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TERMPONG SRITED : ON-LOAD THREE-PHASE INDUCTION MOTOR EQUIVALENT
CIRCUIT PARAMETERS ESTIMATION BY ARTIFICIAL INTELLIGENCES
THESIS ADVISOR : ASSOC. PROF. KEERATI CHAYAKULKHEEREE, D.Eng., 95 PP.

Keyword : Three-phase induction motor/Equivalent circuit/Artificial Intelligences

This thesis explores the use of stochastic optimization techniques to estimate
the equivalent circuit parameters of induction motors with the goal of accurately
representing motor characteristics, most notably efficiency, under real-world operating
situations without interfering with motor performance. The study focuses on three
stochastic optimization methods: particle swarm optimization (PSO), black widow
optimization algorithm (BWOA), and genetic algorithm (GA).

In the scope of research studies, both data from laboratory tests and those
taken from relevant literature were used in the study. It uses data collected from
various operating situations of the motor, including voltage, current, and actual power.
and power factor at various operating points. The study found that the PSO method
was more effective in estimating ECP values than other methods. By utilizing PSO to
determine ECPs and standardizing stator, friction, and windage losses, the technique
allows for the estimation of shaft torque output power, which in turn allows for the
direct evaluation of motor efficiency without requiring a-lot of laboratory testing. The
feasibility of the suggested method is confirmed through comparative analysis with
laboratory test results at various operating points.

To sum up, this research provides useful insights into improving motor
performance assessment and optimization tactics by demonstrating the practical
applicability of PSO-based methodologies for accurate estimation of induction motor

characteristics and efficiency.
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1.4.1 Amnsrinesluisasauyadililunsmaaeuisnsegldannenaisdrsdadio
Wisuileuanuusiug Ui ausliud

1.4.2 frUszansamvssueinesfiltlunsmaaeuisnsarldadildarnnismaasy

LemasassluiesUURnIs

1.5 Uslevyuvesanuide

1.5.1 ansauszanadmsiiwesiuisauyaveswamesinglidesuanlvanaiy
Wsmatyausehivg

1.5.2 laagnslunisnisussanauayss@ns nmvesueinosinelivanluanainnis

s

Uszanauannnsimasuarsauyamedsnisnielayaiuseivg

<9

1.6 aeAUsznaUvessUlaNINg WS

a o

asRUsENaUYRIgUaN I Wi iRl
= a o ¢ Ay A 4 Y u oa a ¢ - =

UN9 2 LansUTTiFTInsskasuITemneItesiuIne inus loowdadung e
dl dl L4 U I3 a v d‘d VL v
MAIURRUNITANYAVRINOMBS kaIINTAN WL

unil 3 1 unseSuignssuiunmsmmsiivesiasauyanewesivieniuuurany
44' ° Y a & a a s v o =
Roulvnsvinumetdygiuszivg lagludnertinusilavinnisfineinszuiunisuszunu
! a s s = ° = o Yvaa
ANII1EWeTIRTaNYaTeINamaTnleILuunatetaulun s ulaglaldIgnig
Uy Useivgusznaume NIzUIUNITANEIINIHUGNIIU (Genetic Algorithm, GA) N5
ANMINENGALUUNGNDUATA (Particle Swarm Optimization, PSO) kagns¥UIUN1TNIAN

v

Nz igafieAsussausisines (Black Widow Optimization Algorithm, BWOA) Tagiinns

afawvuiassweslaymiaininsatya waglanaaeunsiagisnadnuulseeinsaginuau
soUMIALITLANANaTTY

undl 4 LLﬁﬂQNﬁﬁWéﬂ’]iM’]W’ﬁ’]ﬁL@@%ﬁﬂ%iﬁ‘uyjam’eJLMB%LMSSQﬁWﬁ?Sﬁ@@WUi%ﬁHﬁ
I(ﬂSELUUWﬁl%%LﬁUﬂ’]iﬁﬂH’WL‘U%EJ‘ULﬁEJU%%ﬂ’]iUiZ@J’]Nﬁ’]W’ﬁ’]ﬁL@@%ﬁﬂ%iﬁmuﬂam@LG]EJ%L‘VIﬁIEJ’J‘le
Fetlygussivgieiimamamngign Wofnwianuuandsesadndaldanudas

<9
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21  wguififieades
2.1.1  FBUszdiuaAlseansnmvesuaines
F3nnasuUsEAns a1 nesoInes A NIInIgIuTisanTuRuLNINanBfe
UIMIgIU IEEE-112 (IEEE Standard 112-2004) ag IEC60034 (IEC60034, 1999) lagau
nguiudinsnnaiauszansnmveseinesitoiinseiunuiuaisigade msnsain

AN899UNLNA" (Shaft Power Output) a9 1uu1n5§1u IEEE-112 981938150933 dnnas

ALINNEUNTN (2.1)

n= (P‘““) x 100% 2.1)

in

1%
v o

MHMFINUAUEBNTIUAUNAIVBINBLADT Poyr XYNAIUINAIINAITITAN

unulazAUSIseUTMELawsTulranala g ANEINIST (2.2)
Pout = Tshaft X W (2.2)

nanageusieUsuiliua1Uszansamuandilugui 2.1 welinnsiaaaua
anunsoilalagldiasesinanusiseudeduuunlidludesduiaiunaveamesle Tuvaey
A v ! o w A k4 4 LY & v ! o w
insiadmdnulihidnehuemesaunsainlalagaseanasesindmasnuliiwuy
Adarin lngunduaimsinussdnvesuamasidionawasiagninasluudiasnseilareudns

a1un
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1BLARS

=) _ nian
a9y le:> l:>Pm

1A A9
FeLdn nadnwean

JUT 2.1 MavegeuriveysiliuAUssansninveuaines

[y

WSUVITNINAFRUANNINTFIY IEC60034 ladnsusulgaiuiinlaewys

N,

a

panvdu 245 Aen1snaasun1Inse (Direct method) kagnN1sNAABUNIIE DY (Indirect
method) T9N15NAFDUNIINTIVLLTUABULALITIUALLD YALUULAINUITNISNAZBUAIY
WNTFIU IEEE-112 drnsun1snaaaun1eeeagldisn1sAuInaInAMas gy denvun

VOIUBLADT Plogses WUNTTATUIUNGIIUAUIDNINNITINALTITANUELNITN (2.3)

77 — (Pin_PP.losses) X 100% (23)

mn

9zulAIN13UT I UUSEANE ANV BN BT A8 I TN DUAIUNINTFIU
IEC60034 agdipsiinsiiaszimaimnugadesinlunenesdsUszneusevangdiunia
naabiteu lnemdsnugdsusdiunesldisnseaevvusliilvanuazvsevasdals
wos Fansmageutszdnsnnuuuiinagihluemeasuazndululdenlunisussfium
AUszAvSnmveseIe I It uss

UONIINNTNAADUNDLABS TR TgIuLuzi i aznsevinldenlunsdli

amaslaandlundn daiinisivundaulunisyinaulunisasiadalinne Wuduin usesu

AesdiauaugakazeglutNiimun BnnwnsgIukiariinsgudslinadnseUsedn

a
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Y
2
Y

NANAAUDNAIE FINUITNNTUSLAUNDMIAIUTLANS ANV INBLHDT NN U DUULT

i
o o = = LY

weweimawnuegtudsdaudidy lneIsnsdiulngigniiausagAdanaseduns

sUMUsesTUUMSoIfukazaugniowaaTiusululidundn Unfudasedunissuniu

= I

dngnAmunainUszinnveseyaidesnisinAluudazis siudeanldingvesgunsainldly

ASAAFILUNTLUIUNTRAZBEUALTUNITINIIUYDINDLHDS NIUNANDUAULLUENVBIAUTY



avsguivssiduldazgnidieuiiisuiuiSmsmuszansamlnensanuannsguniedsns
Uszifiuanausedaiiunutiues
nsUszfiulsyAnsamuosmawosinnssluud vl diiauslinans
3% [3-14] FeurazisiinuaainipdoulazAuaraInlunITnsI9TATINAINITIATIEN
wanAeiY 819 AUsEunAIMasini A5Useidiuannalaa wagdsuseidiuannainseua

Mtnann1sveuwsazislaaiiugiuaansowandlanmaluil
2.1.1.1 3Uszfivananasluia (Input Power Method)

BsUsziduanaidsliinduisideuinsazmnuazazldnadns
frlunsdifiveinesiinguszansamiieuiulvanfideudianed urlneviluneimesazgn
sonuuuliiiusEansnmgsgailvanuszanal 75% Samnuelneinauiigaseenlufiags]
UseandguiinseenlumhlmAnauaanedoulumslieszild uenandmnuemesfinng
goutgslasmsiunaalml Finsifegilomaiaaunainadeuldgannduiy Wil
Ussilumuszansnmussuaimesodisielasyiluiinin azldnssudoyaanusiutie
\osanenaiiteodrilusugunsaluazmainfslunsmsaiadfadeslunsiase

