o uma’nw >‘Nl,ﬂ 5 s»mm V"l ML TR .wwu ”9' m; .
Mfm‘r‘a mm"nsam 'lw:uemmewm awmw'w T 'n,mw m

MBHHIMHQN OF A!JJUSI!‘BH ”L Fi[) wmug, UN Mmm IMIW | il
WHH !M\l ANCED AND UI m} ANGEL ::U* ’&’I Y VC)I H N RS

TR T T

P
ATy UMY N
VEERA | THANYAPHIRAK |

i A

\

o BH Ay Ak \

) ,'m ummummmwr.mwm'nmn mm} mmmm ﬁﬂ‘nﬂ:ﬂwuﬁ'mm.lmwﬁmmwmm
m'ﬂmﬂi 'm’mm‘lﬂm
iR am 16
T Y

maumwwlmlmrm Wﬂ*w?um ey nmﬂmmxw rnm mm

Wy \ WA .9.544‘ J
- D T SSRN 9-14_-1&-1.390.-33'@



o al v = s =l o
N1TNI9IUU RS Lﬂ?’ﬂ*ﬂﬂﬁﬂ AMHNLTINBLARATLIAULIUN

Tuanzaugauazhisugauasusssulnianuussans

QPERATION OF ADJUSTABLE SPEED INDUCTION MOTOR DRIVE
WITH BALANCED AND UNBALANCED SUPPLY VOLTAGES

5T susNNSNE
VEERA THANYAPHIRAK

3mmﬁwuéﬁt§!uz€fm%ﬁwmmsﬁnmmmué’ng nsFNIAINTTUANEATNUIT AR
#12713119A9n5 91 I HA
TufnInenae
amtumalulaginszaaunandaunmsaianszals
W.A.2547
ISBN 974-15-1300-3


CLP-16
Textbox

CLP-16
Textbox

CLP-16
Textbox

CLP-16
Textbox

CLP-16
Textbox


OPERATION OF ADJUSTABLE SPEED INDUCTION MOTOR DRIVE
WITH BALANCED AND UNBALANCED SUPPLY VOLTAGES

VEERA THANYAPHIRAK

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN ELECTRICAL ENGINEERING
SCHOOL OF GRADUATE STUDIES
KING MONGKUT'S INSTITUTE OF TECHNOLOGY LADKRABANG
2004
ISBN 974-15-1300-3



COPYRIGHT 2004
SCHOOL OF GRADUATE STUDIES
KING MONGKUT'S INSTITUTE OF TECHNOLOGY LADGRABANG



L ) -

WAURINLNUNUS MsuIssATeIl uAIFIName Finilantinlu

anmzannauazliangarasusaiuwinanunasans

unAnu weAsy fuanfing

EUGHEERRTD) 44611009

LT AANITUANAATHNN TR A

A1UNAEN Adanssnluia

WA, 2547

21AsEEAIUANINENTNUS  wrasaTundan] AINT

21sdgAruANINendwusson 34013305 Ainuse
UnAnga

ammﬁwuﬁ’ﬂﬂ’uﬁﬁ'}muamiﬁwmmmLﬂd‘mdﬂi’ummL?‘qummm'mﬁﬂf;ﬁﬂ'luamo:

aurfqﬂLm:‘lﬂﬂnqmmu‘.-mﬁ'fumnme'\:f-hﬂimﬂﬁﬁmﬁ‘ﬁﬂmﬁmﬁl’qﬁﬂsiﬂq’]ﬁﬁm@oifam?ﬁmm:?
e NTI C e X ' or .

uaunwm‘lugﬂﬂﬂunmmmmwmmaummau’l.ﬂmngﬂﬂﬁu“l"nul,m:mam‘wum'aﬁummz
m@qummaﬂuﬁmﬂqLLﬂt}J?:awEmwmwzumﬁﬂLﬂ?‘@qﬂﬁummL%“f;‘a"auw"wluﬁm?wiw]
‘Emﬂlu‘f‘mmﬁwuﬂﬁ'ﬁﬂmm%’wuuuﬁﬂafa\imsﬁfmummm"ﬁ"‘ﬂqﬂ‘}’ummL%ﬂ?@uimﬂ'l.%’
Tdsunsn MATLAB/Simulink 1Wisuifaufussuuaiaildluntsmaaay WAZUBNAINEN
o = ‘!‘ﬂa 3 di = - :’/ ;73 v 2 lﬂl ar [~
nsAniananssnuiifatuiiefinsiafalda ( choke ) AUNTIATeIL UALIS,
Tﬂuiuﬁﬂwmmmmﬂ?mmma":mﬁnmnmd"r’aqél’qndMﬁLﬂu‘lﬂmmﬂi’@ﬁwummm

NIMIFIUETHBTN IEC 61000-3-2



Thesis Title Operation of Adjustable Speed Induction Motor Drive

With Balanced and Unbalanced Supply Voltages

Student Mr. Veera Thanyaphirak

Student ID. 44611009

Degree Master of Engineering

Programme Electrical Engineering

Year 2004

Thesis Advisor Asst.Prof.Dr. Anantawat Kunakorn

Thesis Co.Advisor Assist.Prof.Dr.Vijit Kinnares
ABSTRACT

This thesis presents an operation of an adjustable speed induction motor drive
with balanced and unbalanced supply voltages. This is for studies of factors which
contribute to the harmonic injection, causing distortion in the current waveforms of a
main supply. In addition the performance of induction motor and efficiency of the system
at various load levels are consideration. The adjustable speed induction motor drive is
modelled using MATLAB / Simulink, and the simulation results are compared with
experimental measurements. The effects due to line reactors (choke) connected in
series with the adjustable speed drive are also investigated so that the reduction of

harmonic contents according to 1EC standard 61000-3-2 can be obtained.



nARNssNUszn A

WeinusidFagaaslyldfaefds AMuusiruazAninmansaanstifinmna
2 vinu Ae wA.as.atiundand aoanns enansdiBnmndn uay 502 3ane Anusa Fafly

rnf 1] dl 4 ¥ o L ] o b = a ﬂ’i’“ < v 13
anasemlinmndon MliAnaduasiuuniiineg auinlineniinusisuiidnsaqandls

) v
19UANMBIUNIANNT Power Electronics and Machine Control #lyiaAuuzin,

o ar

mdala Saunnd, saugqe uardsanealiiadusenn Faaluynaniud

H
aa v

18N9uTRUNsEAM Tan u1tAn fantey RRdeenau

[ 3

292 fusNAFNE



Wi

UMARHBANEVINE ..o [
UNAREBNMEINGS. ..o I
AARNTTUUSENVA. ..o I
OO 505050 mmrmn e85 mmemrem et v
ENTUAYIN e Vil
i L IX
U UL 1
1.1 anadwnuazandrdryseatlogwn. 1

1.2 ANNNMNBUASTAQUIEANA oo 2

1.3 AUHAFMIBNEANS . oo 8

14 BN, oo 3

1.5 IRUWIRVBINTANS. oo 3

1.6 Tasaadwaasdnendiwug. 4

1.7 daTemfmad w0 5

uni 2 ﬁugﬂmﬁ'mﬁ’umifuﬂﬁn ........................................................................................ 6
2.1 ANMULIBIFNOTN. oo 6

2.2 Uszsunmuea e, oo 9

2.3 WA WABNORN o 10

2.3.1 gunsollszinmBidnnseindMa. 10

2.3.2 qUnandustnMUWWAN oo 10

2.3.3 QUNTORISEANNN o 11

2.4 wansznuvesandueiindequnsallwia...... 11

240 POUUSEA o 11

2.4.2 wefnmusninefuasfod.. 12
) 12

244 WA .o 12

2.4.5 TN oo 2



#1518 ( 5| )

Pirg

2.4.6 WIRINEIARATIAVAYS oo 12
247 MIUBULRQ ..o 13
2.4.8 QUNTAIBEANTOTNG .ooooooo e 13
2.4.9 MITTUNIUINTANTT oo 13

2.5 HIRTFIMEVTHBIN. oo 13
2.5.1 HIRT51U 1BN.1448-2544 138 IEC 61000-3-2 621010]0R 0] ) ——— 14
2572 b R SIS TR k2 gy 112 R ——————— 15
2.5.2.1 T4 AARAINAANENIBINIEUG oo 15

2.5.2.2 BASRARIINRANETBIU T oo 16

2.8 BTU oot 17
Ui 3 T]E]‘i:rﬁl.l’aLﬁﬂ§LMdHQﬁﬂLLﬂtﬂ’]‘j“i'J'ULﬂ?l‘Iﬂu ................................................................ 18
31 NOBFUOABTITINI. oo 18
311 WANNIMBNRRFITIE 3 WG o 18
3.1.2 WATRUYANOADFNTEIN 3 WA oo 19
3.1.3 MFUATIZWNATANYA oo 20

3.2 ué’nmfrmmummL?‘Qsﬁum'amﬂmﬁmﬁmﬁﬂ L [ ———— 22
3.2.1 FNMIRUT ANV RO 24
3.2.2 BINIRNWTANUNTIGINIRTA - 24
3.2.3 ﬁqqnqsﬁﬁmuﬁ'ﬂfnuﬁ‘q@qmn ............................................................. 25

3.3 1iareuAiefunnuseUNaAeRn Tt 3 wWa oo 25
3.3.1 BUIDFIADTULLLMRIAINTEMG ovoveeeeeeeeeeeeeeeeeeeoeoeeoeeo 26
3.3.2 BUNBTARTULILUMAIR VMU oovvooeoeeeeeeeeeee e 27

3.4 mmﬁmma‘muaum‘?mﬁummL‘éf;?ﬂu ......................................................... 28
3.4.1 wAlA Sinusoidal Pulse Wide Modulation ..., 28
3.4.2 wAlA Space Vector Pulse Modulation ..........oovveooeeo 29

CHCIE L 30



#5100 ( Ai| )

W
UM 4 HENNIIRILANNTANasNIneNRAAeF AL e A LS L 31
NOVPRFUTNI B WA oo
4.1 MENNIRNIUTBNATDIFUAVIIEITOY oo 31
411 NIRIUIAUUNAIAN DY IUANTIZAUAD oo 34
4.1.2 natiusaiuunaaneogluannglisuna o 36
4.2 nshosaliadumtiniealfumnudosen o 38
4.3 n1221903Ae 1 TUsUN TN MATLAB / SIMUNK. ..o 40
4.4 W TAOTAEIUNIRD oo 41
4410 ARAAIDUATONTUAIIMEIOU oo 42
4.4.2 ANRRIRINBRTTEatiN 3 NG oo 43
4.5 BIU oot et 47
UNT 5 HANIINNBURENAREY oo 48
5.1 NIMIUNIAUUNAINEDY AN IIZENAR. ... 49
5.1.1 WieliinsRanaldAGUIEN ASD oo 49
5.1.2 HefnsRanalda 3 % EMN ASD oo 53
5.1.3 \fofin1sRndaldn 5 % M ASD oo 56
5.1.4 0N sRnRalEA 7 % FMN ASD oo 59
5.2 nsolusaiuBuNNeY AN lSNAR. ..o 70
5.2.1 nacilusaiulaianga 1 % wut over voltage Rlsifinsianaldn ... 71
5.2.2 nsdiusesuliianna 1 % wuy over voltage fiin1sAnsalda ... 77
5.2.3 naclusaiulaianna 1 % wuy under voltage Rluifinnshindaldn .. 83
5.2.4 nausaiulianna 1 % wuy under voltage AfinnsRasaldA ... 85
5.2.5 naclusadiulianna 3 % wuw over voltage lsifinsndeida ... 87
5.2.6 neclussdulaianna 3 % wuu over voltage AnsAnG A . 89
5.2.7 nacilusafilaianing 3 % wun under voltage A laifinsindalda ... 91
5.2.8 nalusasiulianna 3 % uu under voltage RifinnsRnsalda ... 93
5.2.9 naclusailainngm 5 % wuy over voltage Alaifinnsdadaldn ... 95

Vi



#1510y ( #a )

Wi
5.2.10 nacdusasulaianna 5 % wuu over voltage NRNTRAGIIEA ............. 97
5.2.11 naciusaiulaianga 5 % wuy under voltage Nhifinvsfndatda ... 99
5.2.12 natiuaadulaianga 5 % WUy under voltage fifinnsfiasalda .......... 101
5.3 BT oo e 111
4:.\] oo 2/

