmm e .
E‘ H i:
< 04} S SSGLRCOCSRE IEERELERR S RRREERPR b .
H I
5 i
024 - FRREERE LR Rt [romsmmmm e -
I
0 I Ll
0 0.005 0.01 0.015

Tme (sec)

sUN 5.5 dyarasednadedeudunamedlsidutudulaniaye
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NFUN 5.5 agiulidndn ¢ wiriu 9.78 ms Feaenndesiue ¢, Aideen1siie 10 ms waz

TLadesNINNRANUTOLARAILALABNITUIALHD DN IVEIULAL ALHDLNEVD

Wotdumsuanainsyuuiidiad
# 5.4 Ailsiduanelouszuunla G, (s) Ao

i
wumu%maqgﬂﬁ 5.4 s?fagﬂ

G (8) = Gy (5)Gpe () (5.22)
WUAT Gy (5) W82 G (s) adlu (5.22) agla

GOL (S) = T (523)

300
200
100 [--e-nerenenooe e -

Magnitude (dB)

P, =90°at 63.7 Hz |

Phase (deg)

T L I I |
10™ 10"
Frequency (Hz)

Ul 5.6 Tuiandenues G, (s)

= < I~ =3 Y a1 oA v | LN a
SUN 5.6 wanslulandionves G, (s) Feasiulainssuuiianiesnsivensinduetiuduas
! d' ! v o =i a 0w 2 & a < A S ! P
ALHaLawiiy 90° fimudvindu 63.7 Hz FansaealidnduuiniiAminiigusuaninseuuild
afesnnnRT g lissuuianunmuldggydsaiosamldieninmsiinesvessevuiing

Wasuwdashuanailaesnwuuld

5.5 N3TUAAE95INVDY PAPF
NTLUARAITINNINUATDI PAPF i, @13150%1l091nN1550AU0IN T2 LadIdInsunis

Josduslawuud i, Fadlimnizesnusenavgrsuelinuasnszuamdsdmsuniuauussaulni

NITUARTY 7, TedllamzesAusyneuANNIVaNyadsil
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oK oK oK

Ip =g +ip, (5.24)

5.6 AIAUANNTTUEVDY PAPF

dleflvasanszuanes PAPF i, Ifaunsofinnunszuasds i Tédu PAPF sndusostisn
MUANNTEIA T9FAIUALNTEUALUUBAADITA (Hysteresis current controllen) Tagnldluinedimus
aduiinaglassadavesinmuautuiie uasiuanunsofaaunssuamdsldegnasniga 23] 4
aonadosruguantAnFesadlolfiinsUsanariladudielouves PAPF 1uniladslsiimualily
unnnseenuuuimuauitodostuslonuuduvuru 3nUsznsnisifediauaunszuauuy
SaumeTatlfgninadrafensnsuuuueunden (Analog dircuit) aedamsninudesnisiianisms
[AuvesnszuaniAnanfmuaudameIdawuuidnoafitinisdnendya uio [24]



unii 6
N19971299UAYN1SNAAD

6.1 Unu
Hysteresis current controller

DC-link and AC voltage sensor
Current sensor

PAPF

(n)

Nonlinear load

dSPACE connector

Linear loads
Source impedance

APF inductor

Capacitor banks

(¥)
= a o ¢ 1 a wa % o % Y
sUN 6.1 Msfnsegunsalivenaaasluipsy§Usnis (n) Aumi (1) Aunas



ar

Lﬁ@ﬁ@%ﬂ’iﬁ%miﬁﬁ’lLauaﬁﬁauﬁﬂm%ﬁﬁ%ﬂuéj’lumﬁﬂaﬂﬁJUL{LGULLHH""&LLUU“UU’]UW%@&JﬁU
nsiidnensuefinuasiiiadesmniidamusienisiudsuudamnsiwesluszuulniindsasnsouans
Ialagnsinassmensfimesinasidiuaunive) (Large-scale simulation, LSS) Lagn1vnasinag
W19139035U19 518U URNS (Laboratory-scale experiment, LSE) Iag LSS 939111591804
mavianilagld simPowerSystems™ @eoglulszunsy MATLAB® & Simulink” [25] @31 LSE 9
‘v‘hmimaaﬂ@&Jﬁmi%&qﬂmaﬂnﬁamamﬁqgﬂﬁ 6.1 Bslapzunsudmiu LSS way LSE az1duds
U 4.1 uazwfinosingg daandunsed 2.1 uazansned 5.1

lng LSS wag LSE lagndnasuaznaaesly 3 nsalsieiupe

sl 1: nsdiun@ (adwesvessyuulninlifinsdsuulas)

n3difl 2: Adufiuaudundssnednafintudu 200% uazaFafuUszainindisuutas

DUNAUNGY

N3l 3: Aduiuaudunasinesinisanadnde 50% wazmsivlszalimauasunlasesn

AUNAU

F18avtdeasing Tun1591809uasN15MAAY NANIITNABIMATHANITNAaRIlUYNNTHILT
swazSundell

6.2 N3l 1: n3diUNA

Tunsdiidvesdufiuudunasirsuas adufuszaildgnllunisesnuuusaunuiiie
dostursTouuuduvvruiudeifendl 100% dmiuddufiunuduvassouas 2 Wndmiuduiv
Uszqgnlddmdu LSS waz LSE

dmdunansdiansves LSS aggnuansdasudl 6.2 Sadunaguaduvesdayny i 5UT 6.3 T
Juafnaduvesguadunsruauvasdionazaisnedl 6.1 uansariiuszneuiidinisada
(Displacement power factor, DPF) lag A1diausenauniad (Power factor, PF) @uNan1svnaasd
94 LSE axgnuansfaguil 6.4 dadunasriuvesdnyaia 3Ui 6.5 aduadnniuvessundunszua
UMEI918UALANT9T 6.2 UaRsAN DPF uag PF

AouUsuUIrfUsEneufds Tnandadudinu 2 Wnldgnderdiuszuulnih susduues

v, Wag iy dwsU LSS uag LSE Ifgnuansfaguil 6.2(n) wagguil 6.4(n) mugneiu A1 DPF wag PF



600 V/Div
AN N\ AN 4N 7N\ N\ 7\ AN 7\ yAAN yAAN 7/ N\ N\ / /7 N\
VT AV 4 \ 4 4 4 rd / / yd /
\, J \ J \, J \ N\ N\ \ N\ 4
A4 ANV A4 A4 AL NS W/ NS N/ NS AY AW A4 A4 N/
THD=2.97% 20ms ]| THD=7.229 THD=1.08%
750 A/Div
i P N P A\ A Py A AN AN AA A - - ~ -
S oS AN AN N AN~ A -?%\_, P WV,.V J—\’w\v J—k'\ﬁ.v J—\ﬂﬁv - 5"‘\7‘,}%‘?’@%}@%/#%/#
THD=12.17% THD=4345% THD=3.89%
< Connected 2[sets of capacitor bank 750 A/Div
lC (WY id A Wl P %A ad AV
£ IV AN h% | A AT S
THD=49.45% THD=13.999
750 A/Div
. < Activated APE
i o WSS PP WIS PN WP W P
(n) (V) (M)

JUT 6.2 JUAGuveY LSS dmsunsdin 1 (n) Wldraduiulszq (v) seduiuusey (A) PAPF vieu

10 kA
1KA
159.0 213.6
100 A =188
14.0
10A 6.81
1A
i 3 5 7 9 11 13 15 17 19 "1 3 5 7 9 11 13 15 17 19 1 3 5 7 9 11 13 15 17 19

Note: Y axis is log scale. I Harmonic order Harmonic order Harmonic order

(n) (¥) (A)
JUN 6.3 awlaniuves LSS dmsunsdlil 1 (n) ldlddedunuusey (v) sesuiuuseq (n) PAPF vinau

48



CHT 08, iy . << Main: 100000 7> - - CHI, £00. i << Main:100000 >3 CHL B0V A Mednztopooo bx o 600.V/Div

it —snn.n:u :THD#2.93% . 20:ms AT Cebud - THD=8.15% - e T e - THD=1.81%" S
. : L [EER to.00 A L L U 2.5 A/Div

50/ ..
5% Ciis
CHa © 10008 THA,

i€ Connected 2 séts of capagitor bank

P ISR THD=13.28% - ioeeeeiee =l RITTIT

tha
THE

...................... i
CHE 10.00-A CHE

T T e Y T T e T ey T eV

............... CHE. . sl | |CHE Lo-10.00°A
181, 000m: 0.000s 180, 000ms 0.000s -

(¥) (A)
SUT 6.4 3UAALYY LSE dwsunsdiil 1 (n) lalldvesifiuusyy (1) siesifiuuseq (a) PAPF vihau

q

100. 000ms,

1 3 5 7 9 11 13 15 17 19 1 3 5 7 9 11 13 15 17 19 1 3 5 7 9 11 13 15 17 19
Harmonic order Harmonic order

Note: Y axis is log scale. I Harmonic order

(n) (@) (m)

=i

JUN 6.5 awlaniuves LSE dmsunsdlil 1 (n) ldlddedunuusey (v) seduiuusey (A) PAPF vinau
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29952 UUINATIAER A1 0.76 AU 0.75 uaiaudnsu LSS wag 0.79 AU 0.78 anuaiaudinsu
LSE

A1519% 6.1 A1 DPF wa PF @y LSS

do1un1sal DPF PF
ousafLiulszq 0.76 0.75
R INAeRINUUTEY 0.99 0.91
PAPF #1911 1.00 1.00

A1519% 6.2 A1 DPF wa PF @y LSE

darunisal DPF PF
fousiafLiulszq 0.79 0.78
R INAeR AUy 1.00 0.93
PAPF %1971 1.00 1.00

WelsulssAdlsznoumds  dufudseadiwon 2 W@nldgnaedhiuszuulndags
JUT 6.2(v) dwSu LSS uaggun 6.4() dmsu LSE lneen DPF fudn PF iignusuusdlinudu
0.99 AU 0.91 MUAITUFINSU LSS wazidu 1.00 wag 0.93 auaisu dmsu LSE ag1elsiniu auie

& a o U d‘ 1 1 ¥ Yal g gj d!

YDINTEUASNRINGIAUN 5 uay 7 venseuauvasinglagnuensglvidiingauns LSS uay LSE @9
<3 a 4 dl' a [ LY I3 2 é 4 a LYY}
Juraunnnisiaslasuuduuuruulussuuliihfelinnsdeduiudssganly Jaensuetindusiu
1 7 (N15U818UUUANINTIFANIAT 5.28 11 (ﬁfuﬁa 213.6 A/36.7 A) @ 95U LSS way 5.39 win
(0.697 A/0.1293 A) dwsu LSE Tnesnsnueneta 2 tuaenndasufuuunves G,.(s) ms‘d‘m 2.7
R mimauﬂaumw 7 mmwmamnmammuﬂu nmsiiasTeluutLUuILILEYalE THD ved
v, WAz i fanfiiiuguuag THD veq i ummqwﬂu LSS way LSE

dawnluslowuuduuurnunintulussuulnin - PAPF  &wieagiuszuulniilagndsly
RSN 6.2(A) dmsu LSS way JUN 6.4(p) dvisu LSE 21nFUNT 2 NIewaves PAPF i, @110
wAlusTawuusLUUIUIULP 8195 TIFUNA LA INVUIANTLLAFISUDTNUWNAITIDUNUN 5 way 7
Toanaadung1aunniia LSS way LSE wumnuieanuIndsnuiauataiunsataatulslanuubhuusuiy
Tuszuulniladuegned Belundmdsnmsiiauetaunsausuugebia PF denastuaudu 1
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A a o ¢ ' A a X v v v & a P '
6.3 NIUY 2: DUNUAUYUWAIIIBUANNNIUNTDUNUANNUUTZRNNSIUABULUARENS
AUNAU

d' [~ = Y] I ad Qll ) 1 Qll a

Wi UNNSEUTUINIBNSNUILAUD AU AINUABNISLUA B ULUAINS 10w B 5 bussuU N
L a ¢ ] oA X 1 A Aov & p= a !
ANONNLAULLNAIIBILYNLNNTULTU 200% mnmﬂmmlmmzmmLﬂwisqmmﬂaauu:daqamq
JUNAUN 2 Wiy 3 Wnkazanawndaiied 1 19199 LSS wag LSE Taed LSS dnasswandlu
JUN 6.6 uagmM13197 6.3 Uay LSE dnadauandluzun 6.7 uazn1319i 6.4

neulsuUaaUsznauias naadadudiuiu 2 inldgnasegiussuulninoanuy

U

A

fuldgniiutudu 3 Wnussdeanduiuldgnananundeiios 1 v deguadures i Idgnuansly
U7 6.6(n) dm3u LSS uaz JU 6.7(n) dwsu LSE

Werfunsusuussmdiusznoudids fifuuszgazgndediiussuulnii sUaduves i
Sosiosuiuysyy 2 1 3 Winwas 1 1@ Iegnuanslugud 6.6(a) dmsu LSS waggui 6.7(v) dmsy
LSE lesedufiuszginduszuuling PF Isignusulgsdsanunsadanaldainnisanasuesuin
NITUAUVAITIBYRIANLTNANYATUATT1T 6.3 LAYAIISA 6.4 dm3U LSS WAz LSE mudndiy