TngazUseiuaUsyansn nanaunisi (2.4)

_ (Prated_LF)
== (2.4)

Y]

1ne9 LF famdausenauluan (Load Factor) Nuanssagazlunis

=

auasweamaidefing dalunaujiidnazlannnmsusaiuasilanianaziinainy

Aa1awrdeuaInAulualags lnerdusznoulnanaiusamliainaunisn (2.5)

LF = (P—") x 100 (2.5)

rated

LRUAINAITATIIAAIAINANEIUTORAAILARISUN 2.2 ABN15hY

Y

[y

59IANNaIb NN (Power Meter) ¥11n15057210ANANS1ULAEATY YIRdMSUNISRNTITA

Agdsimngrivnuuawesinsinneiesdliednlinaifiszainisasiuaiaingrivaule

TAEATY MIUTEAUNITIUNIUNITNUTDILBLADSD o3 NN LT P991NA1U150MDIITHND

TaussulaznIziakuuanerinld luvnivamasdmuunsoteyla
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finfaeu ﬁ B,

. ETLIELE
drendin
|_ Tvan
o —>
LL /?E -
o 2 %} fifieens
i AATEBB A

ks
>
&

o151 %
» e infindeelnin

N WUU 3 L
A

V,V,%LLL
§,5,5,5,_,P,P,P P,

a2 T2 2 T3

9,0, 0,0, FF,FL, P FF,,,

dl L2 1 o L ¥ d‘ L o L ¥ U
E‘U‘VI 2.2 MINTIVIAAAIF UV DD LAYl ATEIINMANIULUUARDY IR

2.1.1.2 35Uszisivannalaa (Slip Method)

aa a 1 < Qa‘a"l 2 a aa 4" dll

FUszlivanalaaluisnAsut9d@nIndnIsnile eeannaiunse
Uszifiuusz@nsnmuasuamosannnsinamumiiseuls wazaumgefidiazaiunsaussidy
Useansnimuasuanastandugini1isnsuautiie ag19lsin1uisnistdddilaniainalng

s 1 ) a ¥ =

aarawpdeuldunanaNNduiusseninanuazaloanlidudedu saudenudiduly
nsldiaTesinAnuiaseundauwiugiaiig n1smuseansnmaieisnistiagyiinig

U5z iUAINMAIIUAUDBNTIINAIINENNITA (2.6)

s
Pour = (Smted) X Pratea (2.6)
Tned
_ (ns—ny)
= —ns (2.7)
bl
ns_n;ated
Srated = n—s (2.8)

agslsfinny nMsAwaAIAdusueande3susuduainailoa
919gnUsulTslviianugndesngadulaannsiinuemeslasuussiuiusiuasulaindn

ARAANNANNITA (2.9) wazarusanAUsEans A nlaanaunIsa (2.3)



N

—) X Prated X ( 7 )2 (2.9)

Srated Vrated

Pout:(

35n1505797mA1l0a (s) aznszvinlalasnisiaAuLs15aUA2e

A3 93TRAuLS 15 unuUlU dula (Non-Contact Tachometer) 7l @1u1satale luvy ey

¥
aad A =

watmesFInsinnumuunfnandlugui 2.3 eagelsiniy nsinaleisiasdsedunis

o ¢ a M v o a = = o %
sumumsiauvswameiianzlunslinvewmeshilavinsiauaunsethedasiounaald
= o & v a o - | - 5 a = A a - = v
i ndudeagaiuAIamsemYNIatamesvgaRuATsuefauaurset e dasiou
Wal

AU
Masugds  nadieeen

A9 Pioss Po
1Wﬂ’1 ¢
o UDLADS
Fedn
P Wian
: ?
]
L1 )
LA399IN
L2 o
AUFIBU
wuulaiduea

L3

N

A [ < - ¥ ! s
'E‘UV] 2.3 Msprinmuiiseuiieldmailoavesusines

2.1.1.3 5UszsiuanaInszwd (Current Method)

Tuvuaawigrnunsuseiiun835 baa n1suseduannaInsewadl

fapadunslddeyaliinntdnannnisiniieussanummasriuiuesnveuewss Jadayad

Y

v

$99N15IALALA AINTELALALANSIIUAIUTIVDINDLADS 1ABAIUITOUTLIUAINIAITUAIUY

sonl@anaunsi (2.10)

I
Pout = ( - ) X Prated (2.10)
Irated
o & o o D] o Yy o
allmsindinszuaansnsavitlalagldinsesinnszuauuunadasin
AIUTUN 2.2 FallseAUUBINITIUNIUNITVINIUYDINBLABT AN azaunsavinlaluvuei
wawesduihauegmuund ag1slsinu Fsldadlonainanueainedoulduinain

AnuFuusszrInananduanszuan g aduy
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FnsUseliuAdszansamita 3 auilldnanl ey doudnad
AmnsmIzaniarazanlunsidenlddmiunsuszifiuluanneiuemesfdwinuey
esandszdunissuniudeszuuuazgyeudeutisndnisdoyafidasnisinade
Usgnounsauinfiliunn Ssanmnsaldiaiosdeansluiiiuuuiildle egadlsfnn ds
ddniiFesonsufemnugniosesA sz avssuiivssdiuldainia 3 38nsil aedoudnad
mNuAaIAAABUgIINAssinaaeuldlute foRn eIt Tnausdaiiununoines
uenaNIsMIsUsziiudsna S nsUssiiuUsyavBamueseinesuuududniidian
wiugundu wionaldumngausunmsssdiuiianngnisinuataiiesndeyauisedis
wldanmsnaaevueineidsdssansenulaenssiufuitRnuaeudnamn eni Buseidy
NsasaNya BUszifiunnarmaugads uazisussduanussdageineinia [Wudu
oeslsfin i isnawadundssendfosanunsoianlddmiunisUssiiuussansamn

1ALMASNANILTNITVINUIS LAY U
2.1.1.4 35UsziiuaN9asauya (Equivalent Circuit Method)

UM EEE-112 nandfiisuseiliuysednSn1manniaasauyadind
n1ssunIusesyuuka{U iR nuunnkaglivangaudunisiilvldluaniiznisvinuass
fauslasgAnsnmiivssduldasiauudugidoudieas esnniziddesinismaaoy
yairinomeigndamauazvziAufulan wethundavnmdufiuauduemeinedanu
2995auyadegURl 2.4 Wethanlfidunuudrassdmiunisussiliuayszansanaamgui

Asyiausaly

v A [

wanNUGWU AN ITUTEYNAINNITUTEIUMEINRTANYA 1ne

I a A ¢ s v A = = I3
ﬂ'ﬁﬁ']ﬂ']@llwLLWU%W@Q@J@LW@?QWﬂ%@@JﬂaWLLNuﬁjqﬁJ (Nameplate Data) 9992URN1ZAIIULI

(% '
A al 1 a 1% k%

soulsimeivitundswihnsindl 35nsiiveiseniin1sussiliumeiasauyaandoyauny

U1y (Nameplate Equivalent-Circuit) $50 ORMEL96 [14] &gdn mﬁgmﬁ%auaiu%%maﬁﬁa

o

a v A v ° I o w a 3
ﬂ']sLWﬂJﬂ'J']QJW']UVl']ULWQIGUL‘UULLUUGU']'GW@\TSU@\W’T]ﬂ']ﬁ\‘i\‘i']uamLaEJLL‘U‘UaW]iEJ (Stray Load Loss

YRS
'

a

Resistance) lngsinaynsuagludinranivsisnasaugui 2.5
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R, X, iX,
o AMN—TH JIO
—_— s
| I,
1
K R, iX, Ry
S
O
gﬂﬁ 24 aqaiamgaﬁuaquaLmaﬂw%}mﬁ'mﬁﬂ
R1 JX1 JX2 RSLL
o AM—TTH TO—ANN
A — —
I, I,
Vi R, X, Ry
s

(=

JUN 2.5 2asauyavestaimes iy iiiniuis ORMEL6

AUIBNITUAIANUAIUNIUYBSEALADS (Ry) 81aM1LA1NA1TIA
lnanse u gaumglaazdulnanduiiin wseerauszliuliainanuduiiusvesdoyafiingiag

Nnuruteteyan1uiInggIL NEMA (NEMA MG1-2003 Standard) Fawansluannisi (2.11)
R = (L.1x10™%) X Np®*2 X HP, y10q 2 x V2 (2.11)