UM 6 ATUNANITITUUAZTBUIUBIUE ..o 112
B T N e e R s menearroro 112
6.2 FBUAUBUUE ... 113
BAMANTENEN. ..o seessese s 115

MANUAN
R T O 117
ETRRSTIE. cconssmssies st AR RS ST RS RSE 128
UTZAREUTEU ..o eeeeeee e 133

Vil



ANTUM5Y

Angadl Wi
2.1 AndnAANsLUABFNBTNANMNIRTT I CIaSS A -....oo...oeeeeeee 15
2.2 TndninmouRniEuraansuadmiusT LIS Tused 120 V o

B DOD N 50515 nmmmar sms s s o s st o s s S R RS ST 0
2.3 TR A AR IRANEIOWIT oo 17
4.1 LL‘Nm"uvlwﬁﬁluﬂquﬁmﬁl’ﬂumwmmumcﬁlﬂam@a1 WA e, 38
5.1 ﬂ"t%uﬁﬂmefﬂmai"’fﬂﬁLﬂfaﬂsnuﬁumﬁ’miqﬂ ......................................................... 49
5.2 WFUAEUAAY AT BUNNIBIEUL. oo 68
5.3 WFUTBUAAYINH B WINNUDITZUD oo 68
5.4 WEHUMEULITZRNEAINIBIITUU oo 69
5.5 WIS AN TN IWIDINOABT ... 69
5.6 WU WA BuNNIesIUNS AR IIAUAR ..o 107
5.7 ulsuiauialwiniewimaesszunnsdiussMlianaa. ..o 108
5.8 WEtuWaULlszANEN NI LU TN FUANAR. ..o 109
5.9 uhtniienlszdnininesemeinsdius AaNAR oo 110

Vil



GRERTATERT

gﬂﬁ win
2.1 gﬂﬂﬁmmﬁu,ﬂmmﬁuww rms WATNTEUGBUNN rms ﬁimmﬁ'ué’mﬂa ................ 7
2.2 gﬂﬂﬁluﬁ’:yrqumzmﬂnm'}’u ..................................................................... 9
2.3 nefeAFNERes I Ui UL UUUAAARAETTUUUTULUIU 11
2.4 UARUNTZUARIMFUNNTRANTUNIEY CIASS Derrroorooo 14
3.1 ATANYATBINDUARTNTEIY. oo 19
3.2 29IHNYADEN S NEVBINDUADTATENIN oo 21
3.3 mﬂﬂﬁ'ﬂuuﬂmmmmﬁu,u:Nﬁm,ﬂsxuﬂuama?ﬁ’umquﬁ ...................................... 24
3.4 Tm@ﬂ%’wﬁuﬁmwm‘szuuLﬂ‘;faqﬂ?"ummﬁ‘wau ..................................................... 25
3.5 MNATNNAITBBUIBTAID T UL LIUMASAVATENG oo 27
3.6 NAINAIUDIBUIDFIADFULLUARIR VTN, 27
387 uﬁnmsﬁuﬁmmmmﬂﬁﬂ L 28
3.8 uﬁnms‘ﬁuﬁmmmmmﬁa SVPWM ..ttt e, 29
4.1 TAsaa¥19989 ASDHDRRFVTENIN 3 NS 32
4.2 gﬂﬂ%‘lmm&Tutm:mmﬂ%uww ASD NEUABFNTETIN 3 ..o 32
4.3 gﬂﬂﬁlmmﬁmm ASDRselfuNemesvileatin 3 WA 32
4.4 n?xLLa%uvg‘ﬂLﬁ@um\'efaim@gluanm:ﬂu@ﬂ ........................................................... 33
4.5 AFFENTIUAWUULFAR 6 WAT .ooooooeoeeeeoeee oo 34
4.6 nmfszm?ﬁﬂ\mummqwa‘wﬂﬁiﬂLﬂ@?’LLﬁiﬂvﬁqqLLaxgﬂﬂ%‘um‘:LmMmN ................. 85
4.7 m‘::uﬂ%uw‘nLﬁﬂtl,udw'mfaa‘sﬂummq:..;J'ﬂ:u@ﬂ ........................................................ 36
4.8 amqznﬂ?ﬁwmummwfmmﬁiﬂLﬂﬂ?’uﬁia:'ﬁfmLLﬂ:gﬂﬂﬁum‘:Lm’LﬂmN ................. g7
49 msfindaldn (Las) PVUNTIN ASD .ooooovveeeee e 39
4,10 3201 ASD AFWNINBEY oo 40
AT UUURIRBIVBYASD ..o 40
412 unnsnasanisnutadoyyruauaulealdmalieawannianes .. 41
413 WRHUTOUZUARBUIITUIO, ..o 42
414 WU LA TN oo 42
4.15 W1 TAR 109 BUAR TR NNINAGE. oo 43
4.16 WIUSABINNINAgaUNeIRefnTli @i AT 43
417 Whsuifeunszuadunnassueimefidlounasanedhiland ... 44

IX



f1sieysy (s )

31/ Wi
418 uFsuifieumefdamessamemesilewasanodlel 45
419 uRsfeuingslwihdunmesemefifewassnadulad 45
4.20 WFennuinasifinewimsesmemesidewasnedlel 46
4.21 uRonfenlsyavinmassewmefideuwassne el 46
5.1 testrig TAWNSNARRY oo 48
5.2 gﬂﬂ%‘lu.aLﬂnmi"umzl,m%uwﬂLf;fﬂual,mm'ﬁﬂmuﬁms: 10 % TRIAAA. ..o 50
5.4 gﬂﬂﬁ'u,mﬂnm%’mmmﬁumLﬁﬂmtmﬁﬁqmuﬁms: 50 % VBINAR.....oveeen, 51
5.4 gﬂﬂ?&lu,mﬂnmi"uns:uﬂ%uwmﬁamLm'aifﬁﬁa'm?ims: 90 % BINAP..coovvooas 52
55 gﬂﬂgu,mLﬂﬂm%’um:um%uwwLﬁfaummm’ﬁﬂmuﬁm?z 10 % 10RAR...ccooveen.. 53
5.6 gﬂm%‘lu,ﬂLﬂﬂm%’umzua%uvgﬂLﬁﬂumm@?ﬁﬂmuﬁmﬁ*z SRR T 54
6.7 gﬂﬂ%‘u,mﬂnm?um:tm@uwwLﬁﬂummaﬁwmﬁm?: 90 % VRIRARA...oooerren 55
5.8 gﬂﬂ?a'u,mﬂnm%‘umnm%uﬂmﬁﬂmmeaifﬁfmmﬁm?: 10 % VBIAAR...oovvoen, 56
5.9 gﬂﬂ%‘u,mﬂnm:?uﬂmm%uwmﬁﬂmmeai‘ﬁﬂmuﬁmﬁ‘: 50 % VBIAAR. ..o 57
8.10 gﬂﬂgu,mﬂnm%’umum%uwLﬂﬂummﬁﬁﬂmuﬁms: 90 % VBIWAR. ... 58
AL gﬂﬂ?\{u,ﬂLﬂnm‘}'um:uﬂ%uwwLﬁfaummﬂfﬁﬁmuﬁm?z 10 % VRIAAR..ovveeee 59
52 gﬂﬂgu,mﬂnw‘fms‘:m%uwmﬁﬂu@meai‘ﬁﬂmuﬁ"m?: 50 % VBIWAR...ovoveeree. 60
5.13 gpdu,aun miunszuaBuniileneneMaufinngy 90 % veefifa . 61

L 2

5.14 WhtuisuelefiausaruBaieunussnszuadumilebifinde ¥ auay
RAGALTAT 5 %b......oooeeerneeeoeeeeeees e 62

£ 3 1) v
5.15 WhtuifiuAlafiauipadaiieusureanszuadunniliefndsidn 3%

BBET YR o smcoosin s A3 s s A B SRS 5 SR RSO 62
5.16 WituifeuAminefunamefessuudieliind d ruasBiadadan 5 % 63
517 Wisuifeudminefunamefesssunidiefndaldn 3% uay 7% 63
5.18 ulenifieupinszusdunmaesssunidielifasedauacfindatdn i 5 9% .. 64
5.19 ulsuifiudmnssuaBuwnaesssundiofndalda 3% waz 7 64
5.20 ulisnifinudnssuadunmaewamefilehifindadauacindaa i 50 . 65
5.21 uFsuiieumnszuadunmanaewmeiidenndaldn 3% uas 7% oo 65
5.22 msdamindalwidebifinmpadedadumin ASD 66
5.23 madaindslildletinshadeldadmmin ASD oo 66



dsueygy ( sia )

317 Wi
5.24 gulaRunszua®umm nadiusedulainga 1% UL over voltage N13L10 % ........ 71
5.25 RN EUALINATINSTUABUWAING A .o 72
5.26 WFLWEUSWUNATINTAUABUNING B............ooooeoee 72
5.27 WFHLRELANATINTZUABUNNING C...oooooo oo 72
5.28 gﬂﬂﬁun?:LLaEuﬂm nsciusadiulaianma 1 % uww over voltage ANN=50 % ........ 73
5.29 UREUTELALINATUNTIUABUWING A oo 74
5.30 ulstREUAINATNNSTUEBUWMING B 74
5.31 WEtLMEUALNATNNSTUSBUWING C...o..oooeeeeee 74
5.32 pilaRunszUAB Y nadlusesilaianna 1 % uwL over voltage 715290 % ... 75
5.33 WFELRELALNATNNTZUARUNNING A oo 76
5.34 WRBUMELALINATINSTUWABUWMING B........o.oooooooooeoee 76
5.35 WRUTEIALINATUNTIUABUNNNG C......ooooooooee 76
5.36 gLlaRunszUAB LY naclusaslaiangg 1 % uuw over voltage #n15£10 % ........ 77
5.37 WRHUWMEUS N ATINSIUWABUNNING A ..o 78
5.38 WRHUTELAINATINSTWEBUNYING B ....o...ovooeeeeooeo 78
5.39 WRURUS N ATINTIUABUNAING C ....oooooe 78
5.40 gﬂﬂﬁlumnm%mﬂm naclusesiilaianng 1 % UL over voltage AnNs=50 % ... 79
5.41 WEHUWMBLANATNTIUARUNING A .o 80
5.42 ulstdiEuanATuNsTWeBUWNINA B ..o 80
5.43 WEHUMELAINATINTIUABUNMING C ..o 80
5.44 pilaRunszuaRuYN naclusasivlaiangs 1 % wu over voltage 73290 %....... 81
5.45 WRUIAELAINATUNTIUWEBUWMNG A oo 82
5.46 WRBUTELALINATUNSTUWEBUWNING B ...o..ooooooo 82
5.47 ulstudeuanaiunssuaBuwninie C ..o 82

5.48 paRunszuaBunn nsdlusefuliianaa 1 % uuL under voltage RiAn3£90 % ... 83

5.49 WU IUINATUNSTUATUWNNG A ..o 84
5.50 WEReALNATINSTUABUNMING B ... 84
5.51 WetuauaInAFunsudBUWNNG C ..o 84
552 gﬂﬂgum‘nm%uwﬂ nattlusedulianna 1 % wuu under voltage 7113290 %....... 85

Xl



f5tieygy (sim )

a1l Wi
5.53 WRHUTELAUNATUNTIWEBUNNINA A ..o 86
5.54 WRHUNEUALINATHNTIUEBUWANG B ..o 86
5.55 WFHLWMHLALNATUNSTUATUNNNG C ..o 86