9e19l3AnuA THD 989 i W9 LSS wag LSE dafiiintusuilownainnisiaslgiuuduuuuunu

Fedunalaainnisvergruinvesasuelinluuiedudu duduasuelininisveneu1niigaiinig
WasuwUasmudniuuszaiiuaeuly Wedufuuszqaswain 2 @miindiu 3 Wikazanaaudu 1
i ensuednanudl 5, 5 wae 7 ladinsaseuniigaaudinusiiesnsivey 5.47, 3.01 way 4.71
ANUAIAUAINSU LSS haza8ams19e18 2.68, 1.29 way 3.50 A1uanua1nsu LSE f99n519818
Mvuailaenndeeiuun 2.7

WewAlusstowuuduuuuiy PAPF  lagndelvivinaudsgui 6.6(a) dmsu LSS uwas
SUN 6.7(n) dmu LSE 991U PAPF anunsaunledaymslauuuduuuvinulalagansnsadunala

& | | . O A o o a 2 a X <

NN1sanadlueg9unvese THD ed i Aoanntuilodiiulseiuisudn 2 Wmiadu 3 1@
wavamnanlu 1 1@n PAPF Ssmsaunsaudlatdgymislonuuduuuanulafdsiununeninudnisg
° o Ado v 1 a A ¢ P a & % Y a 1
naueliiiadesnmnfdmsuaBuiiunudvaaunasiteiiady 200% wieauiunisidsunladagng
dunduveadunuuszglussuulnihiis LSS uay LSE
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2 sets of linear loa < 3 sets of linear loa :4 1 set of linear load 750-A/Div
. M\ M\ M\ M\ M\ M\ yas yas yas ,/\ yays
ZS e,_// '\\ // \\ // \\ // \\ J/ \\ 5 // \\ y \\ J \\ P, \\ J/ \\e }/ \\ j/ ~ /f \\ fal \\ y \\
S 4 S \/: \: ~ S NS~ S NS r S
THD=11.35% i 20ms ]| THD=9.59¢ THD=13.50%
1.094 1.104 1.114 1.124 1134 1.144 1.154 1.164 1.174 1.184 1.19299 1.309 1.319 1.329 1.339 1.349 1.359 1.369 1.379 1.389 1.399
(n)
2 sets of capdcitor Bank i€ 3 sets of capacitor hank < 1 set of capagit ank 750 A/Div
A A~ N~ ~ N N A ~ M P r 7 1 A A
VA NSy AA P YA A VN VA4 PSS VAA S A VSV A O S Aha WS S dha WS e WS AN ~dhea VRSP M TEREY A PSP At PRSPV AR W
S NS NS \VAZ A A YA \. \/ \/ \V/ N \S A %
THD=62.30% THD=33.22% THD=35.95%
()
2sets fnop citor bank i: 3 sets-of p it bank : 1 setof 1 ank 750-A/Div
NA
lS VIA"I \Vh\v/ ./[ N // N // AN // \ 4 \ S N N i N d N prd // \\ // g // N // \\ // \\
= = "{?ﬁf‘:—.‘: 9 THD=3.69% THD=3.85¢
(A)
JUT 6.6 JUAGUEY LSS dmsunsdin 2 (n) Wldreduiulszq (v) seduiuusey (A) PAPF vieu
A15199 6.3 A1 RMS U89nSehaasuainkiasaladnsu LSS ¥a9nseain 2
VanALTdY 2 19w anTady 3 1&n nandady 1 1w
. t th th th th th t th th th th th t th th th th th
Harmonic | 1° 5 70 11 |13 |17 1" | 5 70 111 1317 ] 17 |5 70 113 |17
WOC (A) 887 5341249 |19.6| 124|104 | 1074|519 |242]19.1|121]10.1 | 715|549 | 255 | 20.1|127] 10.6
WC (A) 611 292 1470|1691 | 355|154 | 650 | 156 | 189 |4.16 | 2.07 | 0.98 | 590 | 108 | 120 | 16.8 | 7.67 | 3.09
Gain 689 547 | 1.89 | .353 | .286 | .148 | .605 | 3.01 | .781 | .218 | .171 | .097 | .825 | 1.97 | 4.71 | .836 | .604 | .292
MUGLAR): Gain=WC/WOC
o WOC Ao ludidaiudseq

WC e dduAuusey



.........2 sets.of linear. load

ST iiﬁ.?a.sets of linearload...............................

1 [H= 10-005%..1 set.of linear.load............

"'2.5'A/DiV

e THDS12.21% ZEZZ So % I THD=104% ZEZZ Lo ZZZE B

(n)
...-2-sets-of -capacitor bank. .\ | [FELn -*-UTU[!EH(—ESsetspfcapacito-rbank-- | [FELL WUUFH— 1.set of capacitor.bank...........

i i THD=1484% SR

CHZ -~ 10.00-A

i —lUUUH ............ THD=34.680/0 P PP

s e ' THD=16.30% i e THD=31.85%

()

2 sets-of-capacitor bank : : £ 10: 1% g——3 sets of capacitor-bank. : : : o

CHZ -~ 10.00-R

1”'““{2—:1set¢fcapacitor bank..: 2.5 A/Div

cHz TN T : - THD=3.82%

i ibnae : - THD=4.45% i TR : “THD=3.33%

(A)
SUT 6.7 JUnduves LSE dmiunsdiil 2 (n) lalldesaifiuuszq () defifiuseq (a) PAPF e

A15199 6.4 A1 RMS 189N 58baasuadntnasanedvisu LSE UaInsain 2

TVanALTaY 2 19w TVandady 3 19w nandady 1 1
st th th th th st

Harmonic | 1 | 57 | 7" [ 11™ [ 3" 17" 1 | 5T | 7 " 1 7™ 2t | s | A

11" 13" | 17"

WOC (A) 2.69 | .304 | .110 | .065 | .020 | .006 | 3.09 | .297 | .106 | .064 | .019 | .006 | 2.31 | .312 | .114 | .067 | .020 | .006
WC (A) 2.25 | .815 | .165 | .030 | .005 | .001 | 2.40 | .386 | .086 | .022 | .002 | O |2.13|.593|.399 |.023 |.008 | .001
Gain 837 | 2.68 | 1.50 | .461 | .250 | .166 | .777 | 1.29 | .811 | .343 | .105| O |.921|1.90| 3.50 | .343 | .400 | .166
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6.4 n3alil 3: SuRuauduvainesidanamieufudaiulszaiinsasuudasedns
AUNAY

TutdedandunsBusuimBnsiiiaueifiadosnmifidlerdufiuaudundednedani
anawndoudufuAvysziinsasunlasegsdundu Inefimdufinnuduesunasingazanas 50%
MnAnAnden AudafiulssalinsBeunlasedtadunduan 2 Wnidindu 3 Wiwezanaadu
1 vk LSS ua LSE Tnswawes LSS axgnuandlugUil 6.8 wagmsneil 6.5 uasnaves LSE asgn
uamsluguil 6.9 wagn31ail 6.6

feutsuUsAdusEnouids andaduduiu 2 dldgnaeegiuszuulnilvonindy

L]
=

ﬁui fonintudu 3 Wvuassorniuiuldgnanauvdeifios 1 1@ daguedunes i Iégnuansly
U7 6.8(n) d w3 LSS uaz JU 6.9(n) d1wsu LSE

erdunsusuussanduseneumds ffuuszazgaseiindussuuliiin suaduves i
dedefuiuusey 2 100 3 Wuas 1 1w Idgnuandlusud 6.8(n) d1wdu LSS uaggud 6.9 (1)
dmu LSE wlesiesufiuussquinduszuulndlian pr 1ﬁaﬂﬂ§wiﬁaa’1mmé’ammléfa'mmiamm
GZJENGULHWﬂiuLLﬁLL‘VT@\TT\]W‘EJ“UE)WYJ’]?JQVI@?]&J@I‘WI’WNV] 6.5 UAYA1I197 6.6 @1M3U LSS way LSE

AEIRy 9819lsAnINA1 THD vas I 1 LSS uay LSE feniifinduduieananmsinslowuud

wuvrudidanaldainnisengnnavesenduednluuisdusiu Suduensueiniifinsvesuniian
= = v & R A o o = s o X <
finswdsunlasudinuuseaiiuaeuly WediAuuseuasuain 2 \@miady 3 Wnwasanad
Ju 1 v e1suedngddudl 11, 7 waz 13 lhlin1svensunnfiganiudiiusmiednsiveny 7.35, 3.06
WaY 4.31 AINAIRUEINSU LSS warmednsnveny 3.20, 4.64 way 2.70 AUaIPUaINSU LSE &4
gnsveeIuatlaenaneatusun 2.7

WanAluslguuuduuuvuiu PAPF  lagndaliinaudesun 6.8(@) dmsu LSS uaz
SUN 6.9(A) dm3U LSE 3931n3U PAPF ansawdladayyislauuuduuurnulalaganunsadanale

[ ' ' . 1 & A4 o & PN [ o X

1nNN1Tanadueg1aunvesdn THD vee i seanduillofiAuusequdsuain 2 @miiadu 3
Wuazanaadu 1 1@ PAPF Sspsanansaudlatamislauuuduuuruulafgaiuningainainion
° o a0 ¥ 1 a A ¢ ] 1% Y a 1
iaueiliiieesnmnad nsuaduiuaudvasunaidtganas 50% nieuiunisiuasunuatetng
dunduressiniuuszgluszuuliiang LSS wag LSS
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2 sets of linear loa 3 sets of linear loa |5 1 set of linear load - i
H 750-A/Div
A\ Py Pt M\ o\ P p /] = = o~
1o af” rd 7N P N N\ [/ 7/ / / / 7N S S N
S 7 N\ N~ AN AN A (14 N N\ \ AN AN g AN A N A ~ A
T A4 N T, A4 N T ~/ ~ ~/ ~/
THD=12.64% f 20 ms 7 THD=10./8% I'HD=14.83"%
()
D sets of tor bank H I 3 dets of capaci or banl < 1 set ¢f tor bank 250 A /Di
2 sets p ank BTl ets-of eap ban < p 750-A/Div
YT AAA APA AAA AAA A Nl S Ann AP pn, A
1 N AR N [Tl [ Addn Y Y A PYoAd LT VAW PYARAW A \a INARVARA Py Wi A AT Vo
Ngd L P4 Aand Y Mand? Aans Wanel i<l YA Y WY ULAAS YNAS “NAM NS ™ NS AV A Magd! Y AW
vy L AAd yuv v VA4 v u A UVV L A b o~
THD=40.76% THD=28.00% THD=28.19%
()
2 sets-of ca £ bank i[-d 3 sets-of cap citor-bank < 1 setof capa itor-bank 750-A/Div
AN \
i iddaTy N AN \ \\ N /N N ZEaN /N 3
St “v"v‘VJ 4 d i J/ N AN NS NS 4
4 A d APF
THD=3.529 THD=3.69% THD=3.27Y
(m)

JUT 6.8 JUAGU0Y LSS dmsunsdin 3 (n) Wldreduiulszq (v) seduiuuszy (A) PAPF vieu

M15199 6.5 A1 RMS U89nSehaasuainknasatadnsu LSS ¥a9nsain 3

VanALTaY 2 19w Vandady 3 19w nandady 1 1

Harmonlc 1St 5th 7th 11th 13th 17th lst 5th 7th 11th 13th 17th 1St Sth 7th 11th 13th 17th
WOC (A) 915 | 576 | 283 | 226 | 15.6 | 13.5 | 1120 | 57.2 | 28.1 | 22.4 | 155 | 134 | 730 58 285|227 | 157 | 13.6
WC (A) 621 | 758 | 50.8 | 166 | 33.2 | 8.78 | 654 |88.4 859 | 348 | 126|484 | 598 | 66.2 | 37.2 | 527 | 67.6 | 40.9

Gain 679132180 | 735|213 |.650| .584 | 1.55]3.06 | 1.55|.813|.361 |.819 | 1.14 | 131|232 |4.31|3.01




I THD=1365% o ﬁﬁﬁi Y e

.2 sets of linear-load - R [

CHZ

-10,00 A

“THD=11.75%

(n)

...10:.0.0.52.——.-.-——53setspf].inear.load

.............

Lol 205 AV

- THD=1597% ZZ: TR

CHZ -~ 10,00-A

CH2 © -10.00°A

“THD=25.52%

... 2-sets.of capacitor bank -1 ... R R

g

o 10:2% 04— 3 sets of capacitor bank.

L THDE3185%. e

()

: “"””FH— 1 set of capacitor bank. .

U THDE22:20%e e

Ciwea

- 2.5 A/Div

CHZ — 10.00-A

i

2 sets-of-capacitor Bank il

. E ActlvatedAPF L

THD=3.42%

R R

E..“.]:.UU:;Q*;:, sets of capacitor bank .©............l

- THD=387% - RPN D RN
(A)
JUT 6.9 JUAGUEY LSE dwisunsdin 3 (n) Wldreduiulszq (v) seduiuusey (A) PAPF vieu

A15199 6.6 A1 RMS U89nSeuhaasuafinkasatadvnsu LSE ¥a9nsain 3

- THD=3.05%

R R

T %&— I1.set of capacitor.bank.... ...