AUNAILTAI1N5USEIEUAIMNUAIUNLELALRBSINNTRAARA 99
muteyauiuiiel enamunzauiunsiilUldussdiuiunewmesinidadaadianinnisinau
I3 | aw A v i I3 sala v v A saY Yo
Julumuenidanszyld wimnduwewesniongnisldnuudmaielniousnasnlasunis

WuYAaInlmiann15913n N1sussdiuAtAudiusuutienaliningauiieninlienadiula

lsewesazdinayihaunueiinateyalaag

Y

MUUIATZIY IEEE-112 Aradnudumiugadeuuuainsg (Rgy, )

I a o w

A10150WTUNIINATRLALVBIAN MGG EBLUUANATY ( %SL ) WgUAMARAGIY

sala o a{'

AURBNUBINBLABT IALAYNUTUARdIUMNSnTIEINvRINTERAlTNas NN ARANANNTSA
(2.12)
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(Prated )

(I;"ated)z

RSLL == %SL X (212)

saa a

dmSunowesiiflawafifasingt 125 usedh we 93.25 KW a1u1sa
funen %SL =1.8% legalasyhluaziidoglutig 0.2<0%6SL<1.8% (IEEE Standard 112-
2004) Ineefidanszualsmesanunsaiuunasududy 80% vosrfidanszuaamnasain
wiuthedeyals eealsfid Amnusunugadeuuvamsdluaunisi (2.12) asnsadould
Tilagedendnmguilunisihaudiaunsi (2.13)

_ %SL(1-Srqted)R>

Rgpp, = (2.13)

100Xsrqted
wiinsUssiumUseansnmuesueimesnieIsn1s ORMELI6 Hay
fsgaunssumufeTsuUkAzE U URUADUTINN WimeIsnMsmenBuiiuaudlulasauya

Useuliule b9 +4% (. S.

'
a =

FIUN

Y

ntayawkudreTailviaunainndouresrUsedn

A a

Hsu, et.al., 1998) ag4lsAny §98a31dmuAaInedausInI3sdunnaulunaudy Tu

Tagdudslatummdunmsfinulmdiagmamniiwesluiasauyavasivewesvinnueg

a s

Inglddasanlvanmedsnismatygiusenug (Mayank Pratap Singh, 2013)
AR IUNUNT LTS UNITERN AN UL AUNEAVDIAAILUS
A199 azasananienduit g (Objective function) @mnsauanslaniuaunisy (2.14)

&4 LﬂUﬂﬁﬁﬂﬁlﬁﬂﬁ’]ﬂl’lﬂJﬂaﬁﬂLﬂaQULQaﬁJSUE]Qf;]J’J‘UigﬂE]Uﬁ?ﬁﬂLLazﬂﬁ%LLﬁﬁ?UL%’W@QNQWI@%“Umg

' '
o =

aunanizlag lngazaelipiign

3 5 3 )
Fobjective = (M - 1) + (Ill_cal - 1) (2.14)

PFi,mea 1i,mea
=1 =1

Y aa

28149150770 AULLUEIVDINANBUAINAITLT IS N1TNI

o o

Hyausgivg iomamsdiwesluissauyavesamediu astusgfuduiugarineu
yosualnesfivelans1sy naafe msvAmdimesluisesauyaszianuuiudiann
Julasoradiarmeaaadousindt 3% 1§ wmnvhmssiaesnngnhauesueimeinatsyn
[17] wislunsdifianunsainemnudumuvesunainanwmesld (R, ) Aazviilinszuiunis

MINanauIAUS A LU LN TUAIE
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2.1.1.5 FpUsziiuanAINaugide (Segregated Loss Method)

sUkuuMsUsEiiuveismsiiadeiunsussiliuaUse@nsnimees
UDLADININDBUAINNINTFIU IEC60034 wazuInsg1u IEEE-112 na1ifeasiosuseidumien

[ al

MANUgaLdeenaT YBIBLAB IR Tngdnlidsfanssunmusessuuuas iR
MasugydsudmazgnUszlivanmmegeunewmesuuuliiilvanuay/viensvegeu
wuudalsmed TufenisvadeuunuuLUTUAsuAusduLaE MINAaULUUNdUNavL Y 1
fu AmsUssdutssAnsnmuuuideudrsusiudifiaueaiaindoulurag £29% (. S. Hsu,
et.al,, 1998) agslsfinu windlafisszaunissuniudessuukar§UuRMIu Aidu
gdsusdinenaldisussifiuainafininsgiuluz Wy 1nsg IEEE-112 (35 E1) 16

Uszanauimasnugaidsiuvansdvasuameiauinnie) lnednduiosazvesmfidnias

IUVDIUDLADS

¥
aA Y o

UBNINUINULEWDT5N1T OHME (Ontario Hydro Modified Method

E) lnusziulviarmdsnuagidsanunusiudsanuilawazuseinuausiuiuiiAuseunu
3.50% B4 4.29% vosriiafdsnuiuinvesemesildinannmmeaeunguiaegisves
ueimesvansvun InoAidsnugadonuuamsddensldanmsnei 2.1 Amanudunua
wimasrediinmatgnusuidiunnegungifadiumuinszuarosuomed nansua1Uszans
sUfivsediulddeismsideudnaflasdaueainindouadludis £29% 89 £3% (. S. Hsu,

et.al.,, 1998)
2.1.1.6 BUs2AUIINAILITITUAYD 99199176 (Air-Gap Torque Method)

350150 07F8N15MTIATAALT IS ULarATE AL T U981 SR
FUTUADINTIUAIAIIUATUNIUYDIVAAIAALLADS LAIFIWINIAIUIUNIALTITATIY D974

ane (Ty,) auaunIs7 (2.15) (. S. Hsu, and B. P. Scoggins, 1995)

_ &{(l}q —ip) [[vca — Ry(ic — in)]dt _} (2.15)

“ 23 | (i¢ —ia) [[vap — Ri(ia — ip)]dt

AUTEANTAIMAEYNUTEINAINAIMS I UA LD BN VBILBLAD TN T

Tona1 199U TneawssDaRwnuUmaa@uIsaAIudlaanaun1sh (2.16)

Tohare = Tag — (222) — (222) (2.16)

Wm Wm
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TasvesisnsiAeaiunsaussiiiuussdnsnmvesuaimnesiuaniig
Igsuusaiursonszuanliaunalsd Fvavazvioudvanimenudusswedswuanamnssuly
Yaguu egslsinnu 3BmsildadianuduinlunmmegeuuamesiuuldilnaniioniAiig

o w =

Nugedenena (ANUHALaTLIWIUAYN) kasfdsnuandsLuUanse nansuUsEansy
fussdulddeiimsidaeutneinimnisiinarnn Tasfenuemandousglurag £0.5% O,
S. Hsu, et.al., 1998)

31NN13AnwIUINIslun1InsIadanazUssiliulszdnsainves
vawneianznsyhnuaTmnulugduvuie q awildngnly sudsnsdnunded
Tordsvosusiars uaznisduaimuumensUiuseisnsnsaussdulfinngandedu
Weasuidudeiausuuziuimislunisnsinlinseivssansamueameimesivienihuuy 3
waivihauass Sadumsnufifissleniodisdslunsiinzsinasnseysntndsnud

a v [y vl o [ A & d' o/ o
Wnesiulawmaslrdaudaaunazidunuimsnidunesusulunismuan

2.1.1.7 Wisuiiguaukdug1tazseauun155UNIUNISINIIUYDY

1UBLADIVDILAALASTNS

NALUS 8 UL I UAUBI UG L UNI5IAT 1IN UTLEANT A NVRINDLN DS

[

A utedwsazdisauisanansbanasun 2.5 (J. S. Hsu, et.al,, 1998) @wsuseaulunig

Y

SUNIUNTVINUVULTNTIVTAVBILAALITNTANTOLANILAGINNS19N 2.1
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M50 2.1 @3Un13nTI9IeT el sEanSnmusselnesmileaiudag3s