5.56 panunszuadunm nsdluseiulianna 3 % wu over voltage 7n15290 % ........ 87

5.57 WRIMELAINAFUNTZUABUWMNA A ..o 88
5.58 WRIUMELSUNAFUNTIEBUWMING B ... 88
5.59 WERHLWEUAWNAFNNTIUABUNIIANG C ..o 88
5.60 gulnRunszuaBuyn nsdussiilainaga 3 % wwy over voltage M990 %. ... 89
5.61 WFURELAUNATUNTIWEBUWMINA A ..o 90
5.62 WRUTIELAUNATUNTIWEBUWMINA B ... oo 90
5.63 WFHLMELANAFUNSTUABUWNING C ..o 90
5.64 gARuNTZUABUWY neciuseiulaianng 3 % WUy under voltage 7990 % ..... 91
5.65 WRUIRELAUINATUNTIWABUWIING A 92
5.66 WRIUMELSUNAFUNTIWABUNANG B ... 92
5.67 WRIUMELSUNATUNTIEBUWNNG C ... 92
5.68 g1ARUNTZUAD Y naciuseiilaiangs 3 % wuy under voltage 1590 % ...... 93
5.69 UFHLTELALINATUNTIUABUNMING A .. 94
5.70 ulBtUTEAINATUNTIUABUNMING B ... 94
5.71 WEHIREUALINATUNTIUWABUNIING C ... 94
5.72 gﬂﬂﬁummﬂ%uww nciusesulaiangg 5 % Wiy over voltage 71119290 % ... 95
5.73 WRUIAELSWUN TN ITUABUWANG A ..o 96
5.74 Wl RELALNATNTTUABUNWIA B ... 96
5.75 WSHLTELALINATUNTAUABUNNNG C ..o 96
5.76 1 m?a'uﬂmm%uww naclusailaianna 5 % wuw over voltage AinMs¥90 %........ 97
5.77 WRIIREUAUNATUNTIWABWNAWNG A e 98
5.78 WEHLIREUAILINATHNSSWEBWNNING B ..o 98
5.79 WRHUMEUAWNATUNTZUABUNIING C ..o 98
5.80 gUARUNTZUABLWY naciusefulaianna 5 % wuy under voltage 7019290 % ... 99
5.81 WRtUBUALNATINSTUEBUNMINA A ..o 100

Xl



f151ieygy ( sia )
s q)

g1 Wi
5.82 WSteuauINAFuNSTUABUNMING B ..o 100
5.83 Wlsuieuawlnaiunszuafuwna C ... 100
5.84 gﬂﬂ%‘unmm%uww natiuseAullanna 5 % ULy over voltage AN990 % ........ 101
5.85 ulsnuiiieuannasunssuaBuwNmNG A ... 102
5.86 WL EUAWLINATNN S UARUWANG B ... 102
5.87 uluwieuaiinaiunssus®uwna C ... 102
5.88 iYL %THD Teanszusdunmnsdiussiulianaaiuy over Voltage

BT N TOHEstcacp 5625888000 ssennoisenaneeeeessmsnssoneseess 5SS 103
5.89uliuuiiiey %THD resnszuaurnnsdiusesnlainanauuy over Voltage

LI L 103
5.90 WSty %THD saenszuaduvmnadiusiillaiannauuy under voltage

L 104
5.91uFBuiiiey %THD vesnszuadunnnsdiussiislaiangauuy under voltage

AINMITNARBL oo 104
5.92 Wlsuiiten PF nadusediliaunauuy over voltage annsdnaes ... 105
5.93 ulsniiien PF nacluseduliiangauuy over voltage annnsagay ... 105
5.94 Wl PF nediusadiylaiauaauun under voltage A9NNS4100 ... ... 106
5.95 WlFeuiiiey PF naciusedulaiannauuy under voltage aannnsvogey ............ 106

X



a
UNN 1

UNU

[ s

1.1 aAnatuninazaNgIAy a9l
walulagludagiutlaznudrfinsimdanulwianidlunnsufougindanullg
o’ i a‘ l: { L1 = ar ¥
wasugauldazaingaauiiasainiannuaiuisorasginsaldiinnsafindluyniuil
5 @ : A 1 o a = a 5
aruranauauedldramFauaziiueunniedu 1w nsiigunsaldiinnseiindunld
AILIANUNUAT AT TnaannzatndalulssugaarmnssulatininirgUnsnifanaiaun

=3 i o : o 5

UszgnaldlunisaugueiuiFasenrasuemefitimiaaireazidwaunnaulunnd

witeidaaesnsigunsalBdnnsafindunldaunalunaliiinfife azudnafueinuuy

'
= ] ]

ﬁi'mqfaﬂnmﬁmnfmsifaszuu%uqﬁﬁﬂmuéwﬁummmammwdwmﬂwﬁmﬂzé’lﬂﬂwﬁq
( Point of Common Coupling : PCC ) [1,2] Tasiawizetinsfianiszuuylaidadu ( Non
linear load )%Iq@mﬂm]”r?mmms:ﬁmﬁq:ﬁﬂlﬁgﬂﬂﬁmm@'ﬁ’uu@zmmﬂmmwdﬁm
Emﬁﬂu‘lﬂmngﬂﬂ%ﬂ"ﬁﬁ i LeatliuAnNLISseL ( Adjustable Speed Drives : ASD )
[Bluewmafiniinatin 1 wa vite 3 waildlalamflugunsaflunisBoansrugannnszuaadu
Lf[uns:i,mmsﬁqmﬂ'ﬁfqﬂnafﬁﬁqnmq"l,umsmmnmmLLﬂ:i:Jﬁmﬁ"L"ﬁ'mﬂﬁmﬁ'mﬁulums

o

iugagladunszuadunninliisnageardeslfuaiuisenindansaiunnusesnis

=l 9 L = S8 o s o ‘!’ as <
1991799UgA N TINNABINITAAR UL luN T HARR N TR T uATRU S UAINISase L

%3

piailieg ulsaugramnssuiflusnuaunn %us;ifam\mana‘zwuﬁi@qﬂmm‘lﬂﬁﬂ%‘uﬁ
reegfiansesauineiliifhulnideldunansznuananfuedin Wy udeuwladiniuas
aneflanseaieusnnninng, weaAmusanefinauneudeite udu Ganariigedui
fymmadrunmunmindadaazfesionisufudsa Ay (3,47 usiidesanndnlulszna
'lwaﬂ'qi:iﬁ%’@ﬁwumﬁ*ﬁ’mmu’tu,ﬂ1sr“hwumlﬁuﬁia:‘hmu@mﬂ?mmmﬁ‘mﬁﬂﬁ%%m%é
T luﬂqgﬁuﬁﬁqﬁLﬁmimwﬁié’?‘umn‘s:muﬁanﬂ"mLLﬁ‘lmﬂrngmﬂmsﬁmé]"qwﬁm
nsesenfuefinafianne wilunsdiasesansasfendnaufismdeudnoune  Anedacin
m:rﬂfanLLuuTmﬂ"LﬁQ’ﬁmmmﬂmﬂLfawq::mzmqumnz‘i'}mnluﬂ'wﬁﬁgﬁﬂmm:mm%@u
TwnAdsiiaalgnnisAnmfenansznues ASD TAUNANRIBLTAUN ( Voltage
Source Inverter :VSI ) [3,6] %alﬁﬂmiﬂmlumﬁ‘ﬁ‘mm:s,m’ﬁ's‘iwﬂﬁﬂﬁ’gﬂﬂﬁun@:umm

1 1 = = é" dll L g dl L4 n;
wnasanadunnaamsullaingladuled aunssuzaessunuazuenes e ASD Rnend

nnszane Melunsdiiunasanadunnegluaniszaugauarliauna [56,7) taaldnns



Aae93nTdsunsy MATLAB / Simulink Wisuifsununad ldainnisdatiuiniansuaing
= e =2 o . . =4

araanu1a1n ASD Nildlun1sgramnssy  sandlavinnnseanuuL series line reactor ¥sa

¥ [] (] v

choke AmRIAIUNTN ASD WilAuwmNzan  iNesanansenyluEesanuiaiauaes
sUadunszuaBunnbiiduldanaudedmunninsgiuanfuedin uen.1448-2544 via IEC
61000-3-2 [8] ?}iqqquuﬂlﬁﬁmmaﬁu@ﬁnﬁ%mﬂfaﬂmmnm?::Lmn'lzjL%qté’u"ﬁﬁmwm’]
ansuazduilunistfulpednwinefunamefrasssuuliftedu finlindenunazens

2/ all [ o v =
ngsruuanadlurnznuewmaitiaamuldnulng

1.2 Anaiananauazingilszasn

1.2.1 L‘ﬁ'@ﬁnmmﬂﬁﬂamm?ﬁﬂmu%qLﬂ%\aﬂi"um'mL?qa‘ﬂuimﬂlﬁiﬂmnm
MATLAB / Simulink

122 WeAnmuansenuiiinaniarealiunanuireufindentsaaiaue

pUndunszuaBunnileunadsegluannrangauaziauaa

e

o 9 %

1.2.3 tieAn®NIsa8NLL series line reactor Y38 choke AaRagnumtiniaansy
mqm?‘os‘auﬁﬁmmmmmmiﬁ‘;@amﬁ‘mmmaf"mﬁnlﬁ%ﬂu‘lﬂmu%’@ﬁwummmsgﬂumif
Naln wan.1448-2544 vire |EC 61000-3-2

1,24 Lﬁ;@ﬁnmwqﬁnﬁmmm’?mﬂ%’ummL?q'a“'aULLﬂ:ummaﬁuﬁmﬁ’] 3 wn 1ile

1insAmRa series line reactor 3@ choke AMUNTNATBILSUAI NG TR

1.3 ANYAFIUVRINTANEN

] ]
ﬁﬂ!f Gl

1.3.1  Inugaamnssunlfiasestfuaaudaranldlunisduirdeunemeiawn
Uszan 1-6 usah azlfieasniisaAsudragnasinlilassairanieluldfiasasiisdia

Tudausaanisuliinlgannininassglrdunszuadiunm A lifinisananfueiinean

¥
=l

NTUNIUTELLAUTINIUsINTuRa AR e uamATes S uA M sauTiduan
:: ' L= = d’ n:‘ll -g = ir o
wniugiandana liiianisfiaiveuesglrdusvuumugeun adarvun

1.3.2 Msl4Tusunsn MATLAB / Simulink o8 lunnsaiauusiasdaediazaqdliu

) ! | 13
AMNITITALUATUL LA RITRINBIART TN 3 I Warhuuus aewiedaaddaniy
sinbinsiedadtsineitinasenisinanfuelinuazannssuzananeiaef eunasansag
annzannauazliangasanfensi1aeenisiiafs  series line reactor ¥se choke

AunATaelfuAS s e LB AN TR NN T AN AN B uE N uALT TR I AT A

LY
os

Ansaldaluszuuasnldlunsine



t
=

1.3.3 dayailinaarnnisanaasuazainnisnagauarldlunisdipssinseuiniey

ﬁ’ummﬁ’mm?'mﬁﬂ HaN.1448-2544 ‘1/1‘%"@ IEC 61000-3-2

r- | s

1.4 96N1593¢
[y o = i ° o o 9 -l aF
1.4.1 AUATIMEIAINUNANNANTATAINT lenafsuazins i igiudeyainaa iy
Ailn nﬂ' as [~3 3 dr o 9 ] =
HANTENUNTAANLATEILFUAMIETITaNNBIARTIMTEI 3 WA TuAUA F9104

Wmsguuazdanmuaieaiuanfuelin

1.4.2 neasuwiAtseReafueseslfuanuiseunarnamefiutiuatin 3 e
1.4.3 ANHIN19459ULULA1ADTNATEUFUANIE se LA s NB AR MEn Tae

1Tsunsn MATLAB / Simulink

1
=y

1.4.4. NMN1937889AFa9t5uANEsauRaten1a R li i LNaIRafulietn 3
wannseaisunaEsdunmetluannrannaualianga saulanisaenuuuRac
X . 4 o v A o o o = oy
series line reactor 9@ choke AMuNTNATaNLFUAMNNEsaLlRenIN T TaLReLNaN LA
AINNITANADILALAINNITNARDY

1.4.5 agtuanisiduuazdaiauauus

1.5 VBULUAUBINITANE
anteyminaaiuaifuatinnsunauszuvaun g i saniunqasedangaiu

toynmwsuaunwinasiwinestraniiananfusessinislfudpudla Seniseiladida

Wudsziniareadiuaniudiseunaiaafiuiiani 3 wa afiaunassnausesunldlalonly

2 '

=t d‘ = <3| ] .IJ = ]
nisieanszuaiel Iegidudnuannnlulsugrannssuialdinselisnangn s

G
[l '
= Gl =

Tymmunide wrestiadinainazliinislivlinnninaesgladunszuadunmas

]
@ = =l

a a = 9/ o % - o = 9
adarfuelinhiguiuninsguaadagrzuuinlszuvauinautianaialy 1y

)

RGO
= e cli‘d v o = I's = dl' o < ﬂi’d k73 ]