1. 2.5.A/Div

VanALTdY 2 19w

TVandady 3 19w

nandady 1 1

Harmonic

st

5th

7th

11th

13th

17"

st

5th

7th

11th

13th

17"

st

5th

7th

11th

1 3‘th

17"

WOC (A)

2.78

341

142

.091

.033

013

3.25

345

139

.090

032

012

2.34

338

141

091

034

013

WC (A)

2.30

423

321

292

.035

.006

242

479

645

119

011

.004

2.17

371

215

225

.092

.027

Gain

.829

1.24

2.26

3.20

1.06

461

744

1.38

4.64

1.32

343

333

925

1.09

1.52

2.47

2.70

2.07
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This paper proposes frequency response based identification of a parallel resonance transfer function
in power systems including capacitor banks for power factor improvement. The proposed method is
simple and easy to understand by finding undetermined coefficients. Only magnitudes of measured
harmonic currents for some orders of both source and load are required. Validation of the proposed
method is given in frequency domain and time domain by Bode plots and current waveforms,
respectively. Simulation and experimental results are in good agreement. The proposed method is
useful for a controller design of an active power filter in anti-parallel resonance.

Key words: Transfer function, identification, parallel resonance, harmonic, frequency response.

INTRODUCTION

With increasing nonlinear loads associated with
harmonics such as solid-state converters serving as
energy conversion for various applications like adjustable
speed drives, power supplies, power controller, etc., a
decreasing power quality is seriously concerned (Saxena
et al., 2014; Han et al, 2014; Nojeng et al., 2015;
Yingkayun et al., 2012). Harmonic currents and harmonic
voltages cause additional losses in motors, transformers,
power cables and so on. In case of a serious problem
sensitive loads may be damaged. Harmonic currents
cause a severe problem such as resonance. In power
systems with power factor improvement using capacitor
banks, if the frequency of load harmonic currentis in the

range of resonant frequency of the system, the source
harmonic current is magnified. This is so called parallel
resonance (Xu et al., 2005; Chaladying et al., 2015). As a
consequence, equipment in the power system may be
malfunctioned and damaged. Methods to prevent such
problem are installations of either an active filter or a
passive filter. The detuned passive filters (Kennedy et al.,
2000; Detjen et al., 2001) consist of an additional inductor
connected in series with the capacitor bank to shift
resonance frequency of the power system away from the
critical load harmonic current frequency. Disadvantages
of this method are that when the system parameters
change, redesign and reinstallation are required for the
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Figure 1. Power system with power factor correction using a
capacitor bank.

changed resonance frequency. On the other hand, the
active power filter is used for anti-parallel resonance (Kuo
et al., 2007; Fang et al., 2009; Detjen et al., 2001; Wu et
al., 2004; Jintakosonwit et al., 2007). The controller for
the active filter can be designed to be robust for a
variation of the system parameters. This method requires
a transfer function of parallel resonance for the controller
design.

In finding the transfer function of any system, there are
2 methods. The first method is based on a mathematical
model using all known parameters of the system (Ogata,
1997). The second one is parameter identification with
measured signals or known as empirical which is applied
for this paper. Many methods for system identification
such as genetic algorithms (Megherbi et al., 2010;
Aliprantis et al., 2006; Biao and Yanliang, 2014), particle
swarm optimization (Castillo et al., 2013; Li et al., 2011;
Rashag et al., 2011), neural network (Wang and Chen
2006; Hsu et al.,, 2005; Hakim and Razak, 2011) are
artificial intelligence identification. However, parameters
tuning for the GA such as crossover, mutation, selection,
fitness function, etc, which are tuned in order to get best
solution, is trial and error. In particle swarm optimization
algorithm, the disadvantages are that it is easy to fall into
local optimum in high-dimensional space and has a low
convergence rate in the iterative process (Li et al., 2014).
The neural network needs many data points of input and
output for training to achieve a correct solution which is a
drawback of this method.

However, if we need a method which is not
complicated, uses nominal data point of signal input and
a well-known method, a frequency response technique
(Nise, 2004) could be alternatively appropriate.
Furthermore, the parallel resonance transfer function is
on the basis of frequency response. Therefore, this paper
proposes the parallel resonance transfer function
identification in power systems using the frequency
response technique. The paper is organized as follows.
Firstly, mathematical modeling is presented for explaining
parallel resonance in a power system. Next, the
equations and procedure of the proposed identification of
the parallel resonance transfer function is given in this
section. Then, the parallel resonance transfer function is
identified and verified. Finally the conclusion is given.

MATHEMATICAL MODELING

This section describes a mathematical model for determining the
parallel resonance transfer function. A three-phase power system
with nonlinear loads and power factor correction is represented with
a per-phase equivalent circuit. As a consequence, the parallel
resonance equivalent circuit is achieved.

Power system diagram

A three-phase power system with power factor correction using a
capacitor bank is shown in Figure 1. It consists of a three-phase
source (Vv,,V,,v,), source inductance L, source resistance R ,
delta-connected capacitor bank and nonlinear loads. The purpose of
this paper is to find out the transfer function of the parallel resonance
in s-domain. It is necessary to use Laplace transform for the power
circuit in Figure 1(a) resulting in s-domain circuit as shown in Figure
1(b). Per-phase reactive power compensation capacitance is given
as:

Cy =3C), ()

Cy is star-connection equivalent capacitance. V;(s), and
I, (s)are per-phase Laplace transform variables of source

voltage v, , source current i and load currenti, , respectively.

Parallel resonance transfer functions

When considering only an effect of the load current I, (s) on the

source current /¢ (s), a parallel resonance equivalent circuit can be
illustrated in Figure 2 derived from Figure1(b). Form Figure 2, a
transfer function which demonstrates the relation between I, (s)

and I, (s) , can be obtained as follows:

1
I (s) = S @
Ls + R +
vS
G, (s) = Lo _ ! 3)

I,(s) LC,s>+RC,s+1



Ls R

Iy (s)

1,(s)

AY |

/1
~<Q|'—‘
@
A
NI

Figure 2. Parallel resonance equivalence circuit

Table 1. System parameters.

Parameters Values
Capacitor (C, ) 21 uF
Source inductance (L) 8.2mH
Source resistance (R ) 1.8Q2
50l-21 dBatf =387 Hz v
’I‘
15 : \
o / 1\
% 5 / : \
3 - 1\
g 0!_/ I \
=) 1 \
& 1 \
- 1
= -5 ! \\
10 : N\
i N\
-15 i
1
220 - 1 .
10 10

Frequency (Hz)

Figure 3. Amplitude-frequency characteristic of G,, ()

Where G, (s) is a mathematical parallel resonance transfer

function. In order to show frequency response of the parallel
resonance, substituting circuit parameters in Table 1 obtained from
the measurement into equation (3) gives:

1
C1.722x107s* +3.78x10 s +1

Gy (s) (4)

Bode diagram which demonstrates a magnitude of G,, (ss) is shown

in Figure 3. In Figure 3, as can be seen, the peak magnitude of
frequency response is 21 dB at frequency of 387 Hz of which this

frequency is called resonance frequency f,. The resonance
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frequency can be calculated from:
1

f = 27\LC,

From Figurelb, the source current 7/ (s) can be obtained by
applying the supper position theory as:

®)

LI(s)=1g(s)+1g(s) (6)

Where I, (s) is the source current resulting from the voltage

source (see Appendix). This equation (6) will be used to confirm the
correctness of the identified parallel resonance transfer function in
the next section.

PARALLEL
IDENTIFICATION

RESONANCE TRANSFER FUNCTION

The transfer function identification of the parallel resonance in this
paper is based on a frequency response technique (Nise, 2004). In
the previous Section, it can be seen that the mathematical parallel

resonance transfer function G,,(s) is a second order system.
Therefore, the identified parallel resonance transfer function, G, ()
is also defined as a second order system as

1

G, (s)=——— 7
() Xs? +Ys+1 (?)

where X and Y are coefficients of s”and s, respectively. By
comparing between the equations (7) and (2), it can be seen that

X=LC and Y=RC. The frequency response of G,(s) is
achieved by substituting s = jw in the equation (7). It can be
written in the following form:

1
X(jo) +Yoj+1

G, (jo)= 8)

Where @ is an angle frequency (in radians per seconds). The
magnitude of G, (j@) thatis a current gain a can be obtained as:

a=|G,(jo)| = 1 ©)
J1-Xo* Y +(Yo)

By reformatting the aforementioned equation to a general standard
equation, it can be expressed as:

(1-Xo* )Y +Yo) :(1—12 (10)
Where

ISLh

7 (1)

Lh

I, and I,, are RMS values of individual harmonic currents of the

source and load, respectively, which are measured from the
experimental setup.



120 Sci. Res. Essays

Figure 4. Photograph of hardware implementation

Equation 10 is a two-variable equation. Therefore, it needs two
equations to solve for X andY . Measured [, and /,, with two

significant harmonic orders of which [, are most amplified in the

range of resonance. In this paper, harmonic orders which are most
amplified are 5™-order harmonic (250 Hz) and 7"-order harmonic
(350 Hz). Then, measured rms harmonic currents of such order of
the source and load are used to substitute in the equations 11 and
10. After that, the equation 10 is solved for evaluated X andY .
Finally, the identified parallel resonance transfer function G, (s)is
obtained by substituting X and Y into the equation 7. Detail for
parallel resonance transfer function identification will be
demonstrated in the next section.

RESULTS

This section includes 2 parts. In the first part, the
equation 10 is applied for the parallel resonance transfer
function identification in frequency domain and the results
of the first part will be verified in the second part for the
time domain.

Identification

This section gives descriptions of an experimental setup
and testing for determining the parallel resonance
transfer function. Figure 4 shows the experimental setup
including a three-phase four wire 400 V, 50 Hz supply,
three-sets of inductors representing source impedance, a
three-phase diode bridge rectifier supplying pure resistors
acting as nonlinear loads and capacitor banks. The
source impedance and reactive power compensation
capacitance are shown in Table 1. The harmonic currents
are measured by a Fluke 43B power quality analyzer.
Procedure for identifying the parallel resonance transfer
function commences with measuring load current and
source. Current waveforms are shown in Figure 5a
(below trace) and Figure 5c (below trace), respectively.

Corresponding harmonic spectra are shown in Figure 5b
and d, respectively. The rms value of each harmonic
current of the load current and the source current and the
current gain (that is, equation 11) is shown in Table 2.
Then, substituting the data of 5™ and 7" harmonic order
of Table 2 into equation 10 gives the following equations.

For 5" harmonic order:

(1—)((2;;(5)(50))2)2 +(r(27(5)(50))) = 17% (12)
For 7" harmonic order:
(1—X(27r(7)(50))2)2 +(r(22(7)(50))) = 17% (13)

Solving the equations 12 and 13 to find X and Y
variables yields:

A {X =-1.698x107,Y =-8.235x 107}
A, {X =-1.698x107,Y =8.235x10™i} (1)
A {X = 1.698x107,Y =-3.526x107i}

A4

X = 1.698x107,Y =3.526x10"}

There are 4 solutions which are 4,, 4,, 4, and 4,. From

equation 7, it can be seen that X and Y variables are
both positive coefficients. Therefore, the correct solution is
4,. Finally, the identified parallel resonance transfer

function G, (s) can be obtained as follows:

1
1.698x107 s> +3.526x10 s +1

G,(s)= (15)

Figure 6 illustrates a comparison between frequency
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Figure 5. Waveforms and spectra of the signals.

Table 2. Load current, source current and current gain of each harmonic order.

Harmonic order

Parameter

5th 7th 1 1th 13th 17th 19th
Iy, (A) 0.512 0.486 0.100 0.040 0.012 0.007
I, (A) 0.299 0.095 0.096 0.072 0.064 0.049
a 1.712 5.116 1.042 0.556 0.187 0.143

response magnitudes of G, (s), G,(s) and experimental
results (i.e.20log(a)). It can be seen that they are in a

good agreement. However, the experimental results at
the 17" and 19" harmonic frequency is slightly different
from those for G, (s) and G,(s). This could be the

difficulty in the accurate measurement of small
magnitudes of the higher harmonic order. According to
the compared results, the proposed method provides the
best representation of parallel resonance since the

frequency response is in accordance with others.

Verification

In order to verify the correctness of the identified parallel
resonance transfer function G, (s) achieved from the
previous section, a comparison in time domain between
source current waveforms for experiment, power system
simulation and the proposed method. The power system
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Figure 6. Magnitude of G,,(s), G,(s) and experimental results
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Figure 7. Simulation diagram for verification

simulation diagram is shown in Figure 7a using the the identified transfer function which the nonlinear load
parameters in Table 1. The identified transfer function current 7, is input coming from Figure 7a whereas the
simulation is shown in Figure 7b using the equation 6

source current [, is calculated as shown in Appendix.
(that is, superposition). /, is the output of the block of

Figure 8 shows a comparison of time response between
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Figure 8. Time response of source current

experimental results, power system simulation and
identified transfer function which all results are almost
identical. Therefore, according to these results, the
proposed method is an alternatively appropriate method
for parallel resonance transfer function identification.