A3UN13R59ATIEN

w/NS fauUsiidesin | wdediafidesld | UssAnsamussuamadindenii
LAAZITUUINIG
RUsvdumnm | Mdsud i3esTnAids MAnziteaUssansnmasd
maalaiin ualnesly nulniuuuades | muArvukaEute
(Input Power e[3
Method)
Rsuumna | e LeFertartds | ematannudiseuiiethin
loa uolnesly uliihuuuades | Awnailaafiethinysyanae
(Slip Method) | -Alaa (Slip) o[2 Mdsnuiinewmesine Tneusyane
WeFertamuy | Mddsnuiivewestionysiu
sounuuliduda | lnenssivanloa
asratarmdsnulnifiuewesls
BUsEliuaNn Adeaud \3eeTnAinas A57193PANIELETEBIADSLTE
ANNSTLE uolnesly ulihuvuades | dundssanaiiduiivewmes
(Current nszuadivewes | 9n Wnfiezda FelneUszinainidnuiivemes
Method) 14 anszualasne) | Seulsiulnensetunssuadild
asvinA Ul ivewesld
Wswduan | -fdenui ApsesiaAiinds | Mnsieseidedinisme Jaan
9TANYA wainasly silwihuuuades | Ussiug vandosnisenuusiughi
(Equivalent “nspuaivewmes | I vt darindnAuiumuTes
Circuit Method) | 14 Lp3esiarnd | wnednannesd Sadearhvasi
-Aloa (Slip) sounuulsiduda | welmoivgaAulades
WUszUN Adeud w3asduiing fowdinsTuyInALSIAULAE NSTUE
uwsednfigesing | wowesld dsuliihuuy | deddeslurasaivis dosiaem
alal -USIAULAY ARDIIN AUAIUNIUTBIVAAINAAADS T
(Air gap torque | nszuaTivawmes- ﬁaaﬁwmﬁ'uaLma'afmqmﬁum%q
Method) THuuuseios

Alaa (Slip)
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A
10
Methodologies
>
(&)
C
0
O
=
L
Y
= L NE=] M= Ml
a2 SIREIRE BRI
sl O Ol lof|o
> S S| 2| | E I |I=
© - O | & %) ol w"c:U'
5 > — f © IEC60034
®© o <
Q 9 S = 9 | »
2 c 2| |o || Eee112
o |3 |<
L] L © L
= | o
10 o
3 1EC60034
] | 9| (Method 2)

I = a 1 o a 6 a a [ ! aa
E‘U‘V] 2.6 MILUTYUNYUAMUKIULIVBINITIATIENUTEENTNINUDINDLADILAALID

mﬂguﬁ 2.6 uiulaa1 F5UseiiuannAindalniin 35Useidiuain
ANSELE LagIdUsEliuaInA1day D9uslagdI1150y AR uY 19EYAINLAYLABI8BNSUAN
mnuAmALAAuvesUsEAME UIUssuldlusEuTide uinegs dawdsatianausiudiannas
Wunisasiadesziainnisneasuluiesufifinismiuuinsgiu ludnvazifeadu a1n
a15197 2.1 aiuliindfussiiuainaddlni S3Uszdivannanseud wadsussifiuain
Anaay anduisiivhlaesereudiaznannindseug duumniausndudossediue
Usgansmmussuetmesiwionifininuseindedlotaifideulssitnerafinnsandsediu
FeTEdananlnedosweusummemandouiidoutisg wervndesnisemuusiudifigaty

flagdadldi5n9du 1wy Bmsuszdiuamniiwesiuiasauyanseisnisusyluainusidn

' v
L3 (%

799971991NAT9919N150579 TIALALITIATILINTUTDUTU

2.1.2  msmAwmInzaangalagldisnguaunia (Particle Swarm

Optimization, PSO)

Kennedy wa¢ Eberhart loinausuwifnvesiseyuniaduniusn el a.a.

1995 laussdumalasnainuginssunisegsindulunguuesdnd wu savan viodsun &

aa 1 dy I aa A [ v 1 .
’JﬁﬂﬂiJ@Uﬂ’]ﬂULﬂU’)ﬁﬂ?i%’]ﬂWVILWQJ’W’&ELIB’MEJﬂ’]iF"IiJ‘W]LLUUﬂEjiJﬂiS‘mﬂi (Populatlon

q q

based) ustaziAniiung Send “eunia (Particle)” Fanusaadeudedunislaoyniea
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Tagmudiulunguegluveuiaiifesnisiumszninsudazroyninazindaudemunia

1nge1AENIT919B9AIUIUIDIAIBY kaAUNLIVBIRUNAINALALITILAT BUTNIUN LAY

Aaa =

Weldmfian1ensindeunaoluaunitagAunumnounafgn 399199AUNUAIEAILBINTD
aunAlnalAgaszileuInisaiunisvesisngueynia Failtunsunsaniivauduansly
JUN 2.7 TTunaudssialuil

[ '
[ =

TUADUN 1 MVUAYOULYA FNER B8R Xiower » Xupper VBWIMUTNNAIUAE
Tihmsdumansuduveseyniaudasdy (x°), gumudazia, gumanudausudu vh)

nduivualiuansuduresiiundanffanfAumuiudiveseyniausazia ( pbest )

wazinumaynIANAuAnaUlafgnaIneunIAianun ( gbest ) Famoumantiu Usas
[ o A & Y O A 1 A o 1% o A LY '
Juamweuilulula dumesgnslureuwniinmunuazaenasasiutouludafusingeg

J = fU o I3 i

Tupaui 2 milsituingUssasAvasusazaynia

Jupaui 3 nsusudulIaufisuaiveseuniaudazfudanvuatmdu
pbest antludenA9fainal pbest lnaivunlmdu gbest

) = o d' < 1 | Y

Tupauil 4 USudsunnusilmiveseuninvasusiagsn

& - A vy < i & = 1% A v
Junaun 5 Walaanusiluianduneun 4 lnsiadeude on

t+1 max

t+1
pifl = pmax (2.17)
t+1 min

t+1 _ . min
Via = Vg

Tupoudl 6 USuBeusumidnivesounmavasudazsi andulinsedey
Ao 01 x> pax g x = PIMAY yazd xfit < P T xfit = piin

funoudl 7 nmaeumumidlmivesoymaazdosegniglureuiuniirinug
uazaenndosiuieulutadiusing 1 wishldaenadestudeuludsduilioyniatuagsums
o

fupoud 8 nraaoueulunisngn disrngaanudlivgavinny il
Aganlitounduluvindunoud 2

nsLasuasa uaviunysvesusazeyninauisaduildlagld
asillagiuuazszeenasening phest;y B9 gbesty AauNs

vig' = wuly + cirand() - (pbestiq — x{y) + c;rand() - (gbesty — x{;) (2.18)

xiFt=xb, + vt (2.19)
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( Gudu )

fmusAsLiy

Iteration = 0

4

aynayndrwasnguusn wiRmauRduly
Tilael#iEnnsdy wiaufidmurnmmen
Hafdunmumnzatvasunazdmauuas

\denfmauiiAiian unuday gbest,

¥

MRS AT TBIUAREEY A

UNLAIE ¥, = (¥, V5,000 ¥y )

wimwmislmivasusazaynin

UNUmIE X, = (.\'::..\'_,_. N

A

WA T RTINS AUTD AR S AR B ULAS
\donfmauiitian uiusie pbest,

S(pbest (1)) < f(pbest, (1 -1))

YES

ghest(r) = pbest(t)

h 4

Iteration = lteration + 1

Iteration >

NO Max_lteration

FJUATNATY

P v o ! a ¥ aa 1
E“LJ‘VI 2.7 AUAINIININIUNTITINANNNICTUNGANIYITNHUDUNIA

AusIveseunIad i luseudl ¢ lneil v < vl < v e v™e T4l

i a ° Y A a o § v a ° Aaa !

nsmAAandenvesiney difliauniuluazilieunialuiumneunianiigaly uw
Y a1 b4 a

indlandeeiulufionvaziumlinseunguiiiilamaeuiilia AstiuainnsvaaeunILdInlg

EMUUAAT V™ 583184 10% 20% V099395 URsukUast LU hAas
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ARSI c; UAE c; uWNUIMTNYBIANLEIWUVdUVBIULAATIYAIANIY
Aunis pbest uay ghest dilanteaiiull Tunsdlfieunimegisanduniadmaned
pRazvuaLsaneudadving uwigndawniulifonaazdutradmanely deluai ¢ uway

C, AINNTNAFDULIT AITBYTENIN 1.4 — 2.0 MTFONAT W MMZaNAIAUNIT

Winax—Wmi
W = Wimnax — T (2.20)
itermax

213 FBasmAnmunziigauuunszurunisunayausisinedi (Black Widow
Optimization Algorithm, BWOA)

N3¥UIUNTT BWOA anunsauanslanstunaulugun 2.8 wulheiiunssuiu

al

PIAINBUBUUITAIUINITIDDU NTTUIUNITUIANNDUAN IEITAIANLALIENE AL UU LU ILNE

9 q

<

A1 (BWOA) %L%':JmﬂﬂfjmﬂigmmsuaqLL:qumﬁLﬂuéfumwaqﬁmauﬁLﬂulﬂlé’ﬁgwm (L
yuitudaussfeadnysilidneviidfadduinguszasdimnzdian) Inglunszuiunns
vgpufueILINLILlnefEy FudearRudfansnauiuiviendaniy uagvinis
Nslefledsumananud Wognuusyueenainlyfaziinmstudiuoazenaaziinmsiusiul
s gnuasyui T ausaazegsendelulnguaaldfuannazvsnowusiuseluludnwuy

WAEINUY



Generate initial
Population

Evaluate the
fitness of
individuals

Randomly
select parents

I

Procreate

v

Cannibalism

I

Mutation

!