MAdaialiiinsAnenisiinanfueinainiaieslfunsnifasauiiildag lunia
ARAIMNIINTININNATNR 5.5 KW, Usafudunn 380-400 V. nezua 12 A. tanianisans
na AN Wi unamefintianin 3 aTuIa 2.2 KW, Ws95u220/380 V. NT=ud 8.6/5.0
A. 4 pole 50 Hz. AuFasaufNGA1,420 rpm

TAaNIN1sAN IR NULLRI8BLATaIU5UA I NITITaULAZLLLA1aINBLARS

dl L] ; : o [ =l [ %
wigunIae i Tsinsy MATLAB / Simulink Yinnisanassuasiiauiisuiusanisnaaay
1 ¥

ANTTULATHIANBINTAAFIFHATN AU FUAANINEUTINTBINTZUE N9 A

waseaesruy  Aae A Raediszuy  Andelninresnanes Ussdansninassuawnas



uazaerzuLIaunasneduynagluaninzaunauarhiangs  antuazianishiaea
P i =4 g 2 dﬂl [ < dl d' a é‘

series line reactor ##a choke funtinAsasliuanussauiiaAnenanssnuiiaauly

FaanisanAlefiausimnuiaieusanaasnszuadunnlfiiullaadeniuus uan.1448-

2544 vi7a IEC 61000-3-2

o -9 r-9 a
1.6 TAs985 191D 9INAUNUS
TaneninusiléminisAnsnansenuinaaniAsedsuainuiasauuanas
~ ° A - . " o = S 1 a
wileandy 3 e Waunasanedunneglusnivangausrldanna TensaziBaaiingnis
=Y = a 1 8 ar n’l‘
Tianentiwusudauumelidai
UNi 1 n@"mﬁam’smf]umuﬂ:mwﬁﬁﬁmm@qﬂmm ANNYINUILUAY
TQUITaA auyRFINLLINITANEY 8019948 1UwRATaInIsAn ian Tnadaluus
azun wazdsslamilaannnisag
Uni 2 namteiuguieeiuanfueiin ansoe dssinnuazundeiniinaesans
= = o =Y .d'd ] '8 = di
ualin mmmaﬂ?:ﬂu‘naa'mmfauﬂmum@fqﬂﬂm‘lﬂﬁma:mmgmmm@unlum@wm
AR AAINN R AN EIUTBINTUALA LTI
al o = P ° - .:3 = = = o
un? 3 namtangquuewmesinlisaiiuaznisduinden Gaveiuiafandnnig
NaursINaneiieatin 3 wa warnisAuaNAuiiralnglfirestfuasiniasey
1 = =Y A:ll di v < s ‘:; o
wuusnesannanatianldlunisarunurresfuanuisasaunamadiniiantin 3 wa
d' 0 = dll s < ndl = oo dl = = 1
UM 4 nannnuATesliunnuiFaseun i lun s deazaiuia faA LA AN
neilusafuunasaset luannvaugauarliduns  waznanssnuinausesruLiiadinig
RARY series line reactor 3@ choke ANMUTATBSUTLANETAY TUDINNTINAB952UL
wwreatfumnnuidasaulaaldlisunsy MATLAB/SImulink WAENNIMIANIITIRBTFNe LA
Tun1331894
Un#l 5 Na19NeNARINNITANRBUATNAGBLT UL aussfuUna s ag Tuan1az
1] 1 1 1 k7
aunauazliaugamienamefinauiinissinemudanansnuilefnse  series line
=5 1 ] b2 L7 tﬂl s -1
reactor %78 choke A9 AumTiATaLfuAYIGIsaL
‘il 1 =5 = o -] dl [ <
unh 6 Na1DAgUHANIIIRUNITANHINI TR UATRIUFUAI NS TaY
'8 4=: L ¥ o/ 1 1 =2 W
nawafmllanirluantnzangsusrliaugsrasussuliinannunassnssntedeianowny

nazlilunsidaansusien



1.7 dsslaminlaainnsaas

B Lﬂun'wﬁnmmﬂnszﬂuﬁtﬁmmnm’#mﬂé’ummL?Q@@mﬁmmmehﬂ%uwmg
Tuanmazangausslianga

1.7.2 ilunnsdnsenssasiuaufasaialiuuanslunisdnsn lugusine ey
WIRAGINA1INIMINTIFIUREUNAA NN TNAGEL

1.7.3 flunnseenuLY series line reactor a8 choke AiRARAEILMTLATELF
AuGaseliiiaa Nz aeanrans TN LA NI FINEN

1.7.4 insuffauisuiuninsgiuanfuelin 4en.1448-2544 wve IEC 61000-3-2

LHBNINN9RARAY series line reactor %38 choke AUNTNATENUFUAIMNIE AL



<l
UNN 2

ANUFIULALN LIS NDTN

9

mi‘u@ﬁnﬁLﬁm%ulu?:uuiwﬁﬁﬁﬂdqLﬂuuﬁﬂwmmﬁmmmmQmmwr‘i'\ﬁ\a'lﬂﬁﬁa
luilqiuilidaldsunanndauiuiiuaunn dasaniinisigunsalBidnnsedindanld
ﬂtiNLLwéua'm%'uﬁumn%umumﬁ‘mmﬂﬁqmm‘[samu@mmunﬁmm:mnﬁuimmumi
sergfamaasgia  inliAasfueindlusunoussuugnsofl #dug livae
Hanaaly ‘Emsﬁi'Lwia:miqmmﬁﬁmﬂ”ﬁn’mﬂa‘:mwﬁen@iﬂﬁﬂ@nﬁ@ﬂi‘i’@ﬂmﬂiﬂ?ﬂ

d’ =4 ﬂil 1=l as di ar i 3 ﬂ!‘ o
whsasiiefilidinisdfudgennininaesglafunssuguasusaAua0unaI edearnsaiy

=

Y | A Ay ° Lo | a -
F]'J'INm'ﬂ\jﬂ'ﬁmﬂquuqaqquﬂﬂﬂWUHuﬁqiﬁﬂ‘LNﬂunﬂdﬂﬂ&l“qﬂW’]Nlﬂ 1uﬂm:ﬂﬂ{]ﬁuqﬂﬂ?ﬂ

v
] ar o o ¥ =

9 L LY a = o’ " o yd:ll % =
daninuanieeuasuatiniudsumnalnadaldlainanTiAruldndaan  seuadasil

os = o = dl = = 9 == [ ] =l
ﬂ']‘i‘am:f’lﬂmﬂ'm:uﬂzﬂ']?mﬂEI']i‘Nﬂuﬂ"]'mﬂ']?:milNL°INLauLW'ﬂlWﬂfl"\Uﬂ\iﬁQQQH[ﬂ']\'i’"]“ﬂlmﬂ
= s a T el | o P ad a
’Q’]ﬂﬂﬁﬂqﬁ‘u’ﬂuﬂ’qqﬂlﬂ?ﬂQN'ﬂﬂﬁ'ﬂﬂ.ﬂﬂﬁ‘mﬂLﬂuﬂ'ﬁ‘:LLUUlNL’ﬁQLﬁHLW‘BH"IQﬁﬂ’]T‘ﬂ\ﬂH 1530+

azmanlunizaruAnE e ueiinlianas

2.1 anuueasNalin [9]

- c A A ~ 0 e P A -
aAlsENaUaNFualn AD fﬁfauﬂ?:n@uwmmglmmmﬁmﬂummﬂmwmnm’mn

wanya 1w dygrnlaniaududngaviaiu 50 Hz - Feludygruburiisoueglu
AyarudsndrafifianuibiviiuauidinainazFandt esdlszneuanfueiin - g1
‘d‘ H

= = a o = ar o ] = 9/ 1
ARUAty I aAILla nuasAsznavanfuelindudusiieanisadoulfelug

BYNTUNLET [1] AAANNITN (2.1)

9 L1l

o0
FO=F+2£,© (2.1)
h=1
1) =~Noﬁ°ﬁ"um@qgﬂﬂ§'u?wmulm
F, = Aedevieatdlsrnatinasiasg 7(1)

5,0 = Wriduanfuaiinsesgiadusmeanule

B = AUALENTNDTIN



: 1 ar 5 = H & e qi
MNANNTN (2.1) F, = —a, foiudouaunsludlFfaauntsi (2.2)
2

F0)= éao + i {a,costhon) + b,sin(han } (2.2)
h=1
F0=}"a0=i_[]2ﬁf(t)d(a)t) (23]
2 27
a, = fﬁf(t)cos(ha)t)d((z)t) (2.4)
b, = [" ssinthonacen (2.5)

] ] ¥ ]

Tuauea M d a9 &yl iiur e fuefinesunnvsetiesasuanlusy
o ] )

i d' o

wefigusiresasdlsznaufinninanyaFandt Avlefinufmnuiausay (- Total

Harmonic Distortion : %THD ) A4@Nn13h 2.6

[ 0]
2
¥
h
h=2
% THD = ——X100 (2.6)
Al
P E d
4, =elsznauiAnuinanys
4, = avlsznauaniuelinfinanudinneg

Vs
rd

/ s\ .
0 ,-// i /A\H ““\/ i ' cr
i -

b

3U9 2.1 pulaBuusaiu nezuaBUNN uaznszuaBuny Anoutudnya

L1



v e

angui 2.1 dflusetneresgUafuussiuuasnszuadunniians Wiunssilidadu

paduANnInaTunARes ( Power factor ; PF ) wl@giatl

A nfenueande Wineae

P = — [ pwaw (2.7)
g
oty
B o= i_ﬁ’vs(z)fs(z)d(z) (28)
.
Lf;’ﬂ
v, = NWsino (29)
Was
i, = ~20sin(o-@) (2.10)

UNUANANNTTA 2.9 uaz 2.10 adluannisy 2.8 axly

1

P = —E'\/EP;sina)lt’\/Efslsin(a)lt—Qék)d(t) (&7
i
azls
P = VI,cosf, (2:42]

Wz asInAsng ( Apparent power :§) AONAAMUIENIWNANIAY rms T
NITUA rms AIANNITN 2.13

S = VI (2.13)

4‘ ] o o 4 [ ' 1 © o n: ] P9  ar
TNANNULINIBUNTUNALRDT AD ARFIAIUTLUINANNAURRLIFID mmmiﬂﬁﬂ

g virerdauliieg luglannisfsannisi 2.14
P
s

UNBANANNITN 2.12 ez 2.13 adluaunisd 2.14 a<ls

1 (2.15)



1
PF = —DPF (2.16)

DPF = cos(, , displacement power factor TeazianminduAnineiunanesluieas
dadungladuusasuuasnszuaiiluled
I, =nszuasunn NAnutuanya

I, = NILUABUNY

2.2 dszianaasansuaiin [9,10]

o = 1 -

afueiinluszuuWiinisdedatuanaaiafoafudeduLivaanmuansuz1e9nig

a

MALAZATUINIMNTesaNsuatin  wieenld 5 Ussunm sasielun

2.1.1 Harmonic Wudausenavaasd il anutidusnuaunvinaes

[

fyayrounesAlsznaufiae nfindnya (Fundamental  component ) #agui 2.2 (n) G4

U

=4 o

uamgARuAnY oYL 6 ~Step uazesAlsznaunanuinanys Tuaneigdi 2.2 (1) uana

Awerageuesaninetindaiiudruauiniduduausiueesesdlsznauiimnudninya

2.1.2 Interharmonic  Ifludrwilsznavaasdyaruiiiacud lifludnuawsinves

dyeyrnnAnNIuanys

__ " 1.0
b I N
; 3 g
i —*
0 - \., —» @ Fs1
3 \ L
; Y & AL, 1
o 3 7 S 7 1 1
I T A 1T 13
S 0 A A h
1 5 7 11 13
(n) ()

o

d { o
51U 2.2 sUadudynuszalnaiy
(n) foyeunnd 6-Step uareALlsznauNAINDNANY A

(2) avnFuraednyun 6-Step



10

", . g . [ a o é’ s ar
2.1.3 Characteristic Harmonic (luanfuefinfiai1elunnangunsofuasiilyiiin
L% 29asisai neas SeguUnsolilszinilsfinsesiadaniiufonenlimsudesfuein

s o’ 1 d'd dj o 11 d'
‘H‘HMJFI’N’I NANBBNNITIAINTD mmm’lmmuﬂum?w 217

h=kgt1 {217}

h = AUAUIRIEITNATN

=~
Il

AIUWGN (1,2, 3, )

ANUIUNRT

)
I

. . . - i g L3 o
2.1.4 Noncharacteristic Harmonic uanfuaiinfiai1eiuunanngunsoiulasiu