Conclusion

This paper has proposed simple identification of a parallel
resonance transfer function based on frequency
response in power systems including capacitor banks for
power factor improvement. Initially, a mathematical model
of parallel resonance transfer function which is a second
order system is created with the known parameters.
Procedure and equations for finding parallel resonance
transfer function is described. Results of the identified
parallel resonance transfer function are compared in
magnitude (system gain) with the mathematical model
and experimental results in frequency domain on Bode
diagram and it is simulated to compare with power
system simulation and experimental results in time
domain. Both frequency domain and time domain
simulation results are demonstrated to show that the
proposed method is an alternatively appropriate method
for parallel resonance transfer function identification.
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Appendix

The source current resulting from the voltage source I, (s) can be derived in:

Vs (s) (A1)

Ls+R+—
YS

Iy (s)=

G (S) — ISV (S) — CYS (A2)
o Vo(s) LCs®+RCs+1

Where G, (s) is a transfer function which the source affects the source current. For 50 Hz ( @ =314.16) and from the
system parameters in Table1, it can be calculated as:

. -3
]6.6.x10 _ (A3)
0.983+ j11.9%x10

21x107°)(j314.16 .
= = (2110 )j3418) G, (j314.16) =
(8.2x107°)(21x107°)(j314.16)* +(1.8)(21x107°)(;314.16) +1

=0.0067.£89.3°

Finally, I, (s) can be obtained as follows:

I, (s) = Gy, (sVs(s) = (6.7x107° £89.98°)(230:/2.207)
I, (s)=2.18/89.3° (A4)
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Resonance with Robustness to Parameter

Variations in Power
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Abstract— In previous research, the variable
conductance of a parallel active power filter has been
used for anti-parallel resonance with parameter variations
in power systems. Its disadvantages are many sensors,
complicated harmonic detection and complexity of
algorithm for successful accomplishment in anti-parallel
resonance. In order to eliminate such drawbacks, this
paper presents the parallel active power filter based on
source current detection for anti-parallel resonance with
robustness to parameter variations for power factor
correction using capacitor banks. The proposed method
employs only single harmonic detector and an open loop
shaping design for robustness to variations of source
impedance and a sudden change of capacitor bank values
for power factor correction. The proposed anti-parallel
resonance controller can be readily applied to both large-
scale and laboratory-scale power systems without any
change. The large-scale simulation and the laboratory-
scale experiment results confirm the validity, the accuracy
and good performance for anti-parallel resonance,
harmonic suppression and robustness to parameter
variations in power systems.

Index Terms—Power factor correction, Parallel
resonance, Parallel active power filter, Open loop shaping
design, Stability, Robustness, Parameter variation.

|.  INTRODUCTION

N a power system with a capacitor bank for power factor

correction (PFC), a source inductance and a capacitance of
the capacitor bank may cause parallel resonance in an
existence of harmonic currents from nonlinear loads. It leads
to amplification of voltage and current harmonics which may
give rise to malfunction of sensitive equipment or interfering
with communication systems [1].
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There are many solutions for anti-parallel resonance in
power systems namely, passive filters [2][3], series active
power filters [4], parallel active power filters (PAPFs) [5]-[7]
and hybrid filters [1][8]. In the midst of them, the PAPF is the
most flexible one for the power systems using capacitor banks
for PFC.

In general for anti-resonance, the PAPF is controlled as
constant virtual resistance or conductance for resonance
damping which is based on harmonic voltage detection of the
point of common coupling (PCC) voltage [5][6]. In addition, it
has additional sensors of harmonic currents in order to
increase performance for harmonic suppression and resonance
damping simultaneously [9][10]. However, the power system
parameters may vary from designed values for anti-resonance.
It makes a resonance frequency of the power system shift. It
will decrease the anti-resonance performance. Moreover, it
may cause loss of the power system stability resulting in the
power system damage.

As authors know, only the research [11] indicates the
parameter variation issue for anti-parallel resonance in the
power system which only the varied parameter is capacitor
bank value for PFC. It proposed that the PAPF could work as
selective variable conductance around resonance frequency to
damp parallel resonance effectively. The resonance frequency
was detected by the parallel resonance detection which it was
varied with capacitor bank value variation for PFC. However,
it can be seen that this method uses a lot of resources for
computing and its control system is complex in order to meet
the purpose of anti-parallel resonance in environments where
the parameters have been changed. Four harmonic detectors
were used for 4 variables. This method used the parallel
resonance detection which its algorithm takes a certain amount
of time for harmonic detection which is not suitable for
systems with suddenly changed parameters.

In this paper, in the part of variable detection, a variable
which is a good indicator for both harmonic suppression and
the parallel resonance simultaneously in the power system is
source current. In this paper, only single harmonic detection
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TABLE |
POWER SYSTEM PARAMETERS FOR LARGE-SCALE SIMULATION AND LABORATORY-SCALE EXPERIMENT

Component
Transformer rating

Description
3-phase, 380 V, 50 Hz

Source inductance

Source impedance
Source resistance

Fixed linear load
Variable linear load
Nonlinear load

Capacitor bank

for the detected harmonic current of the source is used. This
approach is the novelty in anti-parallel resonance for
parameter variations in a power system which is the first
contribution of this paper. Therefore, it reduces cost of the
APF for anti-parallel resonance and the controller structure is
not complicated. In the part of the anti-parallel resonance
controller (APRC) design, an open loop shaping design
method [12] is used for anti-parallel resonance and harmonic
suppression which is designed to obtain both high phase
margin and high gain margin resulting in robustness to
parameter variations in the power system. This method can be
robust to both source impedance variations and a sudden
change in capacitor bank values, simultaneously. This is the
second contribution of this proposed method which covers a
wide region of varied resonance frequency. As a result it is
quick and flexible to find replacement equipment for
maintenance. This makes continuous production resulting in
increased profits in industry. Moreover, the APRC can be
readily applied to the large-scale and the laboratory-scale
power system without any change. This is the third
contribution of this proposed method.

Therefore, this paper proposes the PAPF based on source
current detection for anti-parallel resonance and harmonic
suppression with robustness to parameter variations for power
factor correction using capacitor banks. This paper is
organized as follows. The parallel resonance power system
configuration modeling will be discussed in section II. Section
IIT presents the proposed method for anti-parallel resonance
and harmonic suppression with robustness to parameter
variations. Section IV explains the PAPF controller
configuration of the proposed method. Then, the large-scale
simulation and the laboratory-scale experiment of the power
system are demonstrated to verify the validity, the accuracy,
and the viability of the proposed method in section V. Finally,
conclusion is given in section VI.

Il. SYSTEMS MODELING

A. General Parallel Resonance

Fig. 1(a) shows a single line diagram of a power system
with a capacitor bank for PFC. When considering only a
harmonic current source caused by a nonlinear load, a per-
phase equivalent circuit of Fig. 1(a) is demonstrated in Fig.
1(b). From Fig. 1(b), the source impedance (i.e. a source
inductance L, and a source resistance R, ) and an equivalent
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Delta connection of resistor and inductor in parallel
1 set linear load: delta connection resistor series with inductor
3-phase full bridge rectifier with resistive load.

1 set capacitor bank: 14.5% of transformer rating

Large-scale
1000 kVA [13]

Laboratory-scale
3.3kVA

140 kW, 90 kVAR 465 W, 300 VAR

16 kW, 116 kVAR 54'W, 387 VAR
260 kW 870 W
126 kKVAR ( ) 420 VAR( )

capacitance of the capacitor bank C, cause parallel resonance

when seen from the load side. A parallel resonance transfer
function which demonstrates a relationship between harmonic
current of the load /,,(s) and harmonic current of the source

I, (s) is

Gu(s)=—" = (1)
1,,(s) LCy,s”+R,C,s+1
. R, Lys Is(®)
R Ll
Ry Ly i Capacitor banks
= b 1., (s)

& o] 1Ll q
S Linear loads C,s-- ‘D
—i—
@ Nonlinear loads = (b)
Fig. 1. General power system with a capacitor bank for PFC. (a) single
line diagram (b) per-phase equivalent circuit.

B. Large-Scale and Laboratory-Scale Parallel
Resonance Power System Configuration

Fig. 2(a) shows a power system which its parameters can be
varied and Fig. 2(b) is a corresponding per-phase equivalent
circuit. TABLE I shows the parameters of the power system of
large-scale and laboratory-scale power ratings. The large-scale
parameters are used for simulation and the laboratory-scale
parameters are used for experiment. The power system
consists of fixed components and variable components. The
fixed components consist of a voltage source, a fixed linear
load, and a fixed nonlinear load. The variable components
consist of source impedances, linear loads and capacitor banks
for PFC.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
___"_ /J Nonlinear load:
{ Capacitor banks Tlc """"""""""""""""""""""""""""""""
L i i
= [P P
@) v {owr]
Vg
Variable linear loads.
®
I Fixed lingar load:
Linear loads

Fig. 2. Varied parameter parallel resonance power system

configuration. (a) single line diagram (b) per-phase equivalent circuit.

For the fixed components, the voltage source is a 3-phase,
380 V, 50 Hz supply. The fixed linear load consumes total
active and reactive power of 140 kW and 90 kVAR,
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respectively for the large-scale parameters and 465 W and 300
VAR, respectively for the laboratory-scale parameters. The
nonlinear load is a 3-phase full bridge rectifier with 260 kW
resistive load for the large-scale parameters and 870 W
resistive load for the laboratory-scale parameters.

For the variable components, the source impedances consist
of a source resistance R, and a source inductance Lg
corresponding to a resistance and a leakage inductance of a
transformer. Rating of the transformer is 1000 kVA for the
large-scale parameters and 3.3 kVA for the laboratory-scale
parameters. The transformer rating of the large-scale is greater
than the laboratory-scale about 300 times. The normal values
(100%) of L, and R; are 29.76 uH (5.85%) and 2.16m<2
(1.35%)  respectively for the large-scale parameters and
9mH (6.42%) and 0.9Q (2.04%) respectively for the

laboratory-scale parameters. L, and R, of the large-scale

parameters are real values of the 1000 kVA transformer rating
[13]. The source impedance value can be varied with
decreasing and increasing for parameter variations in the
simulation and experiment. In this paper, they are decreased to
50% of the normal value (i.e. Lg=14.88xH and

R; =1.08mQ for the large-scale parameters and L, =4.5mH
and R; =0.45Q for the laboratory-scale parameters) and
increased to 200% of the normal value (i.e. L, =59.52 uH
and R;=4.32mQ for the large-scale parameters and
Ly=18mH and R;=18Q for the

parameters). The capacitor banks compensate for the reactive
power caused by the linear load. There are 3 sets which each
set is connected to the power system corresponding to the
varied reactive power caused by the variable linear load for
regulating the power factor of the power system to be nearly
unity. Each set consists of the delta-connected capacitor C,,

laboratory-scale

which value is 1050 4F for the large-scale parameters and
3.5 uF for the laboratory-scale parameters. It can compensate

for 126 kVAR reactive power for the large-scale parameters
and 420 VAR reactive power for the laboratory-scale
parameters which is 14.5% of the transformer rating. Note that
a relation of C, and C, is C, =3C,. Therefore, the possible

values for connecting 1 set, 2 sets and 3 sets of the capacitor
bank to the power system are 1050uF, 2100uF and

3150 uF respectively for the laboratory-scale parameters and
35uF, 7TuF and 10.5uF respectively for the laboratory-

scale parameters.

In order to consider the frequency response magnitude for
the large-scale and laboratory-scale parameters at the same
source impedance and capacitor bank, it can be obtained by
substituting L, , R, and C, into (1). Fig. 3 shows the

frequency response magnitudes for the large-scale and
laboratory-scale parameters when substituting 100% of the
source impedance and 2 sets of the capacitor bank into (1).
The magnitudes for both are very similar with slightly
difference at the resonance frequency. Therefore, it can be
selected either the large-scale or laboratory-scale parameters
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for an anti-parallel resonance controller design in the next
section. In this paper, the laboratory-scale parameters for the
controller design are selected.

- === Large-scale parameter
(Lg=29.76 uH, R;=2.16 mQ
and C,=1050 uF)

e [_aboratory-scale parameter

(Lg=9mH, R;=0.9Q

and C,,=7 uF)

Zoovv¢

30 o~

2 oy
" N

Fig. 3. Frequency response magnitudes of G, (s) for the large-scale

and laboratory-scale parameters.

C. Varied Parameter Parallel Resonance

When parameters of the previous power system which are
the source impedance and the capacitance of the capacitor
bank are varied, the frequency response magnitudes of the
parallel resonance are varied as shown in Fig. 4.

*(2)
3.5uF

....... 200% of siv.
100% of siv.
— . = 50%of siv.