Stop
Condition

Update
Population

SU# 2.8 nsguIuMIAIUIA BWOA

nguUszYINTSueY (Initial population)

20

N13AMUANGUUTEYINTTUAUVDS BWOA 22UT2naunieyaduusnasm

ARBUAYILNETIAN AUTINIUAILUS (NV) PiB

Widow = [xy, X0, v, Xnv]

lngAnilaniduingUszasdpe

Fitness = f(Widow) = f(x1,X2, ..., XNy)

(2.21)

(2.22)

Mtz Tsudumes1LILUsZEINT NP F9vilvisnuiudinusisudusiuduasnduun

NP X NV
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N13v88RUS (Procreate)
Tumsvenenus agvhnsduduosiowazudiazveneiusilugneay 2 67

(xx1, x5) WagyNITIVIUATUNNATRIFILUS (NV /2 A39) Inegniilaainriouasuiudaus (v,

y2) WNEILUTHY o AsdunIs

y1=ax;+ (1 —-a)x,
Yo =ax, + (1 —a)x; (2.23)
ialagnranura iyl gyinMsesdRuikikargnauAvesilenduingUssasd

uagliandifiagsenn1uA18nIINNIAUMILEY (cannibalism rate)

A15AUNULRY (Cannibalism)

N5AUAULEIYEY BWOA ailag 3 kuIn1aae
Wleiudiag (vugnaNiugsanasaINiL)

Q_)E

1)
2) Mmgnnunues

N

3) dhgniusul
TngagldrilanduingUsrasalunismuunauudussvo sy

n13NANeRLg (Mutation)
UBNIINNTEUIUNITTIAULAITIA1N50TNTEUIUNITNANERUT VDMLY

6

AIUANBRIINTNAEUE (Mutation Rate) ladis3uil 2.9 Matinszuiun1sAuIsuuy BWOA

a1unsanandiu Pseudo Code VLéfé'fﬂgﬂﬁ 2.10

Random numbers are 2 and n

X | X | o [ Xovad >

JUT 2.9 nsgUIUNINANEITUg
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Pseudo Code of Black Widow Optimization algorithm

Input: Maximuon number of iteration, Rate of procreating, rate of cannibalism, rate of mutation

Output: near-optimal solution for the objective function

A initialization

1. The initial population of black widow spiders
Each pop is a D-dimensional avray of chromosomes for a D-dimensional problem

4 Loap until the terminal condition

1. Based on procreating rate , calculation the number of veproduction “ nr” ;
2. Select the best nr solutions in pop and save them in popl ;
A Procreating and cannibalism
3. Fori=1tonrdo
Randomly select two solutions as parents from popl ;
Generate D children using equationl ;
Destroy father ;
Based on the cannibalism rate, destray some of the childven ( new achieved solutions) ;
8. Save the remain solutions into pop2 ;
9. End for
# Mutation
10, Based on the mutation rate, calculare the number of mutation children "nm” ;
11, Fori=1 1o mmn do
12, Select a solution from popl ;
13. Mutate randomly one chromosome of the solution and generate a new solution ;
14. Save the new one into pop3 ;
15. End for
A Updating
16. Update pop = pop2-+pop3 ;
[ 7. Returning the best solution ;
18. Return the best solution from pop ;

SR oA

sU# 2.10 Pseudo Code TunszuaunisAuam BWOA

[

2.1.4  /MBINUINTIU (Genetic Algorithm, GA)

1%
Y] ad A &

TuneuisiBaRugnssu (Genetic Algorithm, GA) LA IAuMAmaUTA
fanvostglaedsuuuuimunismesssuralaedfugiuwunAnuanngeiiiauns
Y955509AVDS 1158 M133U (Charle Darwin) A Fiudaunseningouiilonalunisegsen
snniarilentalunisteneadnuasfuundaiulusgudaly SauwAadindrigniian
Uszgnaldlag Holland (1975) waggniiaunsielae Inaniusn (Goldberg, 1989) SuneUARITS
WUGNIU lffJwﬁﬂufﬁﬂmﬂmmmizawﬁﬁﬁi’ﬂaaqﬂszmumsﬁfmumq%ﬁm&Jm'%‘a?i’mmmi
yasssnrlunstudaussrnsiulmilasoidofiugrunisifaunmematugnssiluns

dnenendnuyaey ludagunaiu JeanunsainuiauisasUssyndldlunisuitemiiem
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[%
Y o

Fpoufimngaufigaainaniuniaiimmualy Meddeudninddyluduneuitideiugnssy
Tsesaludl

1) 8u 809 @UsHanIeRenys

2) Sadu mneds mddululslussassunisuesans sia

3) lasluloy waneds anesiansenguuadnsidululdvesduseng 9 lu

sruulugluuulastuloy
4) Tafd Nu1eDe FLrUsURasHauLEeSIE
5) Wlulnd vuefe fwlsveanisdndulandinisoansva

6) Aulnd nunede FnUULIRNITUUEE ST

2.1.4.1 unaUIBVUFNITULUUGE (Simple Genetic Algorithm : SGA)

a Ly 1

M999IuTesTuRe LI U NI L VU ERAnITITUT 2,11 4y
Usgnaumenszuaunsiugiuresssdeuisi esueduduneuléi

1) nsnsialasiulas (Chromosome Encoding)

2) msa¥1eUszensSusy (Population Initialization)

3) MsUsziliuAAMMINEEY (Fitness Function)

4) AR UAIININT UAD U S LTINUTNTTU (Genetic Operations)

3

[

Usgnaulusay n1sAmden (Selection) 1l arduuszuinslususiely nsaduangwug
(Crossover) M3naneug (Mutation)
5) MISwNud (Replacement)
6) mim’aﬁlaa‘uﬁ'aulﬁuéuqmmsﬁwmu (Termination Condition)
ﬁaﬁmﬂwﬁwﬁwﬁg‘umausl,umsﬁ'musamsﬁgumau%%@qﬂ’uqﬂssummz

wuidianuwanaeiulununsussgnaldlunisundymvesideusdasau
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~ -

{ Start )

Population Initialization

!

E— Fitness Function

v

Selection

v

Crossover

v

Mutation

!

Replacement

NO Y YES .
Condition o Finish

P 09.}1 ada a (% ]
E‘U‘VI 2.11 VUABUIBLTINUTNTINUUUINY

2.1.4.2 nmsiinsvalaslules (Chromosome Encoding)

[ o

msinsialaslalvududiuniewestunauisideiusnssuidnfy

]

Ly

Ws1znaulIg NIz uIuN1Tae vestuneudsidaiugnssudndunagdeaunisidisia
Iaslulguneuderiidunsyuiunisous) wasiluduneuniseonuuulilaslaulsudumunues
[ A Yas v v =3 91.:9{ 5 v o 4
AmevvesszuulnedenldisiisiasuulanlndusgivanuwanauvesnsuiUamn vinlv

susuvvasmsnsialastuleutuiinuwansnaiueenluamudaymitueg Jalinswdisia

Tastulouranawuy Aemeluil
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1) Binary Encoding Lf’lugﬂLLUUIﬂiIuI%uﬁugmﬁﬁmwi%’LLﬁ’fJfgm
vostumeiBiBimneiusnssndadusuuuuiihefigadenisdrsialaslulsy 5dsviadlviue
agshumiswastuly TasTulwuasdsuuuuidu Bit String Ao 1 wag 0 wiiy

2) Value Encoding usazsunusvesdululaslulauazununigan
#1199 Fudusunuresefiawisodoulesdildlunisudtawle lagfgUuuunngg 1y
F15n15 1039 wazedariag Wuduy G?fagﬂqusuaqiﬂﬂﬂ%mﬁmmzamﬁ’uﬂigmﬁ
AUt dudou

3) Asnsiawuuneiiady (Permutation Encoding) sUkuy
TasTalenuvuiinniuwmisestululaslilsasndurvossuauiureshumiduusasadu
Famnefiarldlunsdrfusuniveatlynn wu Jawives Traveling Salesman Problem
%39 Ugyin1ve9 Scheduling Problem

1) msdsRaLUUN3 (Tree Encoding) idugunuulaslulondinn

° 1 = I3 v v 1Y) P 1Y) Y]
musdsrsduaziu node vasnulil wingiulymnneiunsvaulusunsy
2.1.4.3 n9a519U52vn3838AU (Population Initialization)

v a v ) o ) (Y -
n1sasieusernsudulunisnsein Tudalundaainideniuuuy
nsinsalasuleulang neunasdhgnszuiunisvestunaulsilaiugnssulaeuseyns