Wi wisnfuefindudusineiigaeensnas idulnuaunnsi 2,17

2.1.5 Triplen - Harmonic \fluanfuatinnguiinnséag 3 aasa 14 3, 6, 9,... G4l

v
szuudnwaangaanfuetinnguilinazsoniueg luanefonsaa

2.3 wuasninansuaiin [2]

szuubiiin lugaupfituay mmmmmmulﬂﬁwLﬂusﬂﬂau‘lfﬂuumﬁ’l,unuaﬂﬂsm
Tt um'l.umqmﬂuwLmemﬂuﬂ%uuulﬂum?mﬂﬂﬂsmﬂLanmﬂuﬂﬁml’nnu@m&
LLWW@’]EWNIMJ’HF]'&ﬂﬂﬁ'ﬁﬂﬁ"a"mmvﬂ"lﬂLﬂﬂ’Hu mﬂﬂﬂﬁ‘m@Laﬂmﬂum{umummauummlﬁ
sﬂﬂauimwnfmmemﬂmmmau"lﬂmm‘ﬂﬂauhﬁ‘[mmvuﬁmmmmumLwaiumn‘nuwn']ﬂ

IﬁﬂWQ1ﬂLLﬁQL?qNﬂL3£I ﬂﬂ'}ﬁ‘:ﬂﬂ'}l‘lﬁi‘ﬂﬂﬂu'ﬂd LLNﬂuLLﬂwﬂﬁ‘vLLﬂ‘ﬂ’ﬂdLLWﬂQqqﬂNﬂLWﬂu

2
[

i ansrld@adu Jasmamnsouteennld 3 UszinnlunAetld

o s

2.3.1 aunsallszinnddnnsaiindrinas ( Power electronic devices )

2
= 2 [

unsaldszinnillaud Lﬂ?‘@qLLﬂmﬁ'uwmms‘n’lmmu‘lé’wmnumﬂﬁufagj u
o - 1 ar 1 or [~ 3 1 1 1 A
TmgUsrasd 1y FaFeenseus ( Rectifier ) , 1ATaslfumnndasay, ungdneivneiing (
Uninterruptible Power Supply : UPS ) waz@umasinaf (Inverters ) 1ilvpTu mfaﬂ’m‘a‘ﬂﬂﬂu

Lmeﬂnma‘mm@ﬂmmﬂsvmwumemsﬂm g2

2.3.2 aunsailszinnudnan ( Ferromagnetic devices )
qunsaflszmifléun wtoutlag Lﬂﬁ‘@wﬂﬂa"[,wﬁ']u.umuuu.a.,mmumm v
ilegunsnfs: mwu‘lmmmmuqomuwnﬂquluﬂs:ummmaﬂ@wmuﬁﬂﬁunumﬁnmm

qunsaRumAsiRnafuelingun



"

2.3.3 gulnsaidszinnansn ( Arcing devices )
¥ ] i 2
gunsallszianilléun waen waziesendaniniia gunsalwaniiazfinarfueiin
Wudruanunnmesiianmauiainandneuzalidudadulunisensn dnwouenis

_ L3 = ﬂs; 1 8 cﬂl Aﬂl e [ s
Lﬂmmmaunﬂ?“mmmﬂummi‘nmmLm‘lmLummnmﬂﬂaﬂuuﬂmmmﬂLammmmm?

1y
= o

ﬂLm"ufanmnu@umummaunmnmmumumwLﬂumi'mﬁﬂﬁl,ﬂuﬁqmul,ﬁu ( Harmonic )

waziuy Ll uanuouiu ( Interharmonic )

o = '
2.4 uansznurasasnatinsaadnsallvih 2]
gunsodivairsesiia i mnafiaazgnasnuuuunliiieulagldFunseiuain
wddseffulei Agviusfmnunasansfiiuaefueings uegin WU pdulm

- 25’ (3 ° L « =y tg ar a d; A alos
nsiaieuiaziniiianansenuanansuetinauiuglnsalvseirseiianiulunmens

vannd lUganisasaln

2.4.1 fahuilseq

saiuszavirerfidweifsed U lusruudouninayldlunisudlasiediulg

o & o !/l:‘h%’ (57 = a = (573 o 2=l [q
wnefunamefuazusaiuliman uddwnsruuiianduetinegdoaasinliiiaonuiulyl

Tanazfnenlaslauuidiusauy (parallel resonance ) ﬁ\‘igﬂﬁ 2.3

lh C 5
A
B ANCEI NI

P
1% 2.3 msdesfulszqaunuiussunuasfas Touuuduuuau

di o=y 1 = (=1 1 1 o =y dl o =y o
WaRanannseldFaduiluuvassnanszuganfuaiin aad1wininaniselaiuud
-3 o ol o ' a o v @ P
wonawuIvarilifinszuasuaunanluadTue AwmutIaessuLLATFafusEq G

& ]
nezwatarvasuiunszuaaifuaiinaaasesulasiiuson  RlusesuanAsaNILen

o = o & | =Y s’i‘ ar :ﬁ A o -1

waudasszuuasinliusssuiiaouiaieouuIn  AsiuniseanIuIATesaiulszq

153 o A& =2 = o 2/
AZABIANININNTIN A T LT LU L IU UMY
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2.4.2 \ERsNALLSNINAS AT HAd
Ao a o = e e a P i
NeLL@NNANNR AN UNTaNszLandanfuatinasiinansenufaANatnisalunIg
AALATADNATIBIIRSIAILININGS e fuatindANDgIndIAudnAnyaasin il
o - pry o 1 o 8 v e o o Iy PR
ANFBUINATY  TIANFautarm i gasnAusnNesinNasA8A N5 Tuaued
Wodaztnun lddniutlaaiunssuainulneasinnaassouauiau sanseudansuaiinasii
% 1 £

WiAnUsngnisainieia ( skin effect )  Juildfadasinliifaaaufeuazanuinauau

Aodnaauazane

2.4.3 A1

n1siuazesnssudaafnefinlusair i iduarmnlfiiaaauFeuluanasaii

a X o Y A ) = o ca &
WrIwIANFaullaziinndnstinszuanifulmiuigns  Teaanizluszuy 3 a4 ane
& o —

= = 3 = = % =l
TANNInANYatssuuiANanganasliinszuaualuanationses  wsidlussuud

uwnasanelddadudaiuunasndanafuatin ez ldinszualualuaiationseadaine
b2 1 1
nezugafueliniuies  vinldanelonsesiinszuaguiunieanuuundnazliaiaianse

aldnnIngnamutlszinn 1-2 wh JadusnveWanetmseaiauninndning

2.4.4 vaantrin
Waldumaanliuusinnld (incandescent lamp ) Faeusasunianfuatinazinly
p1gnslinursvaenldduas mmzlduasnarinoulasessfuusesiunldarudedamn
s & < =l = i o = " o as <4 o =
usesuanfiaNealAguAnlesInansiatnlziueg luglaauusssurauseiuiinony

Aaeufazdenansznulnansesialénaandugrmnliengnislfnuanas

2.4.5 S1adilasnu

'S

Ao a A4 e s = P ! a o A4 o
gﬂﬂﬂu'ﬂuﬂqqmNﬂLW?_JuLu'a\jq'lﬂﬂq?uﬂuﬂqzuNﬂﬂﬂﬂﬂ??ﬂu:T@QTLﬂﬂﬁ@\jﬂu AR N1

WaaginuligndesiFeiiaufianaialunisminnugs 1y wdewlasnszuaaziusa

dedryyrupnuineuaessnduaindigiiad  Auiluarmpiinliiaddainoasianain

Tl

246 Lﬂ%"aan'a"lﬂﬁwﬁﬂmgu

Wadnauseiun biidugUndulshitgns Witursaanaliinglianyuaziua gl

D

o

v a a . o o = =
ATNTRUGAAU , LNANTS pulsation torque AuuariAIgauidslurTaanalWinGanau

= d” o o 9 @ & 14 = dl o L7 2
Haaurasuseiuin lilsmesinanauieuganniuiuaivanii lengnisldaiuaes
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wraanaliinduas IuanzinisduaasussdainannnisannuduiRusssudrandnd

1 =3 c: lﬂl as ’ o o 6 1 =3 ﬂl’A o = a
ulwanRAMNInanyalutesinwematuddndulmaniiiaannszuaaninetinlulsimnes

2.4.7 wilawilas
s a Sa 3 a4 o a o
nansznuaedanfueinluszuyininndidendaulas Aa dniafinacuFeulugl
o o 4 1 o as ! Ql g L3 o
TRNNNAIGEYRENINTY LT AAIgrIREIeIaaIn | nszudinaauTeasifinduniuindages

TRINTLUANITLUALANAIABITDIANND  UALTNAIQEY\Ae stray loss TaaziinTumuAND

R

[ Y- o

d‘ k3 =l v E!SI ' d:ll = 2 9 & &li’
FulandawlasiinnnFeugaauunndniAnfasinliengnisldenduas uazuenaini

= dl o = & i = o L3 2 [ [ = a
anfeyuneafunisiiaslauuudsendnedusnuaudrasutiaudasiuafindinesuag

JoUU

2.4.8 aulnsalavannsaiind
d’ d'd = -l? di & = ' o «
sUpaunlAMNEANEWIIRIRINa TR NATdInansENUAan1TN9INTadgLnsal
aldnnsaiingd 11y 2easBidnnselindnldnisasaaduusefuilumued ( zero crossing ) 194

¥
()

AININANYS  Welnanfuefiniilaa ufuinndtanuiindnyaazinliasasingnil

1

e

NURANAIA  WTansiiunasaaindsdidnnseiing ( electronic power supplies ) 4

d' as s L as - 1 'ﬂ' a
aaanduraLnaulunrgnlszaliiuaGimnefludiusasnisnsas  udmAdufansans
walinuaranuduiudreunaszndnusiunaudnanyauaza fuatinazin lieannaw

X 4 [y & v ° o & o o o A e ) o oy
Qd‘lmﬂ?’al.tuuﬁ"mmalLMEI‘LJLLHN@’)HH’]NNNLLNﬂu‘llﬂﬂfaﬂiuﬂ\mm"ﬂmﬂ‘}'}uiﬂmuﬂﬂmm?

2.4.9 NN95UNIUINTANN

1 v 1
anansAnyinanfalnanuananinaziilantaliifian1ssunius ULN1ae a5 18 80

wingnelindianduelinsanegiie Hesinanulanfueiinduiugeianiuaneini

=l ] L ] o «
aziimnulsanislABulaznsreuduaIsed o ou TN AW

o

2.5 MmsgruEnsuaiin

o

taqiiutloywianfueiinduilyymntinisfnideiustraraiisunszaseminis

] E ]
= ]

Aa & d N P o o Ho gu
nansznuiiiaTuileszuuianfuainluBunmgediuu IbugeiuGen  faammiinn i
luilaqiuasldfinnsfinnuaniasgruildlunisasuauiliui uanfuaiinlded luinouei

Avua laun IEEE 519-1992 [11] uaz IEC 61000-3-2 [8] tilpiu
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2.5.1 4IMTFIU NDN.1448-2544 W3a IEC 61000-3-2 ( 2000-08 )

mm;«;muamﬁmffﬁqmmummﬁﬁwumﬁuimﬁumma‘gm IEC 61000-3-2 (2000-
08 ) Electromagnetic compatibility ( EMC ) — Part 3-2 : Limits-Limits for harmonic current
emissions ( equipment input current < 16 A. per phase )[8] 1114 luszaumilouiuyn
Uszns (identical ) Tneild IEC atfummdsngmiundn wnsgiundndnmigaaiunssy

o

f':Lﬁ'm’iffaqnuﬁmfiﬁﬁ’ﬂﬂmmm'fu@ﬁﬂ'??']r;_]ﬂ'fjfaum”’mj?:uudwlﬂﬁﬁmﬁwm: tasnnvun
Inafinzesdoudsenavaniuefinaeanseualnindgi %&Qnﬂ%"w’%ﬂmﬂu‘?‘ﬁmfﬁﬁgnﬂmﬂfau
mﬂlﬁaquﬁ‘s:qmmgmﬁ’bﬂﬁﬁuu?ﬁmm’lﬂﬁqLL@z%nﬁﬂmfaﬁnﬁﬁﬁﬂmmwﬁﬂL‘i’ﬂﬂ
(i 16 uenulfsiama uazisvasfliderussusnsniussfumansisnie uanpsgou
Tnkszdumesnstlunsiansanilesinanfuelindase s
Class A : gunsnfildiusuinfinanuaaugadviequnsnfuilildgniimun
(4]
Class B : gunsnfildwdssiliiuuumnnlfuasiidnenindfos wu aunsod
lumsiden
Class C : gunsallinlsznmiuasadnasasmieipauaumsiuuaadng
Class D : fqﬂﬂsmﬂwﬁqﬁﬁqlﬁgﬁéwmmmﬁmﬁau’LﬂLﬂu'ﬁ \A (Special Wave