3.5uF
1)
10.5 uF

10.5 uF
7 uF

*siv. is source impedance variation

*(1) line for 200% of sourceimpedance variation with 10.5 uF

and 100% of sourceimpedance variation with 7 uF capacitor C,, are coincide)
*(2) line for 100% of sourceimpedance variation with 10.5 uF

and 50% of sourceimpedance variation with 7 uF capacitor C,, are coincide)

Fig. 4. Frequency response magnitudes of G, (s) with power system
parameter variation of the laboratory-scale parameter.

From Fig. 4, it can be seen that the resonance frequencies
f. are varied from 211 Hz to 732 Hz. The much different

frequency response of the parallel resonance transfer function
is the challenge to the anti-parallel resonance controller design
for covering all frequencies which will be proposed in the next
section.

lll. PROPOSED METHOD FOR ANTI-PARALLEL
RESONANCE

A. Power System Configuration

The proposed method based on source current detection for
anti-parallel resonance is a connection of the PAPF parallel
with the power system as in Fig. 5(a). Fig. 5(b) shows the per-
phase equivalent circuit of the varied parameter parallel
resonance and the proposed method for anti-parallel
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resonance. The plant transfer function G, (s) demonstrating

the relationship between the PAPF current/,,(s) and the

harmonic current of source /g, (s) is the same as the parallel
resonance transfer function that is

15 (s)
]Sh—(s) =G, (s)=G,(s) 2
Fh
=ty
=1 ]
T Nonlinear load:
R, i Capacitor banks (8 _
o]
——{—w]
Variable linear loads:
S ]
b Fixed inar load |
Linear loads

/1, (5)

Fig. 5. Proposed method power system configuration. (a) Single line
diagram. (b) Per-phase equivalent circuit of the proposed method.

From Fig. 5(b), we can apply the superposition theorem to
obtain /, (s) caused by I,,(s)and I, (s) as

I, (s)=G,, (), + G, (s)1},(s) 3)
(3) will be applied for the anti-parallel resonance controller
(APRC) G,(s) design in the next part.

B. Control Block Diagram for Anti-Parallel Resonance
From the harmonic current of the source [, (s) as (3) and

the equivalent circuit of the proposed method as Fig. 5(b),
they are used to create the control block diagram for anti-
parallel resonance as shown in Fig. 6 where G,,.(s)is the

PAPF transfer function and N(s) is the measurement noise.

|—>|—Gc<s>|—>

Fig. 6. Control block diagram for anti-parallel resonance.

In order to reduce complexity of G.(s), G,,-(s) is defined

as unity. From Fig. 6, I, (s) can be obtained as

G,(s) G.(5)G,, (s)
(1+G.(5)G,,(5)) (1+G.(9)G,, (9))
This paper will use an open loop shaping design method for

anti-parallel resonance and harmonic suppression. Therefore,
reforming (4) corresponds to the open loop shaping design

Lg(s) = 1,(s)- N(s) (4)
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method as follows:
- Open loop transfer function is

G,(5)=Gc(5)G,, (5) ®)
- Sensitivity transfer function is
Gs(s)=1/(1+G,(5)) (6)
- Complementary transfer function is
Gy(s)=G, (S)/(1+GL(S)) (7
Substituting (5), (6) and (7) into (4) yields
15 (5) = G5 ()G, ()11, (5) = G (s)N(s) ®)

For the next part, (8) will be used in the controller design for
anti-parallel resonance by the open loop shaping design
method.

C. Anti-Parallel Resonance Controller Design
This section will design G, (s) for anti-parallel resonance

and harmonic suppression using the open loop shaping design
method [12]. It needs G, (s)to design G.(s) but there are

many transfer functions G, (s) as shown in Fig. 4 because of

om

parameter variations in the power system. Selected G, (s)

which has the resonance frequency at the center for all
frequency response is obtained from 100% of the source
impedance and C,, of 7uF. Then the controller will be

designed to get both high phase margin and high gain margin
which will make the system robustness to parameter variations
for the remaining parameters.

The controller design for anti-parallel resonance, harmonic
suppression and robustness to parameter variations is
summarized in TABLE II based on the open loop shaping
design method. The descriptions are as follows:

1) Anti-parallel resonance and harmonic suppression:
For anti-parallel resonance performance, the magnitude of

G, (s) must be much greater than 1 at the frequency resonance

f. which the magnitude of G, (s) at f, is already much

more than 1. Therefore, the compensation for this performance
is not made.

For harmonic suppression performance, the magnitude of
G, (s) must be much greater than 1 at the harmonic order
which needs to be suppressed. The 5" harmonic order f;;
(250 Hz) will be selected because its current magnitude is high
compared with other harmonics and the 7" harmonic order has
already compensated at the f, region. The controller for this
performance is G, (s). The magnitude of G, (s) must be
much greater than 1 at the harmonic order which needs to be
suppressed and must be smaller than 1 at the other regions.
The phase angle of G, (s) will not much vary at the harmonic
order which needs to be suppressed and it must have a value
about 0 at the other regions. The desired magnitude and phase
angle of G, (s) will not affect other frequency regions
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resulting in good system stability when parameters in the
power system are varied. Generally, when selecting &, =0.5

and &, =0.05, G, (s) will give the suitable peak magnitude

for harmonic suppression at the selected frequency which is
f,s and the phase angle will not much vary at the f,; region

resulting in better system stability.
2) Robustness to parameter variations:

It can be achieved by providing phase margin p,, of G, (s)
which is very high. In general, the phase margin should be
greater than45°. The controller for this performance is
G.,(s). G.,(s)will add 90° phase angle to G, (s) all over
frequencies. The suitable cross-over frequency f, of G,,(s) is
220 Hz. This value makes that the magnitude of G, (s) is not
small at f,;and the f region and the phase margin of G, (s)
is greater than45°. Outgrowth of adding G,(s) is that it
increases bandwidth of G,(s) resulting in faster of system

dynamic response.
3) Non-sensitive to noise:
The magnitude of G,(s) must be much less than 1 at a

noise frequency f,. The noise in this paper is caused by
switching frequency of the PAPF which has f, about 5 kHz.

The controller for noise compensation is a second order low
past filter G, (s) which has cutoff frequency of f, .

The G.(s) can be achieved by multiplication of G, (s),
G, (s) and G.;(s) as in (9) resulting in (10). Fig. 7 shows
G, (s) which is compensated by G.(s). The magnitude of
G, (s) is more than 20 dB in a f,;to f, frequency range and
the phase margin is 58.1° which are in accordance with all
conditions in TABLE II. Moreover, the gain margin g,k of
G, (s) is 23.6 dB which supports the system to have good

stability for parameter variations in the power system.

(dB)
888
¢

e

L8TKHZ

Tagnitude

P A,
oooooo
I

126 .Y

\
80 \

|
'162% b =581170t 796 B
-180 R
240 -
10 10 10
Frequency (Hz)

Phase (degree)

Fig. 7. Magnitude and phase of G,(s) .

The G.(s) can be achieved by multiplication of G, (s),
G, (s) and G.,(s) as in (9) resulting in (10). Fig. 7 shows
G, (s) which is compensated by G.(s). The magnitude of
G, (s) is more than 20 dB in a f,;to f frequency range and
the phase margin is 58.1° which are in accordance with all
conditions in TABLE II. Moreover, the gain margin g, of
G, (s) is 23.6 dB which supports the system to have good
stability for parameter variations in the power system.

Resonance and
in the Power

D. Performance for Anti-Parallel
Robustness to Parameter Variations

System

Fig. 8. Magnitude G, (s)G,(s) for anti-parallel resonance and harmonic

suppression.

TABLE Il
SUMMARIZATION OF ANTI-PARALLEL RESONANCE CONTROLLER DESIGN

Desired objective Condition of

1. Anti-resonance and harmonic
suppression

2.  Robustness to
variation

parameter

3. Non-sensitive to noise

Frequency region of

Parameter of

Controller
controller

©)
(10)
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TABLE III
PHASE MARGIN AND GAIN MARGIN OF

200% increase of source impedance

58.1
235

54.8
29.6

49.7
33.1

51.8
17.5

(degrees)
(dB)

Applying G (s) from (10) to all parameters in Fig. 4 result
s in Fig. 8. As can be seen, the magnitude of G, (s)G,(s) are |

ower than 0 dB for all parameters. This means that the propose
d G,.(s) can staunch parallel resonance and suppress harmoni

cs in the power system for all varied parameters which covers
the resonance frequency between 211 Hz to 732 Hz.

TABLE III illustrates the phase margin and gain margin for
each G, (s) which parameters are varied. It can be seen that
all phase margin and gain margin are sufficient positive values
which means that the system is stable and robustness although
the parameters are varied.

IV. PAPF CONTROLLER CONFIGURATIONS

This section explains the description of PAPF controller
(PAPFC) configurations.

section is installed to the PAPFC. The components of the
PAPFC are composed of harmonic detection, the current
command for anti-parallel resonance, DC-link voltage control,
the current command of the PAPF and the current controller of
the PAPF. The configuration of each component is shown in
Fig. 9. The algorithm for calculating the current command of
the PAPF i, is implemented using DS1104, dSPACE [14].

The hysteresis current controller of the PAPF is implemented

G.(s) designed in the previous

with an analog circuit because of avoiding the current
overshoot of the digital hysteresis current control [15]. The
parameters of each component of the PAPFC are illustrated in
TABLE IV.

Vra| Wi Ny

v to i

~G.(2) i:*' iy j}) - lGBT;?

Harmonic
Detection

HCC

Analog Hysteresis
Current Controller

PAPFC

Fig. 9. PAPF controller diagram configuration.

A synchronously fundamental dq0 reference frame [16] is
used for the harmonic detection of the harmonic current of the
source. The reference angle & is obtained from phase locked
loop (PLL) for transformation from abc reference frame to dq0
reference frame. Output of the harmonic detection block is the
harmonic current of the source g, .
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100% of source impedance

50% decrease of source impedance

36.5
11.3

51.8
17.5

56.7
21.0

58.1
235

57.2
27.1

In order to allow the PAPF to operate for anti-parallel
resonance, the PAPF is controlled with G.(s) designed in the
previous section. However, when G.(s)is implemented on a
digital controller, it has to be converted from s-domain to z-
domain. The discretization method uses a first-order hold
method with 50 gs sampling time. The result of the
transformation in z-domain is
6.917z" —17.732° +12.52° +0.58122 - 2.268

2" —2.3942° +1.852° —0.4948z +0.0425

The current command of anti-parallel resonance i,, can be

G.(2)= (11)

obtained by using i, multiplied with —G.(z) as
(12)

Wk .
i =—Gc(2)iy,

TABLE IV
PAPF PARAMETERS

Description Large-scale Laboratory-scale
Inductance of current filter L, 33.3uH 10mH
DC-link capacitor C,, 33mF 110 uF
DC-link voltage setpoint v, 700V 700V
Proportional gain K, 1.65 5.5%107°
Integral gain K, 1.5x107 5%x107°
Hysteresis band 15A 0.05A

A PI controller is used to generate the current command for

regulating DC-link voltage i, . i, isa d-axis variable in the

dqO reference frame but the desired current command must be

in the abc reference frame. Therefore iy, is transformed by

the inverse transformation of the rotating frame [15] resulting

. K
in the fundamental current command iy, .

The total current command of PAPF i,

is obtained by

. S R
using the sum of i, and iy, as

* £

K
Ip =g +ip,

(16)
In order to create the PAPF current i, to track i, , the

PAPF needs a current controller. The hysteresis current
controller is used because its structure is simple and it can
track quickly the current command [17]. As a consequence
this characteristic can approximate transfer function of the
PAPF to unity corresponding to the defined value in the
previous section III.
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V. SIMULATION AND EXPERIMENTAL RESULTS

Large-scale simulation (LSS) and laboratory-scale
experiment (LSE) are presented in order to verify that the
proposed method offers the validity, the accuracy, anti-parallel
resonance, harmonic suppression and robustness to parameter
variations in the power system. The diagram for LSS and LSE
are shown in Fig. 5(a) and the parameters for the simulation
and the experiment are in TABLE I and TABLE 1V.

LSS and LSE have been performed in 3 cases namely I) the
normal case (non-parameter variation); II) the source
impedance is increased to 200% whilst the values of the
capacitor bank C, is suddenly changed; III) the source

impedance is decreased to 50% whilst the values of the
capacitor bank C, is suddenly changed. The descriptions for

the simulation and the experiment of all cases are as follows.

A. Case |: The Normal Case (Non Parameter Variation)

In this case, the values of the source impedance and the
capacitor bank are used for the anti-parallel resonance
controller design which are 100% for the source impedance
and the 2 steps for the capacitor bank are used for LSS and
LSE. LSS results are shown in Fig. 10, Fig. 11, and TABLE V
and LSE results are shown in Fig. 12, Fig. 13, and TABLE VI
for waveforms, spectra, DPF and PF, respectively.

Before PFC, the 2 sets of the linear load are connected to
the power system. The waveforms of v, and i for LSS and
LSE are shown in Fig. 10(a) and Fig. 12(a), respectively. The
DPF and PF values of the power system are low which values
are 0.76 and 0.75, respectively for LSS and 0.79 and 0.78,
respectively for LSE.