NEuLINILLANINA13d8 (Random) AT UN1AINNGUTRYaNTlog LeU1UsEyInTIing

Y

nszuauns laglunisduagdesdulvlainuiuminduuuinusesins (Population Size) Nlg

Muual) Inendslifinisaulamanumanzauvesusazlasialal

2.1.4.4 WanTUAIAMUMUNEN (Fitness Function)

Fithess Function tTun19091UAA 1A UIRLNZ AL L D1 AL LU

IS =

o o o 1 A & 1% Y Y
dmsuanausingg Ndululsvesdym Iasluleuyndasivevenisnnumasauodfies
Welddmsuniansandt Tasluleudiny wngauvsely Nazdunldlunisduneniugnssy

dmsvadilasiuleuguln lng3snsdmsunainnumsvautiy svldaunisiasnnassiu

'
v v oA

uazdgminisavuaisnduitneanuidoulunieg Aneenistunidieldluniswiaianai

N FNAGEY

o

1) fleidunuugauszasdiien (Single Objective Function) unis

o

AMRUANIATUT U HAT U A oI 19N IAINDULAEY Fununzaudmsulymndaiy

Judaulay kazludnnudnngaiu
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2) flefdunuunasgnuszasd (Multi Objective Function) 1uns

3

muupilaiduiuivatey fldduidesnsiiesrnauraiss dneu wiasAneuiiduguds

AU Famnzaudusulymnianududouunn tazdanutalgeny

2.1.4.5 fagnliun1sdndanaienug (Selection)

Y

menfiumsdndenaneiiug (Selection) iunisaduayuliau@ni
fanuwmunvanludagugndweludssudaludunaulunisdnifoniasiuloy 1ANanain

nelunguussmnsvianue Jalastuleuildazgnun Wl duduindaaneiug vise lastulyy

] '
a ¥ ]

wouwsl Tlunsduaeiugiialdlunmshiduliagnuatelusudaly lneunfudunelaneiugng

¢
Q
3
a v a ada 4
2

me Feazilulumundnnisedsenvesdalidianimunzaniign lng

Aufninaienugaes
TaslulenfidArmnumnizauifgeununedenindulasluleniia uazaisiloniaiiagl
gnviavluduuiinnninld Jsdesndunsusuenitlenalunised sealusudnlufaziia
wnfudnedlaslilaniifannummngassnigilonagnidentiosnd visldldsums
Fadonias lunssvaunisdadendariimaialunisdndonaguatsimadiaiiazinmungae
nsguLMsAadenliATy Loy

1) n13AAdeniuYedesian (Roulette Wheel Selection) 1du
Fnsdndendiindnnisainnisidsunvunisidugide fe Taslulvufifidinnumanzaud
Anilenagnidenuinnilasiuleniidesnindsmeiiuivensdaidesduanianuniig
vasdousaroonidagidnldnnaiaumingantesandnuiasia antuiuaiad
untian1esa (Fixed Point) wagsimsvauidosidn tlersdengamyuazidenaindnves
nguUsEYINTAd ”’Js?}{@i’%mm%yagj VTWLﬁuﬁsz?waulé’amw%ﬂsuaaﬂ&juﬂﬁzmﬂiﬂ'ﬁummﬁﬂmﬂu
nilsgu F935dasdennuduios (Bias Roulette Wheel) lun1sidenAoussunnidiesand
Taslulen (@ndnvesnguussansdale) Aileeumgauiiiniazifloniagnidondnae
ﬂ%gaﬁﬂﬁam%ﬂmaaﬂajuﬂwmﬂ'm’1sﬂuﬁ:uﬁ’mlﬂmaamaﬁwmﬁé’ﬂwmmaaam%ﬂmaaﬂajm
Usgnsdatiug vaned Wefinismuisdesdelaslulyufifidaumenzaunnazgnidon
Isveninlashulsuiifdmnumsnzantos

2) msAndEenLuUUIRsuURU (Ranking Selection) LIu3sn1sAnLEeN
wuudndusuaglvidveslonalunisgndnidenilinusiulunuruinvesmanaumnzands
gy Wilaslulsunndilenaiiagldunisdmidenduussanslugudeldindy el

nsdinlastulanundlasiulounileanumsnsaunnnansunitlasiuleudu



27

3)  MSARLANLUUNNTWIATU (Tournament Selection) NM1SAALEBN

[y

U & adal [ P~ 1 o sda & ad ~ =
wuun1suUetud wdudsaldlunisandenlasiulounaudwusia 1wisnsnmilaununis

]

14 A

wiatuinlagaziilalaenisguuuangudnidentasiuley uandenionlasiulounfngalu

q
[

nauwiemlasTulendyusdududuiaaeiusaely udnmstanmsudeiuiduioluil vh
nsgudenlasluloy dviudanisudadurunn K (Tournament Size) Taslalenfivugnis
wdidunazgndnidenuds anunsnoenanmsuisiunieagse(fioaransagnidenlddn)ile
iansavivaveansutadu K ielsildmndudulunsudsiuiivngan nanded
K flvwslng s enisudsturuaing Tashuleudlifunn (Arn1sussduiies) fezillonta

UzpeIsInn1suatulianumnzanlun sl AU rd oNa1veIAIANILUN N Z AL

Y

vaslaslulasunualy uanluantunal A5danisudstududeulusinsuladnenasyinauidy

wuurulanedslvinlitsandgnisosnnuades (Bias) eanly

2.1.4.6 M3ANlun1saaUaI8WUS (Crossover)

v
o w g aq

nsaduaneiug (Crossover) lunszuiunsnddgues Tunewl

o

Weamnaiugnssudleiinnisaduaneiiug Aulumeiugaansagviliifanisilisundasves

A90TINNMAINTIAY TIDANDINUNYIYINAS19NNUADNNATULALNITTINA NWULTAVD L6

s

lastuloudnieiu Tuneulunisnisasuateiug Aevstiau1¥nveaussyinsiuiunig

Amdonundug 9 MuualiiluauBnguneduaundnguud (Parent Individual) unauiu

welnlalaslulelnidusnannuyinisuanidsuuseninsaundnsunenvaunuuy

ntuAnaentasiulaunegutdwtsidulaaintasiuleue uazAnaanlasiulyuiognds

'
] 1

sundsndulanniasluleuwiviileslaleunlansaeunyiuiuiulasiulougni 1 dwu

%

andaewiludnvauziReInuLsdaUAWALTEnINiBlazul Nsdudenaundnsuneiu

o [

amuualagaI uultazidulunisadvaiawus

q

AUNTNTULNNYIINITATUAgN UG

i)

[y

(Crossover Probability) 38n1sasuaneiugiegaieiunaigls 1w wuu One Point, Two
Point L udu n13ldau Cross Method uaziuegiunisidenldyuuuu Encoding ves

Tastulausie

2.1.4.7 M3anliunsnalewug (Mutation)

[ 6 . I A a 4%’ (%
N19Na18WUg (Mutation) LUUNTEUIUNITNLAATUNAINTZUIUNIT

v 3 1

aduangwug IngUszasdiiorinlvrvedasiuleundegiiuinnisiudounuas wazyae

3

= s

nantfesldyminisiieugiegiudtladinile (teration Search) Tuneulunisnatgiiug

o 3
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6

TnevhluAavinmsdusumiandesnismsnaeiudiuanneldnnuuiazsidulunisnaiaiug

]

=

(Probability of Mutation) slgvinisimnunlilugaweansisunszuiuns Tneasvimi
WasuLasiUsduvesandnveanguUsEeIng i elvandnveanguuszvinsiaiiy
ety uasmedalumsnaeiugdiunagiutumadistalasiuley anuiey
Julunsnaneiugazedsening 0 89 0.1 nallan1snaneiiug (Mutation) Hegnane3siu

1) msnangiuduuunaude (Bit-Flipped Mutation) {unaiinnis
naneiuglunsaindrsalaslulsuduasgiuaesanunsaitldlnenisnauadaduansaiu

91091nAAY (Complement) Ao 910 0 10w 1 w50 1 10u 0 nsuvsngulanuaIA

s

Unaziduresnisnatsius

]

2) n15naeWus LUURNKY (Inversion Mutation) tdun15adu

s

sunisuundalunin lneguidenaundnuniledia viin1sdudendimiasyinnisnalenug

wagyinnsaauswuniglugansda

3) NsNAaNENUEWUULNIN (Insertion Mutation) 10 un151Ud ou
swnidlagn1sunsnaunis lnggudonauidnuiniled vin1sduiiendiuniaiagunsn
wagyhnsgudendunazuunsniimeungulaidnuvinisunsnlusiuiangnay