Shape ) fla3U# 2.4 uaziunndalnindaandnvewiniu 600 365

0,35

0 w2 W ) n

71U 2.4 sumdunszuadmFun1sRaNsNT8e Class D

TagluAnentnusillfi@enlduinsguaniuelin 4en. 14482544 Class A i

ANNTORANT AR AN ELdaN Sualn lARNNANT19R 2.1
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-d o o [ =
R399 2.1 ﬁm'a’mﬂﬂ‘mmmmﬂunmummﬁw Class A

a1fueiindnfuia1A gnfualnanfuing
AfuEITNRNN ANITUAGIRA (A ) afuansualin ANTEUAGIAA (A)

3 2.30 2 1.08

5 1.14 4 0.43

7 0.77 6 0.30

9 0.40 8<n<40 0.23 (8/n )

i 0.33

13 0.21

5= ns8 0.15 (15/n)

2.5.2 ¥MM3g1u IEEE 519-1992
wmrguaiNelin IEEE 519-1992 Recommended Practices and Requirements

for Harmonic Control in Electrical Power System [11] Lﬂuﬂﬁuﬁﬂﬁuﬂqqmq’m IEEE 519-

1981 Tnalldaud Ay MiinauuifededinuasesFurua fuafini{ldusazsns
1 v ]

(Individual Consumer ) araN1saananduAugszuvlinqasesanaasnsaasdne Tl

dadnfanszuagnfnaiinuazusesduanfueiiniiqaseionsyninsunasinauaznnszdue vie

q

] 1
=

el lumn e iy ﬂmﬁﬁmsﬁm%@Lﬂﬁ‘miﬂﬂ?mmaﬁu@ﬁnﬁmm%uﬂmzuuﬁ
Apsmsiansanlinnuanfuelin sielussuulfigaaunssuienlflunnumunegsesqn
sedauszndnemesuunidaduiuniszalain  enstuauasusdliniianiaza
( Steady State ) [2] ﬁuﬂmﬂqmﬁmﬁaummﬁmmnm?’mﬁnmummﬁmﬂﬁmﬁn
IEEE 5191992 ¥fmuaindin 2 4o fie IndriaranuBaiiousesnssuauazininia

ANHALNEUTIBINSIA DA PCC

= o o = 4:%’ .
2.5.21 1A nNAANNHALNAUNRINGEILE ( Current Distortion Limits )

dunrsldimanineeanseugansuatinidldatuisogdeandudaluluszuuaaenas

L)
i3

WANS Tnefidainldiimundasninanuiaieuseanszug fe Wefiausaudesnis
ANNRALAEUTIN ( Total Demand Distortion : TDD ) #9@uni1sn 2.18 Gemunade AN
v
waflaudanuiaiieurenszuaaifuefindeausieeanisnszuasasniszgaega ( lutas
=4 = nlld ] as a .3 T = A=ll [ [
VIR 15 4138 30 W ) [2] TANTARA AR TNRALNEUTBIN L LA SN S UANNNTZALUTIAUTDY

FTULIMMUNET 120 — 69,000 TIA6 LAAIFIANTITN2.2




16

% TDD = ———X 100 (2.18)
1
L
1, =nszuagniueiinduiusine
1 =ANNEBININITUIATEIN1sgeda ( TANTVANYA ) Niam PCC

d o o = i:’l’ o ar L4 1 i o
A1T19N 2.2 ﬁmmnmmw NﬂLWEI‘LI’II’BQﬂi‘ZLLﬂﬂﬂM?U?ZUUQ'}ﬁuqHﬁLL'N AW 120V il

69,000 V [11]

Maximum Harmonie Current Distortion
in Percent of [},

Individual Harmonic Order (Odd Harmonics)

LJI <11 11<h<l?  172h<23  23<h<35 35<h TDD
<20* 4.0 20 1.6 0.6 0.3 5.0
20<50 7.0 3.5 25 1.0 0.5 8.0
50<100 10.0 4.5 4.0 1.5 0.7 12.0
100<1000 12.0 55 5.0 20 1.0 15.0
>1000 15.0 7.0 8.0 2.5 1.4 20.0

Even harmonics are limited to 25% of the odd harmonic limits above.

Current distortions that result in a dc offset, e.g., half-wave converters, are not
allowed.

*All power generation equipment is limited to these values of current distortion,
regardless of actual 1 /1.

where

I,. = maximum short-circuit current at PCC.
/;, = maximum demand load current (fundamental frequency component) at
PCC. ;

r=] o o’ =y A’ ar - - . .
2.5.2.2 AAIMNAAMMHNAALNEUABILLTIAY ( Voltage Distortion Limits )
\WunrsmsanszuaafueBnngldIniudarsedainduidngreun  iiveldiuniladn
' c:ll 1 9 -] L7 ar =i = csl' = = o [ cil nll d'
ﬂi:memmﬂuLﬂumumﬁgmlmwmuummmmLwaumummnmm:ﬂummw 2.3 o4
= o o = t:l} s 4:‘; a‘ = L s L 3
'um'snnmmmmmLWBmmLLNmummﬁmmqmzmmewamm‘umiﬂfmum@q@ﬂﬂmﬁﬂ

| [y 9 o prp=) o a ! o o
’ﬂﬂ’NQﬂ[ﬂ'ﬂﬂ Llazﬂ’J?'L‘ﬂﬂ']J?::‘LI‘leJﬂ']i‘ﬂﬁ\i’m'l,uﬂﬂ’wzﬂﬂﬁl ( UIUNIN 1 TQTN\T ) WANINIT

° aal 9 i e 8 P ca o Ao aica e
NTUNUATLLIFTUDENINULAINNARTNITOINH DN 50 Lﬂ‘ﬂi‘L‘ﬂuﬁl u'ﬂﬂ@’mum‘ﬁu‘wl‘ﬁﬂ’mum
= o o

9 } 73
AAATAAINHRALNYULBILTIAY AD ANUBFIIUAAIINAALNEUTINTRILTIAY ( Total
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Harmonic Voltage Distortion : THD, ) TeazfiAnflu/afiuiaacussfunanuindnyam

#annannisn 2.19

% THD o = (2.19)
4 = unAuafuelndusiusngeg
B LLsaﬁuﬁﬂmuf‘{uﬁngﬂ
A9 2.3 TadnfaANE m‘ﬁaumfamm B
Voltage Distortion Limits
Individual Voltage Total Voltage
Bus Voltage st PCC Distortion (%) Distortion THD (%}
69kV and below 30 5.0
. 69.001 kV through 161 kV 15 2.5
161.001 kV and above 1. 0 1.5

NOTE: ngh-voltaga gystems can have up to 2 0% THD where the cause is an HVDC
terminal that will attenuate by the time it is tapped for a user.

2.6 &91

o o

Tuumiidslemdaulug)ifueiudneucassan fueliniflaglussuuuasanunisildly

@

) ] d} dl’ = ) = d; & = L7 (A a L3 = dv
m?mmm\'sqngﬂﬂauummumstmm'aqmnmmfauﬂ 1£ﬂLLﬂ ANLUBSITIUFAANEALINE W

o ol o o [ 7 3 [ % 1 = o
991 MR war mrmefuAwmes Wiy waruenanifnaniielssinnansgniue

1
SN

Unuazuansenurevaifuannnidaalnsailiin deluarsusaldazldnainnanannisg

q

ﬁ'mwzjmm’?mﬂ%’umwL%fssfaummuﬂLmﬁuﬁmﬁﬂmmuﬁwq
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a
UNN 3

N BHNAADSUULIUILAZNNFTULARDY

¥ 1 v
lutlaariuiaznudnlulssnugramnssuiinnsinueinefiiniaatinne 1 wa usy 3

v s ] ] :’z é’t’ dl sy = v a a o "
L‘Nﬂu’]l‘ﬁﬂu'ﬂﬂ’NLLW?H@WHWQHLN@QN’I@’H’]@m@ﬁﬁﬁ] FANTNTBAVRINDIADTAINGATD LU

2900 WIausa iU waztingeinedne s daluunednrouzauianuaniuisies
AILANANLTITELTBINBIa s A saliulARTegendtAudadlasda  AauAa
val £ ol < c = o -:’!l = B = o
I#finnsa¥egUnsafildlunsriuauananiaseunemeimiiaaindunnGundt “wiseliu
< - ar = ¥ - é’ =l ' o
ANMEesaY” Talutlaqiiuaziinnslfiiuninauynluazazdanansznusanisnieuees
= o 3 o 4 1 =2 ¢ o ' v =
sruvpu  aandiedaluuniidiuanldnaieteglnsaidenatoniudaluFasaeenis
1 |
nillaanfuelinuazluunilaznannimgjueinesinliaatiuasnannisaauanaNiisey

YAINAADFINTLNNIN 3 W4

= a = -]
B N RHANBLABILUUEIUN

o d o

3.1.1 UANNITIINUNDLADS LWL 3 W WE

Weaninisansusasuinfiinszuasdulvinuuaimafiuiianii 3 s azniliiia
nrzudlvaluanaaiaauuManIuNIAaI AR IALADST TR auINLHWANNALALRaT
é’ o A:JI iii 'S 1 1 dl 9 ar e o 9
Razguuaznessamuninlasuulasaesgladulnivesundsdnanileuliiunaineiin i
- | Al el e e e - a A o % v
Waauinusdmdanuyuitpdaun ludadusinlulsrefiiausaadauniioaunldase

] < dy r-'.ll '3 1 =3 dl rd” = o’
AUNNUNIANTUN AT auvinuimdnuyuneaacnamnasidazlifgaiu
awnwiwmdnilawmeflinyulluianasaed Tnafinauisisauseslsinafaznyunindn
ANUFIAUINIIMANUYU ( synchronous  speed @ @, N_) vireRlFund1AuGa

FalasadadnuisnAlfainannigg 3.1 way 3.2

200
@A = — rad/s. (3.1)
P

MNaNN9A 3.1 ausoidiaulieslumisavassausewn (rpm ) azldneaunisi 3.2

o 120 f
N = 6~ = — rpm (82)



N, =panudadelasia (rpm)

@, =aNuETalAsia (rad/s)

@ =ANUTUNTYNNRIAA (rad /s )

£ o= mmﬁmmwdqdmﬁdwlﬁﬁ’umLmﬂ§( Hz )

173
P ={Uiudiianaasuaimas

a8l ( Sip,S ) ﬁﬂé’m?wﬁquﬁ‘zwj’mmuﬁhwmmmﬁqﬂﬁﬂ(a)sl)ﬁi@m'lm%“q

Falasla (@,) IuuAaNNIsh 3.3 uay 3.4

s = aail

S
I

P AEIRaY (rad/s)

S
I

AMuITIsmes (rad /s )

3.1.2 29asanyANaIAasuTiadii 3 14

19

i 2
2ATANYNIRINBIARTMiEIN 3 A dwazwmileuiunsasanyaeviauLausay

' o = o i T = = 9/ = ai ﬂl dl ] =l
ANNUATITARIATI LN NA1IAD '?Jﬂﬂ?ﬁ’ﬂElﬂﬂuuﬂ?’ﬂﬁﬁu’ﬂuﬁﬂﬂiuuﬂr'}uﬂ LARBUNLANTIY

1 v ! o v
nawmefmilaniiuinaanaglazindeuiiifelsnefresuainafiueg

# " X
o f\/\/\l YN s aan
A - l I :

I

3% 3.1 2aasanyarRBERSn et

=

-~

)
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l'-“I 3] ] 3 ﬁﬂl ° dl 2/ = o
1037 3.1 dlusasanyasemaresnamefinfiaaindlsznaudoanimiimef

pingAaste il

v, = dussuliisema

R, = A1ANAIUNIULEIIARIAALALADST

R = Amnusumusestnaaaisines

R, = AIAINAINNIUTEIUNWMAN

X, = Aduepumudiniiaairlunsaieaunuuimgn
X, =dAdusaumiioluatesnsonamaes
X, =Adueaunuiilnaisisaaintsnes
I, = nszuaaunimnes