TABLE V TABLE VI
DPF AND PF FOR LSS DPF AND PF FOR LSE
Situation DPF PF Situation DPF PF
Without cap. 0.76  0.75 Without cap. 0.79  0.78
With cap. 099 091 With cap. 1.00 093

Activated PAPF 1.00 1.00 Activated PAPF 1.00 1.00

Note: The DPF and PF are lagging power factor.

In order to correct the PF, the 2 sets of the capacitor bank are
connected as shown in Fig. 10(b) for LSS and Fig. 12(b) for
LSE. The DPF and PF values are corrected to 0.99 and 0.91
respectively for LSS and 1.00 and 0.93 respectively for LSE.
However, the magnitudes of 5" and 7" harmonic orders of i
are amplified because of parallel resonance for all LSS and
LSE. The 7" harmonic order has maximum magnitude
amplified with the value of 5.82 (i.e. 213.6A/36.7A) for LSS
and 5.39 (i.e. 0.697A/0.1293A) for LSE. Both are in
accordance with the magnitude of G ,(s) as shown in Fig. 4
which the 7™ harmonic order has maximum magnitude
amplified too. The THD values of v, and i, are increased

and the THD value of i, is high for both LSS and LSE.

In order to correct parallel resonance, the PAPF is activated
as shown in Fig. 10(c) for LSS and Fig. 12(c) for LSE. The
PAPF current i, can fast correct parallel resonance observed

from the greatly reduced harmonic magnitudes of some orders
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(i.e. 5™ and 7™ of v,, i; and i. for both LSS and LSE. It

means that the proposed method is able to offer anti-parallel
resonance in the power system. Moreover, it can improve the
PF value increased to 1.00.

B. Case ll: Increase in Source Impedance and Sudden
Change of Capacitor Bank

In order to confirm that the proposed method can be robust
to the parameter variations in the power system, the source
impedance is increased to 200% of the normal value whilst the
capacitor bank is suddenly changed from 2 sets to 3 sets and 1
set for all LSS and LSE. LSS results are shown in Fig. 14 and
TABLE VII and LSE results are shown in Fig. 15 and TABLE
VIIL

Before PFC, the 2 sets of the linear load are connected to
the power system then it is increased to 3 sets and decreased to
1 set which the waveforms of i; are shown in Fig. 14(a) for

LSS and Fig. 15(a) for LSE.
In order to correct the PF, the capacitor bank is connected to
the power system. The waveforms of i; when connecting 2

sets, 3 sets and 1 set of the capacitor bank are shown in Fig.
14(b) for LSS and Fig. 15(b) for LSE. The PF is improved
which is observed from the decreased fundamental frequency
magnitudes of i; in TABLE VII and TABLE VIII for LSS

and LSE respectively. However, the THD values of i; for

LSS and LSE are increased because parallel resonance is
occurred which is observed from the amplified magnitudes of
some harmonic orders. The maximum amplified magnitudes
of harmonic orders are changed with the changed capacitor
bank. The 5™, 5™ and 7™ harmonic orders for the 2 sets, 3 sets
and 1 set of the capacitor bank respectively, give maximum
magnified magnitudes with values of 5.47, 3.01 and 4.71
respectively for LSS and 2.68, 1.29 and 3.50 respectively for
LSE. They are in accordance with Fig. 4.

In order to correct parallel resonance, the PAPF is activated
as shown in Fig. 14(c) for LSS and Fig. 15(c) for LSE. The
PAPF can correct parallel resonance observed from the greatly
reduced THD values of i;. When the capacitor banks are

changed to 3 sets and 1 set, the PAPF can still correct parallel
resonance. It means that the proposed method is stable for a
200% increase of source impedance variations and a sudden
change in capacitor banks in the power system for both LSS
and LSE.

C. Case lll: Decrease in Source
Sudden Change in Capacitor Banks

This section will verify that the proposed method can be
stable to the decrease in source impedance and capacitance
variations in the power system. The source impedance is
decreased to 50% of the normal value whilst the capacitor
bank is suddenly changed from 2 sets to 3 sets and 1 set for
both LSS and LSE. LSS results are shown in Fig. 16 and
TABLE IX and LSE results are shown in Fig. 17 and TABLE
X.

Before PFC, the 2 sets of the linear load are connected to

Impedance and
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Fig. 10. LSS waveforms for normal the case I. (a) Without capacitor banks. (b) With capacitor banks. (c) Activated PAPF.

Fig. 11. LSS spectra of source current for the case I. (a) Without capacitor banks. (b) With capacitor banks. (c) Activated PAPF.

Fig. 12. LSE waveforms for case I. (a) Without capacitor banks. (b) With capacitor banks. (c) Activated PAPF.

the power system then it is increased to 3 sets and decreased to
1 set. The waveforms of ig are shown in Fig. 16(a) for LSS

and Fig. 17(a) for LSE.
In order to correct the PF, the capacitor bank is connected to
the power system. The waveforms of i; when connecting 2

sets, 3 sets and 1 set of the capacitor bank are shown in Fig.
16(b) for LSS and Fig. 17(b) for LSE. The PF is improved
which is observed from the decreased fundamental frequency
magnitude of i; in TABLE IX and TABLE X for LSS and
LSE respectively. However, the THD values of i; for LSS

and LSE are increased because parallel resonance is occurred
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which is observed from the amplified magnitudes of some
harmonic orders. The maximum amplified magnitudes of
harmonic orders are changed with the changed capacitor bank.
The 11", 7™ and 13" harmonic orders for the 2 sets, 3 sets and
1 set of the capacitor bank respectively, give maximum
magnified magnitudes with values of 7.35, 3.06 and 4.31
respectively for LSS and 3.20, 4.64 and 2.70 respectively for
LSE. They are in accordance with Fig. 4.

In order to correct parallel resonance, the PAPF is activated
as shown in Fig. 16(c) for LSS and Fig. 17(c) for LSE. The
PAPF can correct parallel resonance observed from the greatly
reduced THD values of i;. When the capacitor banks are
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Fig. 14. LSS waveforms for the case Il. (a) Without capacitor banks. (b) With capacitor banks. (c) Activated PAPF.

TABLE VII
RMS VALUES OF HARMONIC CURRENT OF SOURCE FOR LSS OF THE CASE Il

2 sets of linear load
Harmonic 1t 5t AT U KL e 1 5h
WOC (A) 887 534 249 196 124 104 1074
WC (A) 611 292
Gain 689 547 1.89 353 286 .148 .605

3 sets of linear load

51.9
47.0 691 355 154 650 156
3.01

1 set of linear load

7th 1 g3t g 1= 5th 7th LR 17t
242 19.1 121 10.1 715 549 255 20.1 127 10.6
189 4.16 2.07 098 590 108 120 168 7.67 3.09
781 218 171  .097 825 197 471 836 .604 .292

Note : Gain=value with capacitor banks / value without capacitor bank. WOC is without capacitor bank and WC is with capacitor banks.

Fig. 15. LSE waveforms for the case Il. (a) Without capacitor banks. (b) With capacitor banks. (c) Activated PAPF.

TABLE VIII
RMS VALUES OF HARMONIC CURRENT OF SOURCE FOR LSE OF THE CASE Il

2 sets of linear load

Harmonic 1 5t AT B L S 1 5t
WOC (A) 269 304 110 .065 .020 .006 3.09 .297
WC (A) 225 815 .165 .030 .005 .001 240 386

Gain 837 2,68 150 461 250 166 777 1.29

changed to 3 sets and 1 set, the PAPF can still correct parallel
resonance. It means that the proposed method is stable for a
50% decrease of source impedance variations and a sudden
change in capacitor banks in the power system for both LSS
and LSE.

VI. CONCLUSION

This paper has presented the parallel active power filter
based on source current detection for anti-parallel resonance
with robustness to parameter variations for PFC using
capacitor banks. The proposed method has used only single
harmonic detector for the detected harmonic current of the
source which is less than the previous publications in anti-
parallel resonance for parameter variations. The large-scale
simulation and the laboratory scale experiment have been
compared.  From results of both, conclusions can be
summarized as follows:

V. 5 . . e e sy . IR

3 sets of linear load

106 .064 .019 .006 231 312
086 .022 .002 0 2,13 593 399  .023 .008 .001
811 343 105 0 921 1.90

1 set of linear load
7!h l l\h l 3‘}1 ] 7[h ] st 5‘}1 7[h ] ][h ] 3[}] 1 7Kh
114 .067  .020 .006

350 343 400 .166

1) The proposed method offers a fast dynamic response
for anti-parallel resonance and harmonic suppression resulting
in power quality improvement in the power systems.

2) The anti-parallel resonance controller which is
designed with the laboratory-scale parameters can be readily
applied to large-scale power systems without any change. It
demonstrates the validity and it can be applied to the large-
scale real power systems.

3) The shapes of waveform results for both are in
accordance. Also the maximum amplified magnitude of case I,
IT and III for both are in good agreement. Those results
demonstrate the accuracy of the proposed method.

4) The proposed method has stability and good
performance for anti-parallel resonance, although the source
impedance will increase or decrease with the sudden capacitor
bank change.

5) The proposed method offers a fast dynamic response
for anti-parallel resonance and can suppress the source
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TABLE IX
RMS VALUES OF HARMONIC CURRENT OF SOURCE FOR LSS oF THE CASE IlI

2 sets of linear load

Harmonic 1 5t A VL L A 1 5t
WOC (A) 915 57.6 283 226 156 135 1120 572
WC (A) 621 758 50.8 166 332 878 654 884
Gain 679 132 180 735 213 650 584 1.55

3 sets of linear load

7[]\
28.1
85.9
3.06

TABLE X
RMS VALUES OF HARMONIC CURRENT OF SOURCE FOR LSE OF THE CASE IlI

2 sets of linear load

Harmonic 1 5t AT B K b 1 5t
WOC (A) 278 341 142 .091 .033 .013 325 .345
WC (A) 230 423 321 292 035 .006 242 479
Gain 829 124 226 320 106 461 744 138

harmonic currents resulting in power quality improvement in
the power systems.

Therefore, the proposed method is flexible to modify the

components or varied parameters in a power system which the
parameters maybe different from the designed values.

REFERENCES

T-L. Lee, Y-C. Wang, J-C. Li and J. M. Guerrero, "Hybrid active filter
with variable conductance for harmonic resonance suppression in
industrial power systems," /[EEE Trans. Ind. Electron., vol. 62, no. 2,
pp. 746-756, Fab. 2015, 10.1109/TIE.2014.2347008.

G. G. Richards, O. T. Tan, P. Klinkhachorn, and N. 1. Santoso, "Cost-
constrained power factor optimization with source harmonics using LC
compensators," [EEE Trans. Ind. Electron., vol. IE-34, no. 2, pp. 266-
270, May. 1987, 10.1109/TIE.1987.350964.

A. F. Zobaa, "Cost-effective applications of power factor correction for
nonlinear loads," [EEE Trans. Power Del., vol. 20, no. 1, pp. 359-365,
Jan. 2005, 10.1109/TPWRD.2004.835034.

S. Bhattacharya and D. Divan, "Design and implementation of a hybrid
series active filter system," in Power Electronics Specialists Conf.,

e e 5 . . e e sy . IR

3 sets of linear load

7th
139
.645
4.64

(3]

(6]

(7]

(8]

(9]

[10]

Fig. 16. LSS waveforms for the case llIl. (a) Without capacitor banks. (b) With capacitor banks. (c) Activated PAPF.

1 set of linear load

Fig. 17. LSE waveforms for the case llIl. (a) Without capacitor banks. (b) With capacitor banks. (c) Activated PAPF.

lllh 13[]1 17lh 151 Slh 7lh 11(11 13lh 17(11
224 155 134 730 58 285 227 157 13.6
348 12,6 484 598 662 372 527 676 409
.55 813 361 819 1.14 131 232 431 3.01
1 set of linear load
l l\h 13\}1 17\}1 15\ 5\}1 7Kh 11&}] 13&}] ]7[h
.090 .032 .012 234 338 .141 .091 .034 .013
119 011 .004 2.17 371 215 225 .092 .027
132 343 333 925 1.09 152 247 270 207

1995. PESC'95 Record., 26th Annual IEEE, vol. 1, GA, USA, 1995, pp.
189-195.

K. Wada, H. Fujita and H. Akagi, "Considerations of a shunt active
filter based on voltage detection for installation on a long distribution
feeder," [EEE Trans. Ind. Appl., vol. 38, no. 4, pp. 1123-1130, Jul./Aug.
2002, 10.1109/TTIA.2002.800584.

H. Fujita and H. Akagi, "Voltage-regulation performance of a shunt
active filter intended for installation on a power distribution
system," [EEE Trans. Power Electron., vol. 22, no. 3, pp. 1046-1053,
May. 2007, 10.1109/TPEL.2007.897115.

L. Feng and Y. Wang, "Modeling and Resonance Control of Modular
Three Level Shunt Active Power Filter," IEEE Trans. Ind. Electron.,
vol. 64, no. 9, pp. 7478-7486, Sep. 2017, 10.1109/TIE.2017.2696484.