TutagtugueratiuAduinais (Real Value Coding) virlsiliguuuy

v
a =< 4a a

N13NAERUGEUAATUBNNINUNEY ©1U Uniform Mutation A1vesguasgnanulasniely
Aide (Range) imum, Modified Uniform Mutation 8uagzgnanulaslaga1naiiiieqdn
1fg7 wag Non-uniform Mutation n1sfanUasgulpuafes anadile Generation Aoy
a dg” ) £
WU LdusY

2.1.4.8 n15unuyl (Replacement)

nsunuidudunsuiidloniudunouveanisadualeiugwaznaney
Wugazvibiiinlaslulongnuaiussusesuds wavdilastulovgnuaiulvdd lunud

Uszrnssuin eaussasAlunsununtursudisdaiay Aenisilasiulaugnuaiuuiunui

o o

Uszynsyunewrhliuszrnssulnd Juleslulsudifndnmsgldaeiuginanduiiieansy

% aaa

WU sARdenuaYIslumsAndendlasiulenlnurzgnununiineiy 2 56e
1) ﬂﬁiLL%UﬁUiz%ﬂﬂiﬁﬂju (Generational Genetic Algorithm)
anvaulUununyussnnssuinivianae dedudilussuuniadlduindssrinsiaiu N 91wy

o

vaalaslulougnuaiufiazuiunuiiszdefivunn N wuiy 354 Wudsidane wiesunanly
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[
(Y a v a A

[ 3 £% = v A 1 ] N N
20'1LUU%%@@QNT‘UG}@UT@Qﬂ’ﬁﬂ@Lﬁ@ﬂ’)?ﬂi%ﬂﬂﬂiﬁ’lﬂi‘lﬁuzﬂggﬂLL‘VI‘LJ‘VI wnsldeidemslaslulaud

)

Tuuneuazgnunuiilume 39isufegnsiefie neunveinsuuilidadoniiulasiule

anan 2-3 dawsnelilageaagldisnsAndenianegd (Elitist Strategy) na1Aaalall

laslulgulndfidninindu lasluleufifngaainjuneuiazgninuliognasnly wazl

nelmiinnsiUasunUasing duvinli Genetic Algorithm laanunsadtannisiastalanlvs

Fuale fawsiwavealaslulauiingiazilanianatulansisuavinlrssuulngsiuavy
2) MIWNUNUTEBINTWUUUISEIU (Partial Genetic Algorithm) 1u
nsdnesrrnsgnvaullununusznnsiauiigauduinty laglinsdadonyseyns
P PR a | | A v
NYAUNUNT 1z TUIINAIANLMINzauvedlasiuloy Iaslulasniazgnunuisig
lasluleulniiies 1 v3e 2 Avindudslunisunuinilegaieds Wumswiunussinsines

ign visomsununusynsinenisadudendusiu

2.1.4.9 MSNYUANISAUEAVINI5YI191U (Termination Condition)

ot lunoun suNuNUsz1ns (Population Replacement) a1ntu
Hudunoun1snsdouInaunss UL skEI st n13vhauves Genetic Algorithm 1Judy)

Insyuivueguiiaunsenaigaviinnuteululngensduaniilofsguamuiiimun vseny

o A A o £% YA o A 1 v <) ¥ o A o 1%
AneunfnaamuiinmualimnliiReuludeinaniuiuas Alvndulunvuneunisass

AULUU AYI9UTT NF2UIUNISIUNIIENUReUlvaUN1YIN9U

L

22  swASeRigAnw1A

Tugrmanedfidumnnuidenanetuldiaueiinem ECP vowamesinietlagld
wallaan9e) faegnaiuli (Wengerkievicz, C. A. C, et.al,, 2017) ECP YouImesATisI
ansamldaindoyavesindn egnslsiniu ECP vesamasifiongnsldausniuiy vie
wowosfkumsiusamalnl o1ausan1sInLARMAeNYeNHAINN Frtutnifevany
audsjutalufinisuszunae ECP lngldimadadgyanuszdug (A) Taenisluiadoya
amuﬁijju (Alonge F., et.al,, 1998) (Jangjit, S., et.al,, 2009) (Kostov, I, et.al., 2009)
(Hassan M., et.al., 2008) (Rashag, H. F., et.al,, 2011) (Sakthivel, V. P., et.al., 2010)
(Picardi, C,, et.al,, 2006) (Reza Mohammadi, H. and Akhavan, A., 2014) (Canakoglu, A.
I, et. al,, 2014) (Avalos O, et. al,, 2016) F29819TUNITUTZUIUAT ECP V0IUDLADT

wilgnhaldIgnsmeanvungiaalaiugnssy (GA) gniauslu (Alonge F., et.al., 1998)
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(Jangjit, S., et.al., 2009) (Kostov, I., et.al., 2009) Tuvauzidganulu (Hassan M., et.al.,
2008) (Rashag, H. F., et.al., 2011) (Sakthivel, V. P., et.al,, 2010) (Picardi, C., et.al,,
2006) l¢finnsinauenssyy ECP vasmaineiinilenilag mevawmnzauiigauuungs
aun1A (PSO) uarn1suTuUse SadumadateunmiildniunisUszaime ECP voweawnes
wilenhiwsiuluiinslimedanmsmaimngalaglitgyuszaug Al nsld GA fu
PSO wauwd1u (Reza Mohammadi, H. and Akhavan, A., 2014) 35wwua1875a@An
(Canakoglu, A. |, et. al., 2014) dana3fun1sAURIAILLLLAS (Avalos O, et. al., 2016)
Faumadanisfiuuszaninmdansezdsldtunissensuinduismsivraulaazmnuass
UsgdnBnmd dvdunisimun ECP vasemesmiloniuazdinsiainisnisuiuusaniig
gnepsuiiugaznsiluldau

dmfumsimunyszavsnmuesuamefindeni 3FESunseeuuinnilandenis
nagouluviosujURn15u1msg1u IEEE-112 (IEEE Standard 112-2004) wag IEC60034

(IEC60034-1999) ogalsinu aalinisvinuvesemes minaaeuluiesufifinisezly

aransaldtuneuls aetu nsuadeuUszansnin lnglanyegedsdmsuusimesvuining

ee

finvggnuseliunviney Ay wWelnldaiUszanalssaninmuewesviloninueusula

[

(IMEE) szm319anazn1sviuiuduasssdletoyaiiluuszlovidmsulusunsunsoysng

WAIULAENTUTHHUALTIOULVRINBLADS

aa

35n15UszuaUsEaNS nnvesuawasiirusnistaealy lawn 358 1uaintete

(NM) 3510a (SM) wazaSnszua (CM) (U.S. Department of Energy, DOE/GO-10097-517)

' (%
ada ! v

Weoswnduisfazniniige egrslsiain 33nsiwardulivedanainglunisuszuna

q

(%
v o

UseANS A MNU091BLABS AU UIIENTEUDITNSUA83S (J. S. Hsu, et.al,, 1998) (Bin Lu,

etal, 2006) lTuvuziagaiu aunsaldiiulsnasauyavewaimesiioUsadulssansam

=

vowawesly Fuiuddiinelindaniuzdsriusiflelilisydnsnmueweimesluaoud
n3szyianUsneined e lagldsana3Fumnaiugnssu(genetic algorithm) (M. S,
Aspalli, et.al.,, 2008) (S. Jangjit and P. Laohachai, 2009) (I. Kostov, et.al.,, 2009) A15%1
ﬁwmmzamﬁqmwmzﬁmaqmﬂ (PSO) (H. F. Rashag, et.al., 2011) (K. Chayakulkheeree,
etal, 2017) ogslsAiny mmmju&]’waﬁ%‘mimd’]ﬁgué’qaQizwdwﬂﬁﬂ%’uﬂqﬂmﬁﬂ"ﬁ%’a
11U

atldelunsmsldmelulagdaygusefvglunmsussanaaidiudsluiasauya

YoLMBTAUSaLARITIoEeaTULARIMIS 19T 2.2



M139% 2.2 asuiegavesnuideildmaluladdyanussfvglumsussanuemudsiuisauyavetowes

Vi | ezdindde | arseédrdryuesanuidde optimization NUBLN
EATEOY
. . . . . ] 2
2008 | M. S. Aspall, E.stlmatlior.\ of Induction Motor | Genetic Algorithm Fobjective = Zn:[ Poca :I Zl: il }
S. B. Shetagar, | Field Efficiency for Energy i=1 | Fin,data 7| Vi data
and S. F. Audit and Management Using Fithess= ——
Kodad Genetic Algorithm 1+ Fobjective
2008 | Hamid Reza Parameter Estimation of Hybrid of Genetic = f2 + f2 + f2 + f2
Mohammadi Three-Phase Induction Motor | Algorithm and K R’/s[(Rth + R’/s) (Xm + x;)z}_Tﬂ(mf)
and Ali Using Hybrid of Genetic Particle Swarm L T, (mf)
Akhavan Algorithm and Particle Swarm | Optimization K R'/s[(Rth +R/s) + (X, + Xr’)zJ—TSt (mf)
Optimization R T, (mf)
Kt/s[Rm R+ (X, +X;)2}—Tmax(mf)
= T, (F)
) cos(tan‘l((xth +X!)/(Ry + R’/s))) pf, (mf)
" pfu(mf)