I, =nzualaped

1, = nszuafivnlHiinnsgeydeluumundn
1, = nszualfinfiafreaunauaivin

3.1.3 MIUATIEAIRTANYA

4#‘ 14 o o 1 ] o n’l’
Anaasauyaldazihun ldlunisfinnamasine fasaliil

MasHBunm P, = 3V,I cosO
° o o Al I's 2
MasInigodefiaananaininaes B, = 3IR
o e i 1 ] ' 2 f o
mavlWARdannutasdineenie (air gap ) P, = 31—
g
o  as dl a 2
maslihgoydefiannaalnmnes B = 3R
nasluAniang By = P.~E
2
_ 3LR(1-5)
S
Anaalnfinfinan P, = P, —P,
4 o o o oAl =
Py, P8 AMAGOREIAIINUNIBEANILUAZILNEAN
2
o = Pem 3IrR
uniinresneines r, = ==
®, S,
, 2N, AT S
= 5
il C[)S = =
60 P

(3.10)



21

UNUAIANNITN 3.10 aaluannian 3.9 azlé

» . 3I°R P
usalinaaananes L, = ——t= (8.a1]
ATT S
Rs Xls Xvir
o Y Y Y\ YO N
2 NV
Ir
R
v R X § r
c m S
A A
O

=t | | e o °
E‘Ll'ﬂ 3.2 QQ@T@NH@@EHQQ']EJ‘H@QN@Lm’ﬂﬂ'ﬂuﬂ?uq

2987ANYARUT 3.1 annsod@auliieaudegln 3.2 Bednszia 7 amasann

1oimsi
b
I = {312)
T 2
(R +£j +(x, +x, ]
K Is ir
S
WweradUussdngagannldainaunisi 3.13
i (3.13)
. = :
MM 2 2
\/Rr +(Xls+Xir)

e y o = a4 a - I - - ra o o
Luﬂiuﬂqu\iﬂﬁmﬂﬂlﬂﬂwq?’]uLﬁ]'ﬂ?ﬂ’Nm'\uﬁLmLmﬂ?( Rs,)([_Y ) “ﬁﬁluu“ﬂmﬂﬂq N

v
nfeinnvssneinedasldannisdail

B
. = (3.14)
2
NRZ+S X,
R?’
s, = —5 (3.15)
X

UNUANENNITT 3.14 uaz 3.15 aeluannish 3.11axldann1susadagaanfaannis 3.16
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3py?
T = — (3.16)
Sﬂjxlr

e @ =277 uar x, =271, HeunuAadluannish 3.16 avld

ol |
= ——;f— (3.17)
167’ L,

=l

dl o ' = g dlu‘ ] dll o V
INANNITN 3.17 AZMUIUTIUAGIAATHATAINNADLND ARNTIHIU (%) y

i oAy
ATPNNAIE

ar [+ 14 =
3.2 “ﬂﬂﬂ']'iﬂ'?ﬂﬂ}iﬂ'J'INLﬁ??’ﬂﬂ’ﬂ’ﬂﬂu'ﬂLmﬂ‘iLﬂuﬂ‘?ﬁﬂ 3 Lwﬂ
AINATANYATBINBIABTIMTHENN 3 la Tugi 3.1 Wandlutasdnaainia
(Air-gap Flux ) NAARINNIINIEAEAMNNIILUBLRINANT ( B ) %uguﬁﬂqmﬁa

= 4

Tlasdasauananaimmeinetiun  fArewmaidaiinldiiausaafaumiaaiiszudiig

a4 q

L ; ] a4 o da X = 4w =
TBIINBINA (Air-gap Voltage : E) %\1LLNLﬂﬁaumummmnm‘nm:u AIMTHDLNINUAITIND
i ' ddl i o & o ra‘r L3
Lmﬂ%‘qqﬂuﬂmu@ﬂ@qﬂﬂ']ﬁ‘ﬂﬁ‘t"l"IEIﬂ'J’TN‘Piu’]LLuu‘lI’ﬂ#‘VJﬂﬂ"]]L'ﬂu‘lﬂﬁﬂﬂﬂﬂiﬂmtﬂﬂﬂ'ﬁubﬂu“]’]ﬂ

& o L% lﬂ' dl L 14
npaasnsuatin i@ nsanusAaeuulinan ldann

.y

e : (3.18)
dt
e = wraraau ittt lugasdnennia
N,  =[1UUIAUIBIIAAIN
¢ =vandludasinsenia
wanivue i ¢ = ¢m sin (Ot (3.19)

UWNRANANNTTH 3.19 aeluannish 3.18 azlAaun1susLARBUTENUNAIANN1TN 3.20

e = N@ @cosr (3.20)

ot @ =27TF HAUNWAT cos @ WNTUUTLAERIaNNTTT 3.14 TluAraFiEueaaz i
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E = 444N @fk, (3.21)

Kk, = winding factor
- G 1w o o [y o = P
RINANNIIN 3.2 aziiuIsaulsnineadaelunisliunauiiiseueeaNaInasnAe
o :,/ s n; 0 1 all 1 Y e [ 8 ai <
ANUIUTIVBINBLADT LAazAHDIBIasaeRae N uNawmas  Tunisulasuanugg
savraaNawmaiiaaldn1sUsuasuanuiudarssuainafiua s lddaeAnuFonuansie
funnaslidesiunfionldlunugrainssuiohl wilunisdfumaiunaes
r:’z vy -1 d' = ) R z:i'n [
u'ameamu@:"memmmmwa:mﬂmmﬂmﬂfwLﬂuwuﬂm*ﬁlumﬁ‘muaummmmu
o 2 " - X 4
wamaSINga  wANIRlNANTUFUAf NI T LTIRINBLRR S AL NTFILRL LA NT U8
1 0 :‘1 2 o £ = =Y (% rnin [ [ ES' ‘i'
wiaanefuarieIAiatusadiawarHAndNdesieeIniAredNeInasiog aa1ngu

i ¥
3.1,8um 3.17 waz 3.21 azldmnduiutsendn v E, @ uaz T Al

V =E (322 )

e b))

E
p < B (3.24)

RPN L T DR L LS TR TR L S LY EET G LT A G LT PRE N

]
o

o 4 [V E a a2 o § v = el ) sy o
ussustepad | 5/ ), 7/ | fiehasi asaziinliuasdavesuewmediisasiisausiiszi
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Load Torque Rated

Power input of system (W )

' Without With choke | With choke | With choke
5 choke 3 % 5% 7%
Experiment 583 570 565 545
" Simulation 568.8 558.6 551.2 547.3
Experiment 1062 1037 1030 1026
30 Simulation 1055.1 1033.1 1030.8 1031.7
Experiment 1638 1531 1534 1521
0 Simulation 1523.2 1516.8 15151 15135
Experiment 2033 2047 2055 2058
e Simulation 2031.3 2038.1 2040.2 2042.5
Experiment 2580 2594 2610 2611
. Simulation 2570.4 2574.2 25756 2579.2
9199 5.3 WRsauA A wnaess sy
Power output of system (W )
Load Torque Rated
%) Without With choke | With choke | With choke
i choke 3% 5% 7%
Experiment 273.95 273.94 27216 271217
v Simulation 273.93 27371 272.18 T2 AT
Experiment 705.59 692.40 692.30 691.93
30 Simulation 704.70 691.45 691.46 692.47
Experiment 1092.90 1116.25 1115.52 1107.89
! Simulation 111503 111393 1114.05 Y1257
Experiment 1519.05 1521.33 1519.26 1521.89
" Simulation 1520.42 1533.26 1533.41 1535.75
Experiment 1918.48 1918.52 1909.99 1901.07
v Simulation 1912.63 1910.82 1897.95 1887.63
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Load Torque Rated

Efficiency of System ( % )

. Without With choke | With choke | With choke
e choke 3% 5% 7%
Experiment 46.99 48.06 48.17 49.94
' Simulation 48.16 49.00 49.38 49.73
Experiment 66.44 66.77 §7.22 67.44
» Simulation 66.79 66.93 67.08 67.12
Experiment 71.06 72.91 12702 72.84
) Simulation 73.21 73.44 73.53 73.52
Experiment 74.72 74.32 73.93 73.95
" Simulation 74.84 76.23 75,16 75.19
Experiment 74.36 73.96 73,18 72.81
90 Simulation 74.41 74.23 73.69 73.15
A15197 5.5 Whisuifisudss@ndnintesnamas
Efficiency of motor ( % )
Load Torque Rated
%) Without With choke | With choke | With choke
b choke 3% 5% T %
Experiment 54.57 56.13 56.41 57.06
" Simulation 53.38 B5.75 55.88 56.72
Experiment 71.20 1227 72.96 73.22
* Simulation 72.01 73.52 73.86 74.80
Experiment Tr.57 77.46 77.86 78.85
” Simulation 77.84 78.25 78.41 78.50
Experiment 78.37 78.01 77.23 76.33
" Simulation 78.75 77.92 76.84 75.77
Experiment 78.12 7705 76.20 75.69
» Simulation 78.62 Trar 76.93 78.78
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Power input of system (W )
% load
torque 10 30 50 70 90
rated
c - -— - et -t
£ § || &§|2|5|8|5|%8|5|G5
e s | £ |58 |E |8 |E|5|E |5 |E
S = @ 5 @ = ) = @ = o)
O E £ | E g | E > | E = | E <
w L w Ll w Lt wn L 5] L
wocC 603 546 1049 | 1032 | 1530 | 1515 | 2025 | 2031 2539 | 2548
1%-0
wcC 592 538 1039 | 1016 | 1522 | 1520 | 2022 | 2043 | 2544 2557
wocC 607 550 1055 | 1031 1632 | 4521 2027 | 2032 | 2542 | 2559
3%-0
WC 598 546 1044 | 1018 | 1527 | 1519 | 2024 | 2041 2530 | 2547
wocC 612 566 1058 | 1039 | 1540 | 1529 | 2027 | 2030 | 2561 | 2556
5%-0
WC 603 548 1049 | 1024 | 1530 | 1521 2026 | 2041 2545 | 2554
wocC 607 547 1057 | 1037 | 1534 | 1536 | 2028 | 2046 | 2542 | 2550
1%-U
wC 588 541 1037 | 1015 | 1521 1622 | 2020 | 2042 | 2543 | 2554
wocC 610 542 1070 | 1011 1548 | 1517 | 2033 | 2019 | 2564 | 2549
3%-U
WC 606 536 1055 | 1017 | 1539 | 1517 | 2041 2040 | 2565 | 2606
wocC 615 549 1061 1023 | 1548 | 1524 | 2045 | 2040 | 2578 | 2549
5%-U
WC 609 534 1052 | 1016 | 1537 | 1517 | 2038 | 2042 | 2563 | 2597
TAHIEULW g

woc = without choke

wWC

= with choke
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Power output of system (W)

% load
torque 10 30 50 70 90
rated
E c E c b= c [= c E c =
= ks 2 S 2 S 2 S & S e
e s |E|&8 |E |8 |E|5|E |8 |E
5 = @ = o) = [0 = @ = o)
o E £ | E & | E = | B £ | E =3
w L w L w Ll w L 9] L
woc 273 274 692 693 1115 | 1118 | 1524 | 1528 | 1919 | 1920
1%-0
wcC 273 274 691 693 1113 | 1115 | 1514 | 1520 | 1902 | 1910
wocC 274 274 693 694 1116 | 1119 | 1527 | 15209 | 1921 | 1929
3%-0
WC 274 274 691 693 1114 | 1116 | 1516 | 1520 | 1904 | 1910
woc 274 274 691 694 1119 | 1120 | 1530 | 1532 | 1925 | 1931
5%-0
weC 274 274 692 693 1116 | 1117 | 1519 | 1525 | 1907 | 1916
woC 274 274 692 693 116 | 1118 | 1523 | 1524 | 1910 | 1916
1%-U
wce 273 | 274 | 691 692 | 1112 | 1114 | 1515 | 1519 | 1900 | 1906
wocC 273 274 692 693 1116 | 1118 | 1520 | 1527 | 1910 | 1918
3%-U
wC 273 274 690 692 1111 1114 | 1511 1518 | 1893 | 1899
wocC 273 274 692 693 1114 | 1117 | 1517 | 1525 | 1906 | 1916
5%-U
wC 273 273 690 691 1109 | 1114 | 1508 | 1516 | 1890 | 1899
WNELUR

woc = without choke

wcC

= with choke
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Efficiency of system ( % )