S. Rahmani, A. Hamadi, K. Al-Haddad and L. A. Dessaint, "A
combination of shunt hybrid power filter and thyristor-controlled
reactor for power quality," IEEE Trans. Ind. Electron., vol. 61, no. 5,
pp. 2152-2164, May. 2014, 10.1109/TIE.2013.2272271.

F. Zhuo, L. Wu, Z. Chen, X. Wang and Z. Wang, "Study on a control
method of PAPF for resonance damping and harmonics compensation
in power system," in Power Electron. and Motion Control Conf.,
IPEMC'09. IEEE 6th Int., Wuhan, China, 2009, pp. 1161-1167

X. Chen, K. Dai, C. Xu, L. Peng and Y. Zhang, "Harmonic
compensation and resonance damping for SAPF with selective closed-



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

[11]

[12]

[13]

[14]

[15]

[16]

[17]

loop regulation of terminal voltage," IET Power Electron., vol. 10, no.
6, pp. 619-629, May. 2017, 10.1049/iet-pel.2016.0344.

C. Xu, K. Dai, X. Chen, L. Peng, Y. Zhang and Z. Dai, "Parallel
Resonance Detection and Selective Compensation Control for SAPF
with Square-Wave Current Active Injection." I[EEE Trans. Ind.
Electron., vol. 64, no. 10,pp. 8066-8078, Oct. 2017,
10.1109/TIE.2017.2696461.

S. Skogestad and 1. Postlethwaite, “Multivariable feedback control,
Analysis and design,” West Sussex, England: John Wiley & Sons,
1996, pp. 15-62.

Ekarat Engineering Public Company Limited, Thailand [Online].
Availaboratoryle:https://www.ekarattransformer.com/public/upload/do
wnload/download0d38b1920916cb6bbd8194741ec5{3¢c0.pdf, Accessed
on: Jan. 17, 2018.

SDS1104 R&D Controller Board, dSPACE GmbH., Padernorn,
Germany, 2007.

S. Glinter and F. W. Fuchs, "Switching time prediction for digital
hysteresis control for high frequency current in grid impedance
measurement application," in /6" Europ. Conf. on Power Electron. and
Appli., EPE’14-ECCE Europe, Lapp. Finland, 2014, pp. 1-8.

H-H. Kuo, S-N. Yeh and J-C. Hwang, "Novel analytical model for
design and implementation of three-phase active power filter
controller," IEE Proc.-Electric Power Appl., vol. 148, no. 4, pp. 369-
383, Jul. 2001, 10.1049/ip-epa:20010433.

F. Wu, F. Feng, L. Luo, J. Duan and L. Sun, "Sampling period online
adjusting-based hysteresis current control without band with constant
switching frequency," IEEE Trans. Ind. Electron., vol. 62, no. 1, pp.
270-277, Jan. 2015, 10.1109/TIE.2014.2326992.

Wanno Yeetum (S’18) received the B.Eng. and
M.Eng. degrees in electrical engineering from
Mahanakorn  University of  Technology,
Bangkok, Thailand, in 2005 and 2009,
respectively. He is currently working toward the
D.Eng. degree in electrical engineering at King
Mongkut’s Institute of Technology Ladkrabang.
Currently, he joins the Mahanakorn Institute of
Innovation, Faculty of Engineering,

Mahanakorn University of Technology as a Full-Time Lecture. His
current research interests include power electronics, control system
design and power quality.

Vijit Kinnares (M'05) received the B.Eng.
(Hons.) and M.Eng. degrees from King
Mongkut’s Institute of Technology Ladkrabang,
Bangkok, Thailand, and the Ph.D. degree in
electrical engineering from the University of
Nottingham, U.K., in 1997.Since 2003, he has
been an Associate Professor at King Mongkut's
Institute of Technology. His current research
interests include energy conversion, power
electronics, and electric drives.

e e 5 . . e e sy . IR


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Sandro%20G%C3%BCnter.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Friedrich%20W.%20Fuchs.QT.&newsearch=true

89

msUsppArinmsatiud 1
W. Yeetum and V. Kinnares, “PI Controller Based on Direct Synthesis Method for DC-Link
Voltage Control of Active Power Filter”, The 6" International Electrical Engineering Congress,
Krabi, Thailand, Mar. 2018, pp. 49-52.



. iEECON2018] ,’
The 6 International Electrical Engineering Congress ||
7-9 March 2018, Krabi, THAILAND !

==
| N

Power & Energy
Communications
.® Electronics & Control
Digital Signal Processing

Computer & IT

Organized by

Technical Co-sponsored by

Sponsored by

/“/_\\W\\z V. \ /




1D407

ID410

ID399

1D400

1D275

D435

1D437

1D263

D328

A Method of Swimming Rat Detection in Morris Water
Maze by Using Image Processing

Pattranis Khunarsar, Nontapat Benjathum, Theekapun
Charoenpong and Amporn Jariyapongskul
Srinakarinwirot University, Thailand

Grid Integration Control Algorithm for SPV Based Power
System

Priyanka Chaudhary and M. Rizwan

Delhi Technological University, India

A Fast Battery Cycle Counting Method for Grid-Tied
Battery Energy Storage System Subjected to Microcycles
Burcu Gundogdu and Daniel Thomas Gladwin

University of Sheffield, United Kingdom

Bi-directional Power Control of Grid-tied Battery Energy
Storage System Operating in Frequency Regulation
Burcu Gundogdu and Daniel Thomas Gladwin

University of Sheffield, United Kingdom

Model Predictive Control Application for the Control of a
Grid- Connected Synchronous Generator

Andrea Bonfiglio and Marco Invernizzi

University of Genoa, Italy

Pl Controller Based on Direct Synthesis Method for DC-
Link Voltage Control of Active Power Filter

Wanno Yeetum and Vijit Kinnares

King Mongkut's Institute of Technology Ladkrabang,
Thailand

Parameters Identification for Series Resonance in Power
Systems Using a Frequency Response Technique

Wanno Yeetum and Vijit Kinnares

King Mongkut's Institute of Technology Ladkrabang,
Thailand

Elimination of Multi-bounce Effect for Outdoor RCS
Measurement via 3D Imaging

JUN SHI, Ling Pu and xiaoling zhang

E.E. Dept University of Electronic Science and
Technology of China, China

Analysis of Bottomside Thickness Parameter-Based TEC
at Equatorial and Low Latitude Stations for Global
Navigation Satellite Systems

Punyawi Jamjareegulgarn, Sarun Duangsuwan and
Udomsit Tangtrakunphaisan

King Mongkut's Institute of Technology Ladkrabang,
Thailand

iEECON2018, March 7-9, 2018, Krabi, Thailand

29

33

37

45

49

53

57



PI Controller Based on Direct Synthesis Method for
DC-Link Voltage Control of Active Power Filter

Wanno Yeetum
Department of Electrical Engineering, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang,
Bangkok, Thailand.
yeetum.w(@gmail.com

Abstract—This paper presents a PI controller based on a
direct synthesis method for DC-link voltage control of an active
power filter. This method is widely used for controller design in
industrial process control and it suits controller design for DC-
link voltage control. It is easy to calculate proportional gain and
integral gain of the PI controller with defining only the desired
settling time but it offers good performance for reference voltage
tracking without overshooting. Its gain margin and phase margin
are high positive values indicating that the proposed method has
very good stability. The experimental results confirm that the
proposed method has fast dynamic response, accuracy of settling
time according to desired settling time for reference tracking and
good regulation for disturbance change.

Keywords—Direct synthesis method, PI controller, DC-link
voltage control, Active power filter.

1. INTRODUCTION

There are many publications about active power filter
(APF) for eliminating harmonic current in power systems [1]-
[4]. These APFs require a controller for regulating DC-link
voltage. There are many researches which have good
performance for DC-link voltage control such as a sliding
mode control method [5], particle swarm optimization [6], a
fast-acting DC-link voltage controller [7], a robust DC-link
voltage control strategy [8]. However, those methods for
controller design are rather complex and when reference
voltage of DC-link or disturbance of systems are changed, the
DC-link voltages of them still have overshooting over the
reference voltage. Usually, we need a little of overshooting or
non-overshooting for DC-link voltages.

A direct synthesis method [9] is widely used for controller
design in industrial process control. This method is based on
first order system; therefore, the system is non-overshooting. It
is easy to calculate proportional gain and integral gain of a PI
controller but it offers good performance for reference voltage
tracking and disturbance change. It is suitable to apply for DC-
link voltage control of APF.

Therefore, this paper proposes the PI controller based on
the direct synthesis method for DC-link voltage control of
APF. The paper is organized as follows. Firstly, DC-link
voltage transfer function is presented. Next, the direct synthesis
method is applied to DC-link voltage control. Then
experimental setup and experimental results are given to
confirm that the proposed method ofters good performance for

The authors appreciatively acknowledge The Energy Policy and Planning

Office, Ministry of Energy of Thailand for research fund.

Vijit Kinnares
Department of Electrical Engineering, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang,
Bangkok, Thailand.
kkwijit@kmitl.ac.th

reference tracking and APF current change. Finally the
conclusion is given.

IT. DC-LINK VOLTAGE TRANSFER FUNCTION
Fig. 1(a) shows the equivalent circuit for DC-link voltage
control of APF in this paper. It consists of the capacitance C
and the parallel resistance R,. R, corresponds to a resistance

of resistor for voltage measurement circuit. TABLE I shows
values of Cand R, .

TABLET
PARAMETERS OF THE EQUIVALENT CIRCUIT
Component Value
Capacitance of capacitor C 110 uF
Parallel resistance R, 3.14MQ

I,(s) is manipulated current for control output voltage
Voe(s). I,(s) is a d-axis current in dqO reference frame which
is created from APF. A relationship between V,.(s) and

&)

I, (s) can be obtained as

Vyels) =2E—1, (1)
—+R
Cs 7
’I () 1 ’ I,(s) R Ve (8)
pls L ! < pS » pc S
Tos 3Rei Voe® ™ CRs+1 —
¢ © Gpcls)
(@ (b)

Fig. 1. DC-link voltage modeling. (a) DC-link voltage control equivalent
circuit. (b) Open loop block diagram of DC-link voltage control.

By reformatting (1) to create DC-link voltage transfer
function, it can be expressed as:

Vv R
Gpels) =222
I,(s) CRs+1
This transfer function will be taken to design the PI

controller for DC-link voltage control with the direct synthesis
method in the next section.

2
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III. PI CONTROLLER BASED ON DIRECT SYNTESIS METHOD FOR
DC-LINK VOLTAGE CONTROL OF APF

A. PI Controller Design with Direct Synthesis Method

A I V,
pc($) +? | G.(9) p () Gy (s) ' (8)

Fig. 2. Control block diagram of DC-link voltage control.

Fig. 2 shows the control block diagram of DC-link voltage
control of this paper. G.(s) is controller for DC-link voltage
control. In the direct synthesis method, G.(s) can be obtained
as follows:

L @)
Go-(8) T8
where 7, is the time constant of the desired closed loop control

G.(s)=

system. Substituting G,.(s) in (3) and reformatting, it can be
expressed as:
C 11
Gels) =—+——— )
" RPTC s
From (4), it can be seen that it is conformable with a
general standard PI controller as

K
G.(s)=K,+—= 5
s
By comparing between (4) and (5), it can be seen that
C
K,=— (6)
TC
1
K, =— (7)
R,

A relationship between settling time f, for reference
tracking and 7, is
t, =4t (8

5 c

This ¢, is defined as the time for the response to reach, and
stay within 2% of its final value [10]. In this paper, the desired
t, is 10 ms. Therefore, 7_is 2.5 ms. Substituting C,RP and

7. into (6) and (7), yields K, =0.044 and K, =1.27x10™.

B. Performance Verify and System Stability

The closed-loop transfer function of Fig. 2 can be obtained
as follows:

GCL (s) - M (9)
1+ G- (8)G, ()
substituting G.(s) and G,.(s)into (9) yields
1
G = 10
@) = 0005 11 (10)

In order to demonstrate that the proposed method can
achieve the desired 7, , it can be illustrated by the unit step

response of G, (s). Result is shown in Fig. 3.

Fig. 3. Closed-loop system response to a unit step input.

From Fig. 3, it can be seen that the ¢ is 9.78 ms
corresponding to the desired ¢, .

From Fig. 2, the open-loop transfer function can be
obtained as follows:

Go (5) =G (5)Gp () (11)
substituting G,.(s) and G,.(s)into (9) yields
400
GOL (S) = T (12)

Fig. 4 illustrates Bode plot demonstrating the gain margin
G, and the phase margin P, of G, (s) . From Fig. 4,

G, equals infinity and P, equals 90° at 63.7 Hz which both

are high positive values indicating that the proposed method
has very good stability for uncertainty which may occur in the
system.

(deg)

P,=90"at 63.7Hz_
[

10" 10’
Frequency {Hz)

Fig. 4. Bode plot illustrating gain margin and phase margin of G, (s) .

IV. EXPERIMENTAL SETUP

The photograph of the experimental setup is shown in
Fig.5. Fig. 6(a) and Fig. 6(b) show the power system diagram
and the active power filter controller (APFC) diagram
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respectively. The algorithm for the experiment is implemented
on DS1104, dSPACE [11].