% load

torque 10 30 50 70 90
rated

S s | & |5 |8 |s |5 |5 |5 |¢s/|%
. WOC | 45.36 | 50.15 | 65.99 | 67.24 | 72.86 | 73.79 | 75.25 75.22 | 75.58 | 75.36
= wC 46.23 | 50.93 | 66.53 | 68.22 | 73.15 | 73.40 | 74.90 74.44 | 7475 | 74.72
. woC | 45.15 | 49.86 | 65.65 | 67.32 | 72.89 | 73.57 | 75.32 75.27 | 75.59 | 75.09
b wC 45.73 | 50.22 | 66.26 | 68.09 | 7.98 | 73.52 | 74.91 74.52 | 75.25 | 75.02
) WwoC | 44.80 | 48.48 | 65.50 | 66.85 | 73.10 | 73.29 | 75.50 7550 | 75.16 | 75.55
oo wC 45.47 | 50.04 | 66.02 | 67.73 | 72.95 | 73.47 | 75.01 7473 | 74.93 | 75.03
: woc | 45.10 | 50.10 | 65.53 | 66.88 | 72.8 | 72.80 | 75.10 74.49 | 7513 | 75.14
e WC 46.50 | 50.65 | 66.68 | 68.24 | 73.16 | 73.22 | 75.00 74.43 | 74.71 | 76.64
. WoC | 44.85 | 50.56 | 64.67 | 68.56 | 72.11 | 73.72 | 74.8 75.65 | 7452 | 75.28
ey WC 45.15 | 51.12 | 65.47 | 68.06 | 72.19 | 73.46 | 74.03 74.45 | 73.80 | 72.90
. woc | 44.20 | 49.91 | 6518 | 67.75 | 71.95 | 73.33 | 74.20 7476 | 73.96 | 7517
e wC 44.94 | 51.28 | 65.61 | 68.15 | 72.11 | 73.46 | 74.00 74.27 | 73.74 | 73.15
‘WN']EIWIQ

woc = without choke

wcC

= with choke
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Efficiency of motor ( % )

% load
torque 10 30 50 70 a0
rated

5 s | 5| s|5|s|5|s |8 |s | %

T |S|E|S|E|s8|E|5|E|5|¢

S E|8 E |8 |E &2 |8|E2 |8

w L w L w L w L w L
. woc | 56.10 | 55.29 | 74.00 | 71.73 | 78.76 | 77.60 | 79.74 | 78.85 | 79.10 | 78.70
170 wcC 56.25 | 57.09 | 73.98 | 73.12 | 78.61 | 78.30 | 79.05 | 78.72 | 78.01 | 78.79
. woc | 55.93 | 65,40 | 73.74 | 72.00 | 78.64 | 77.50 | 79.69 | 78.88 | 79.18 | 78.40
o WC 56.10 | 58.59 | 73.98 | 74.29 | 78.70 | 77.87 | 79.24 | 78.60 | 78.19 | 78.20
. woC | 55.84 | 5455 | 73.47 | 7212 | 78.14 | 77.55 | 79.51 | 78.79 | 79.21 | 78.75
o WC 56.07 | 55.73 | 73.61 | 72.63 | 78.63 | 76.80 | 79.49 | 77.74 | 78.44 | 78.37
. woc | 55.35 | 56.38 | 73.92 | 72.86 | 78.37 | 77.66 | 79.20 | 78.72 | 7853 | 78.18
e wC 56.45 | 57.81 | 74.08 | 74.00 | 78.54 | 77.88 | 79.03 | 78.91 | 77.86 | 78.35
, woc | 54.63 | 55.58 | 73.53 | 72.43 | 78.31 | 77.66 | 79.05 | 78.85 | 7854 | 78.29
S wWC 56.56 | 58.18 | 74.04 | 72.56 | 78.38 | 78.87 | 78.80 | 79.35 | 77.51 | 77.32
) woc | 54.10 | 65.47 | 73.24 | 71.83 | 78.04 | 77.28 | 78.88 | 78.25 | 78.37 | 77.73
S wC 56.54 | 56.35 | 74.06 | 71.55 | 78.26 | 77.71 | 78.63 | 78.66 | 77.36 | 76.39

AR

woc = without choke

wcC

= with choke
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Improvement of current total harmonic distortion level
due to AC variable speed drives using line reactors

V.Thanyaphirak and A, Kunakorn
Deparmient of Electrical Engineering, Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang

ABSTRACT

This paper present simulations and measurements of
AC variable speed drive systems to illustrate the current
distortion level of the systems. The line reactors are
connected in front of 2 PWM voltage source inverter
drive 10 improve the total harmonic distortion (THD,)
content. The simulations are performed using
MATLAB/Simulink and are compared with experimental
resulis. 1t is found that the current total harmonic
distortion level of system can be decreased using such
line reactors.

Keywords: PWNM voltage source inverter, Current
total harmonic distortion, line reactors,
MATLAB/Simulink

1L INTRODUCTION

Induction motors are workhorses for many industries.
In order to obtain highly efficient use of the induction
motors, the AC variable speed drives have been
developed. The most important part for the AC variable
speed drives is the inverter which is used as a source for
dniving the motor, There are two types of the inverters,
which are voltage source inveriers and current source
inverters. The front part of an inverter is the rectifier. This
part is regarded as a harmonic geneiation which causes a
distortion in both current and voltage waveforms for the
supply at the PCC (Point of Common Coupling)[1,2,3,4].
The distortion results in nonsinusoidal waveshapes for the
current and the voltage affecting to other devices
connected the PCC,

In this paper, studies on the current waveform
distortion of a main supply with an AC variable speed
drive are presented. The inverter part of the variable speed
drive is PWM voltage source type. The line reactors are
connected in series between the supply and the variable
speed drive. The reactors are varied so that their effects
on the current total harmonic distortion (THD;) are
investigated. The seiection of the linc reactors with a
minimum effect to the efficiency of the overall system is
discussed. The analysis is performed on both simulations
and experimental measurcments. The simulations are
implemented using MATLAB/Simulink, while a high
precision power analyser is employed for the
measurements.

2. PWM voltage source inverter with line reactors

A circuit diagram of an AC variable speed drive with
PWM volage source inverter used in experiments and
simulation is shown in Fig. 1. The inverter part employs
IGBTSs as switching devices, and the space vector PWM is
used for producing voltages to supply an induction motor.

1 t i
% @it Tl i e
! I
e ) 1 1 )
| 1
+ ]

Fig.1: Circuit diagram of an AC variable speed drive

The rectifier pant of the AC variable spead drive is a
six-pulse bridge. Such a rectifier is treated as a harmonic
source injecting harmonic contents to the source. The
order of the harmonic from the rectifier can be calculated
using Equation 1. [2]

h=kq1l 4]
where, 8

h = arder of the harmonic

k =integer (1,23,...)

q = number of pulse for the rectifier.

(in this case, q=6)

The typical cument waveshape at the source with
effects from the harmonic contents generated by the six-
pulse rectifier is nen-sinusoidal. Due to the distortion
characteristics, the power factor of the system can be
obtained by Equation 2. [2]

PF= -I‘ﬂ- cos ¢, (2)
IS
where,
PF = power factor
Iy = RMS input current for the fundamenial
component
I, = the input current
cos) =displacement power factor

For the series line reactors installed in front of the AC
variable speed drive, the design is based on the
recommendation that the voltage drop at the line reactors
should exceed 5% of the nominal line voltage from the
source. This is shown in Equation 3, [2,4)

\Y
oLl 2 o.osT'-;- (3)
where,
w=2nf
f = frequency of source
L, = inductance of line reactors
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1, = fundamental component of the input cument
Vi = nominal line voltage from the source

As a resiilt the system undér the consideration can be
illustrated ns Fig. 2. The system consists of a three-phase
voltage source with a source impedance in cach phase,
line reactors, an AC variable speed drive and a three-
phase induction motor. The power analyser was placed at
the PCC, which was in front of the line reactors for this
case, 1o measwre the harmonic contained in  current
waveshapes.

AC
Meter

Fig. 2: The test system under consideration

3. MATLAB/Simulink models

The computer simulation package employed in this
study was MATLAB/Simulink. The Simulink models for
the system were constructed as shown in Fig, 3a and Fig.
3b. The data of an inverter were obtained from a
commercial module. The parameters used in the models
were as follows:

Voltage source 3-phase, 380 V, 50 Hz
PWM inverter space vector modulation
PWM Switching frequency 3 kHz

DC link capacitor 1500 uF

Inverter ratings 5.5kW, 380V, 12 A
Induction motor 3-phase, 380 V, 5 A, 50 Hz

4-pole, 3 HP, 1420 rpm

IHP.IWAY
L e s
T
D:}—L.E s
sl i bomm
(a)
Rastifiar "
1087 hwvaran
CO—»i
[y = i > A
]
L]
(Q» 1 1—}—_|—> U L D)
¢ " v
= T G )
w
Sy \sor MW

. ®)
Fig. 3: MATLAR/Simulink models used in simulations

4. RESULTS

The simulations were performed, and the experimental
results Were measured. A power analyser was used in
macasurements. Due to limitations of equipment, the
System was tested at the 90% of the rated power of the
induction motor. The line reactors were varied to inspect
their effect on THD; of the input current. The value of line
reactor was chosen so that the voltage drop at the line
reactors was. 3%, 5% and 7 % of the nominal line voltage
from the source respectively. The comparison between the
simulations and the measurements is shown in Fig. 4, Fig,
5, Fig. 6 and Fig. 7.

A
Input current (simulation)

(2)

TR

2 mSidly)
& Azdiv)

ba 'owes
e v

Input current (expeﬁmenl)

3 st Ti0i= b6 7

Bl G pwiement. TN - 0070 |}

—DOm_cxn
7 2

Fig. 4: Current waveforms and THD;
(without line reactors)
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Fig, T: Current waveforms and THD;
(with 7% line reactors)

From the results obtained in both simulations and
measurements, it can be seen that when connecting line
reactors in series with the adjustable speed drive, the
current waveforni becomes more sinusoidal. As a result,
the THD; at the PCC can be improved. At the 7% line
reactors, although the THD; was less than other cases, it
was noticed that the motor current started to exceed the
rated current. This could cause less efficient and derating
operation of the motor. The rated current of the motor,
therefore, should be taken as another factor for selecting
the value of line reactors for the AC variable speed drive.

it can be concluded that the increase in the value of
the line reactors gives the better THD; of the system. In
addition, the total input current should be decreased since
the high orders of harmonic current are limited
(comparing Fig. 4 with Fig. 5, Fig.6 and Fig.7). The input
current also depends on the load at the induction moter, In
order to investigate the effects of rhe motor load on the
THD, contents, the moior load was varied. The resulis for
the 5% line reactor are shown in Fig.8 and Fig.9.

2 0 () ] =]
Load Torpae Patad 0%)

Fig. 8: THD; at the PCC with various motor loads

p U‘?Tu-u u-? ™)
Fig. 9: The input current of the system with different
motor load torques

5. CONCLUSIONS
The effects of line reactors connected in series on the
current total harmonic distortion from the PWM voltage

source inverter have been investigated. Three values of

line reactors have been selected based on Equation 3. The
simulation results obtained using MATLAB/Simulink are
compared with the measurements. It has been found that
the simulation model can give accurate prediction of the
distortion level in current waveshapes with various values
of the Jine reactors. The distortion level can be decreased
by choosing the proper value of the line reactors with
minimum change in the fundamental components. The
appropriate line reactor should be able to improve THD;
of the system. It should be noted that the proper line
reactors for (he system under consideration should not
give the excessive motor current at the operation with
load.
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Abstract

This paper presents studies on effees on AC voriable speed
drives for three phase induction motors with unbalanced voltage
conditions from a source. Various factors such as barmonic content,
power factor and syviem cfficiency are investigated with differemt load
levels. In addition, eﬂ'cc;a\ «of the choke connection m front of variable
speed drives are considered for the reduction of harmonic contents in
the AC input current. The comparison is made with 1EC standard
61000-3-2,
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