When G_(s) is implemented on dSPACE digital controller
it has to be transformed from s-domain to z domain. A
discretization for transformation uses a zero order hold method
with 50 s sampling time. The result of the transformation is

0.044 z - 0.044
G.(2)= — .1 )

The hysteresis current controller of the APF is implemented
with analog circuit because of avoiding the current overshoot
of the digital hysteresis current control [12]. The parameters for
the experiment are shown in TABLE II.

Hysteresis current controller

DC-link and AC voltage sensor
Current sensor

dSPACE Converter

Fig. 5. Experimental setup.

VDC
(@
Vr, i! iF
ir i 42X 1871
P * TICC
PLL i
. ; *
‘/D—Cio-w—l)» dq /] &,
-4 I > Analog Hysteresis |
abe dSPACE i Current Controller
APFC
VDC

Fig. 6. Diagram for experiment. (a) Power system diagram. (b) APFC diagram.

IEECON 2018, Krabi, Thailand

TABLE II
PARAMETERS FOR EXPERIMENT

Description Value

3-phase, 190V, 50 Hz

Voltage source

Sampling time 7 50 us
Inductance of current filter L, 10mH
Hysteresis band 0.05A

V. EXPERIMENTAL RESULTS

The experiment is proposed in order to confirm good
performance of the proposed method. The experiment has been
performed in 2 cases namely 1) reference voltage tracking, 2)
change of APF current. The description of the experiment is as
follows.

A. Reference Voltage Tracking

In order to confirm that the proposed method has results
which are accurate to the desired settling time for reference
tracking, Fig. 7 shows waveform of DC-link reference voltage
tracking. The reference voltage is changed in 3 intervals
namely #, , f,and #,. At ¢, , t, and ¢, the reference voltage is

changed from 300 V to 350V, 350 V to 450V and 450 V to
300V respectively. It can be seen that the output voltage can
track the reference voltage without overshooting with settling
times of approximately 6 ms, 10 ms and 8 ms at #, , ¢, and £,

respectively in accordance with the desired settling time of
10ms.

~CHI=00v
DC 1001

CHz=100v
DC 100:1

Reference voltage

AN

Output vdltage :

comesmees |l

2|

(100 V/div)  omssaw

Fig. 7. Waveform result of DC-link reference voltage tracking.

B. APF current change

In order to demonstrate that the proposed method can
regulate voltage output although harmonic current of the APF
which is disturbance of the system is changed. Fig. 8 shows
reference voltage, output voltage and APF current in case of
changed APF current. The reference voltage of this case is
constant with value as 350 V. It can be seen that the PI
controller with the proposed method can regulate the output
voltage to give the reference voltage by without overshooting
although the APF current is both decreased and increased.

-51-



CHi=100v CH2=100v CH3=2v
DC 100:1 DC 1001 DC 111
Output voltage

/

Reference voltage

APF current (2 A/Div) 100 V/dIY) e

i 4

o

Fig. 8. Waveform result for change of APF current.

VI. CONCLUSION

This paper has presented the controller design of a PI
controller based on a direct synthesis method for DC-link
voltage control of APF. The proposed method is easy to
calculate proportional gain and integral gain of the PI
controller. The proposed method offers accuracy of settling
time according to the desired settling time, fast dynamic
response without overshooting for reference tracking and good
regulation for disturbance change. All good performance is
confirmed by the experimental results.
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Power Systems Using a Frequency Response
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Abstract—This paper proposes frequency response based
parameters identification for series resonance in power systems
with capacitor banks for power factor correction. Identified
parameters are source resistance, source inductance and
capacitance of a capacitor bank. The proposed method requires
only magnitudes of three harmonic orders of source voltage and
current. The proposed method is simple and easy to understand
by finding underdetermined parameters. The identified
parameters have included a parasitic parameters occurring in
the power system. Identification results confirm good agreement
with mathematical model and experiment.

Keywords—Identification, Series
response technique

resonance, Frequency

1. INTRODUCTION

A series resonance is becoming so serious that 5th- and
7th-harmonic voltages are barely acceptable at the customer-
utility point of common coupling [1], [2]. The researches [2]-
[4] propose the series resonance damping in the power system.
It can be seen that they need a source resistance, a source
inductance and a capacitance of a capacitor bank to design the
controller for series resonance damping. In general, those
parameter values can be achieved from datasheet of devices.
However, some parameters of a power system may be
unknown or they change by time. Moreover, those parameter
values do not include a parasitic parameter occurring in the
power system such as a source resistance and a source
inductance of a long line feeder of the power system.
Discrepant parameter values may cause performance
degradation for resonance damping. It can be solved by using
a parameter identification method.

Many researches such as particle swarm optimization
[51, [6], genetic algorithms [7]-[9], neural network [10]-[12]
and particle swarm optimization-based neural network [13]
are proposed for parameter identification. They are called
artificial intelligence. They have good performance for
parameter identification. However, they are complex and need
specialists for adjusting procedure for correct results.

The publication [14] proposed identification of a parallel
resonance transfer function by using a frequency response
technique. It is simple and easy to understand by finding
undetermined coefficients. It uses only magnitude of measured

The authors appreciatively acknowledge The Energy Policy and Planning
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harmonic currents for some orders of both source and load.
The parallel resonance and series resonance are based on
trequency response likewise; therefore, this method can apply
to parameters identification for series resonance in the power
system.

Therefore, this paper proposes parameters identification
for series resonance in power systems by using a frequency
response technique. The paper is organized as follows. Firstly,
the identified series resonance transfer function is presented
for parameters identification. Then, the parameters of the
power system are identified and verified. Finally the
conclusion is given.

II. MATHEMATICAL MODEL FOR PARAMETERS IDENTIFICATION

A. Mathematical Series Resonance Transfer Function

The power system using a capacitor bank for PFC is shown
in Fig. 1(a). It consists of a three-phase voltage source v,

linear load, a source inductance Lg , a source resistance R, and
a capacitance C,, which is a delta-connected capacitor value.

When considering from the source side, a per-phase equivalent
circuit can be shown in Fig. 1(b).

R, L IS(_S)>
Vs (s) 11
T Cys
Capacitor +
bank =
(@ ®

Fig. 1. Power system diagram. (a) Single line diagram. (b) Per-phase equivalent
circuit for series resonance.

Vi(s) and I (s) are Laplace transform variables of the
source voltage v, and the source current ji; respectively and
C, is a per-phase equivalent capacitance ( C, = 3C,, ). Fig. 1(b)
is co-called series resonance. A transfer function representing a
relation between V(s) and I (s) is
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I(s) Cys

G S)= =
uls) Vo(s) LCps*+R,Cps+1

(1

where G,,(s) is the mathematical series resonance transfer
function.
B. Identified Series Resonance Transfer Function
The identified series resonance transfer function G,(s)
which correlates from G,, (s) for parameter identification is
Zs

G,(s)= X Teal 2
Comparing the coefficient of (1) and (2) yields
Z=C, (3)
X =L, 4)
Y =R, 5)

The frequency response of G,(s) is
substituting s = j@ in (2) resulting in (6). Where @ is an

angle frequency (rad/s).

achieved by

, Z(jo
G (jo)=——LUD. (©6)
X(jw)y +Y(jw)+1
The magnitude of G, (j®) can be obtained as:
1. (jow) @
=2 G, M

Z
=V i@ (jo) = - -
sWJ@ \/(I—Xa)z) +(Yo)
where g is the system conductance of the power system. By
reformatting (7) to a general equation, it can be represented as:
(1-x&*) +(Yo)

-— 8
(ZoY g ©

where
Ly 5
8 v, 9
I, and Vg, are RMS values of individual harmonic current
and voltage of source respectively. They are measured by the
experiment. (8) is a three-variables equation. So, it requires
three equations to solve for X ,Y and Z. Measured I, and

Vs, with three significant harmonic orders which magnitude
value of I, is high. In general, the magnitude values of

fundamental frequency, 5% and 7™ harmonic orders are the
most significant values respectively among others. Then, (8) is
substituted by individual harmonic order of [, and V, to
complete all three equations and they are solved for evaluated

X .Y and Z . Detail for the parameter identification will be
demonstrated in the next section.

III. EXPERIMENTAL RESULTS FOR PARAMETERS IDENTIFICATION

A. Parameters ldentification

The experiments are proposed in order to identify the
parameters of the power system. The diagram for the
experiment is shown in Fig. 1(a) without connecting linear load
for eliminating the effect from the load side. A three-phase,

380 V, 50 Hz is supplied to the power system. The parameters
of the power system are shown in TABLE I which are data
sheet values of devices.

TABLE I
SYSTEM PARAMETERS
Symbol Parameter Value
L Source inductance 9mH
R; Source resistance 25Q
C, Capacitor bank capacitance 7uF
Capacitor Bank

Source Impedance

Fig. 2. Experimental setup photograph.

i E00. 0.0 X< Main: 100000 3%

THD=2.11%

20 ms

cHL —600. 01
THE q.000 7

THD=28.77%

e TR 100, 100ns
Fig. 3. Waveforms of v and i
TABLE II
RMS VALUES OF SOURCE VOLTAGE, SOURCE CURRENT AND SYSTEM
CONDUCTANCE
Variabl RMS values of variables
artables = 5B 7 11" 3%
Vs (V) 222.7 4.56 1.02 0.15 0.09
I; (D) 1.511 0.311 0.303 0.008 0.005
8 0.0068 0.0682 0.2971 0.0533 0.0556

Procedures for the parameter identification begin with
measuring vg and i, . Fig. 3 shows waveforms of v, and i and
TABLE 1II shows RMS values of v, , ig and g . Then,

substituting the data of 1%, 5% and 7% harmonic order of
TABLE II into (8) gives the following equations.
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For 1* harmonic order:

(1—X(27r(1)(50))2)2 +(Y (22)50))° o

2 - 2 (10)
(Z (2”(1)(50))) 0.0068
For 5™ harmonic order:
(1-X 22)50) ) +(r(22G5)50)) 4 "
(z (2”(5)(50)))2 0.0682°
For 7™ harmonic order:
(1-X zG0) ) +(y(2250)) o

(z(22(D(50)) 02971

Solving the (10), (11) and (12) to evaluate X ,Y and Z yield:

S, :{Z=-02116x10", X =-0.2132x10°°, ¥ =-0.9208x107*{}
S, :{Z=-02116x10", X =-0.2132x10°°, Y = 0.9208x107i}
S, :{Z=-02116x10", X = 0.2132x10°°, ¥ =-0.6998x107*}
S, {Z=-02116x10", X = 0.2132x10°°, Y = 0.6998x10™*}
S, {Z= 02116x10", X =-0.2132x10°°, ¥ =-0.9208x107*#}
S, :{Z= 02116x10",X =-0.2132x10°, Y = 0.9208x107i}
S, :{Z= 02116x10",X = 0.2132x10°, ¥ =-0.6998x10™"}
S, :{Z= 02116x10",X = 0.2132x10°, ¥ = 0.6998x10™"}

There are 8 solutions from S, to S,. From (3), (4) and (5),
X .Y and Z are positive real numbers. Therefore, S, is the
correct solution. Solving the (3), (4) and (5) to find C, , L;
and R, yields 21.16 4F (i.e. C, =7.054F ), 10.07mH and
3.3Q respectively. The identified parameters and parameters
in TABLE I which are data sheet values of devices are
different because the identified parameters have included
parasitic parameters inherent in the power system which are a

inductance and a resistance of the long wiring for the
experiment.

B. Verification

In order to verify that the identified parameters which is
obtained from the proposed method are good parameters, the
values of TABLE I and identified parameters X ,Y ,Z are
substituted into (1) and (2) respectively and compared with the
frequency response magnitude of g achieved by the
experiment. Fig. 4 shows the comparison of frequency
response magnitude of G,, (s), G,(s) and experiment results.
It can be seen that magnitude of G,(s) and experimental
results at 50 Hz, 250 Hz and 350 Hz are coincide. However,
the magnitudes at 550 Hz and 650 Hz are slightly different
from G,(s). This error may be caused by the difficulty in the
measurement of very small signals. However, the magnitudes
of both frequencies can be neglected because they are

significantly less when comparing with magnitudes at 50 Hz,
250 Hz and 350 Hz.

IEECON 2018, Krabi, Thailand

When comparing between the magnitude of G,,(s) and
G, (s), the difference is caused by the effect of the parasitic

parameters that are a inductance and a resistance of the long
wiring for the experiment.

O————1

== Gy

Aop = ;)
@ Experiment

Magmitude (dB)

H g & B ' ' ' i i
50 100 200 300 500 700
Frequency (Hz)

Fig. 4 Comparison of G,,(s), G,(s) and experiment

IV. CONCLUSION

This paper has presented parameters identification for
series resonance in power systems. The proposed method is
based on a frequency response technique which is simple and
easy to understand by finding underdetermined parameters.
Comparison of identification results with mathematical model
and experimental results are in good agreement. The proposed
method is useful for series resonance damping in power
systems.
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