1¢



M1591 2.2 asuiegavesidenidimalulagdygruseivglumsuszanaaidiudsluiasauyavewaines (o)

| Ausdinidy d158EnATYU09UIY optimization NUBLNR
EATEON
2009 | Ivan Kostov, APPLICATION OF GENETIC GENETIC - n [%—1j2+ n (|1c| 1J2
Vasil Spasov, | ALGORITHMS FOR ALGORITHMS “ & cosg,, =0
Vania DETERMINING THE
Rangelova PARAMETERS OF INDUCTION
MOTORS
2021 | M. Aminu Nonintrusive Method for Chicken Swarm f, = 4 [i szJ
, M. Abana Induction Motor Equivalent Optimization N i
, S. W. Pallam | Circuit Parameter Estimation (CSO) f, oo = 1s }(100
, P. K. Ainah using Chicken Swarm ’

Optimization (CSO) Algorithm

f,= M} %100

 _-P
fz p [ input—est input ]X].OO
Pinput

_ | Toutput—est I:)output %100
P

output

e



M1397 2.2 asuimegavesidenidimaluladdygruseivglumsuszanaaidiudsluiasauyavewsines (o)

and Efim Lockshin

Equivalent Circuit
Parameters of Induction
Motors by Laboratory
Test

Ui AMHVINITY d152d ARV IUIY optimization NUBLYR

AWUN

2021 | Mohamed I. Hybrid optimization The Hybrid PSO- AF = ATd2 —ATnfaX + ATst2 + Apf?
Abdelwanis , Ragab | algorithm for parameter | Jaya optimization Apf = epf —:c“pf ;AT = eT, —Tde
A. Sehiemya , estimation of poly-phase | algorithm mp M

. . . AT T —MTh AT, = eTy —mTy

Mohmed A. induction motors with max mT_ ) st mT,
Hamida experimental verification

2021 | Moshe Averbukh Estimation of the ?

N
7= |5~ 2T | - MIN
7 . SK

¢¢
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N1ININNIEALABTITANY AN Sule LU Uae el

s

o 1'% a
n1svinunedyyussivg

3

T dnusilainn1sAinwinssuIuMIUsEInuAMILUTIRTAYaYRLaIN DS
wilgdwuunaneteulunisvihauleelaldignelyaiuseivgusznoune
1) NILUIUMIANFTININUTNTTU (Genetic Algorithm, GA)

2) MIMAmMINERaaLUUNgIaunIA (Particle Swarm Optimization, PSO)

¥

3) ASTUIUNIMANMNENEAN I8 T NwNea (Black Widow Optimization

Algorithm, BWOA)

a

TnefinsasnuwuudnaeswesdymainiasauyasazlanagounsiasisiAduau

USEUNNTHRLIIUIUTOUNI AU IUTLANAN Y

3.1 nsmwndineeasauyatanefiniietnuuvatsRaulunisvinau

d1mTun1susEIuAINITmes9aTaNYaLemeTnTledun (Equivalent Circuit
Parameters, ECPs) lnglioulunisvireunviainuany il ECP vesweimasinilenniign
Uszanailag PSO Taglddayanisinvesussaulii, nszualni, AMdsauase uagdlseney
1§43 N13AN15YIUnaIeyn IBULITUNIIATIvERUAILTaNaNTITIRTINIULANA 1 ULAE
a P ) a oA aa an A & \ Py a &
WisuifisuAumaiianismaimungauisdu q AeMausinuilalanunisminisiimes
1savyauamefiviienh lnglitayanisindmiuaanisvinnuvate o an
a ¢ ¢ ~ ° & v o ¢ A a ¢
Wdmeiasauyauamasivilednd (ECPs) iludayaniiuselovd Wolinsiey
UsvdnSamuazaAndnuausvesaIe Neluaniizad waswuulawniin Yaya ECP v83
wawesmisihveuniesdnsvualugdnlasuanmnegeuluesujifinig egslsinig
Jogamarinuldeindmivuewnesnieriivuianalsazvunnianuasd msuneines
a o Ao v v & aa ~ ° & ~ °
wilgahndongnsldnueiuiu duludsnsnaganltunisivun ECP vaswainasivile i

Taetanzag1addluszninanisinauluanunduns@nwinasimunnuiaula
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(%

TunisAuluAvesNelnes 10 5 W1s5wes Ae Ry, Xq, X, Ry, X, Tuluimadilell

a v 1 =3 [ A
ﬁ]ﬂﬂJﬂ(ﬂ AIMUATUNTUYBDILLAULLILAAN muamﬂugﬂm 3.1

R; JXq JX2

R
I

V JXm &

JUN 3.1 2sauyavetawmesivileni

o

laganunsaAuinAInIsuauaemes (1°4) Madniusnguesewes (Sea)

o w

Aaabiinasweauawmas (PC) wasiiusenaunaavesuawas (PFCH) aenaluil

jeal = i (3.1)
Re+jx0)+(jom/ /(22+22))
Scal = Vg(lcal)* (3.2)
peal = Re(S°a) (3.3)
cal
PFcal — |I;cal| (34)

Handunisusediu (EV) lumsussanaaiudshnesauyaaunsomuialain

Ne I,gal 2 P}gal 2 PFIgal 2
EV = k=1 meas 1 + meas 1 + meas 1 (3.5)
Iy Py PF,
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3.2 nsfmuadgrinisuiwisiinesisasauyasamasmieainuuiany
Waulunrsvineulagldnismannunzauiigauuunguaynia (Particle

Swarm Optimization, PSO)

lugawesmilernhfiauensmmsiimesinsauyauawme vty mdnesng
azgnusziiulaglinismanvunsaunaauuunguounia (Kennedy, J. and Eberthart, R,
2016) ECP v03alnasazgnAumanAfiaannaesiuiuUsninladead nssualuih

o w

AMaalnidnase dusznaunids wsesuluidn waz Aloa

(%
v v a £

WuduNAveINIIIILU T TaNYANaesinilen Ao nsvwa Aaalnda 6
Usznaumas uwssaulnih wazalaa lunnsmuuaaisusureseuyninazlailu (Canakogly,

A. 1, et. al, 2014)

pitm) — [p;(m) plim) pim) ) im) pé(m)] (3.6)
ile pl™ pi™ plm plm 100 Gogrmaaues Ry, X1, Xm , Ry , X, $1u&WU v8ang
AUNA Yesmsvgn m A

il I£% PE%, war PREY anunsadwnadlaainusieunia k e PSO lagldrile

'
oA

911135039930 ntuhnsewnainduingussasd (EV) Navge 3azsdurfiaenndas

fiu EPCs 90euainasuniign wagvinn1susuusedmuaunis

yim) = [ i) im) im) i) (3.7)

. 1 . .
v]-l(m) = ijl(m ) 4 ¢yrand() - (pbest]l-(m) — p]l-(m)) +

c,rand() - (gbestji.(m) - pitd) (3.8)

Wmax—Wmin
itermax

W = Wy — iter (3.9

pitm+1) — pi(m) 4 yi(m) (3.10)



(%
Y

AN

[

Unszuiunsiwinaunsanandlanagui 3.2

( Start )
Y

Initial set of particle for R1, X1, Xm, R2, X2

Y

Calculate the evaluation function (EV) as in Eq.(3.1) of
each particle

Y

Obtain pbest and gbest from the best (minimum) value
of the evaluation function (EV) from all populations

Y

Obtain velocity (v) form each patrticle

L]

Update the value of each particle

The best EV does not change
for specific iteration or the iteration reach the
maximum iteration

No

Obtain the best solution that provides gbest

v
( Stop )

JUT 3.2 N80 SUTEN AN lUNATALYATRINBLND AT PSO

37
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33 mstmuadymnismwiniinessessuyausinesmileniuuurane
Reulumsriaude B nmamAmanzigauuunszUIUA Ty NLIsNg
A1 (Black Widow Optimization Algorithm, BWOA)
Tumsuszifiuamnsiiwesluresayavoseimesdinienifeds BWOA axvins

AMuUATILIUYTEIINTITUAUVB LN (Widow) Tagusznaumigmisdinesluisasauya

99U MLYINAIANNIT

WldOW = [xl,xz,X3,X4,x5] = [Rl,Xl,Xm,Rz,Xz] (311)
wazAnlanduinguszasdce
Fitness = f(Widow) = f(xq, X2, X3, X4, X5) (3.12)

TagtdunNISAIUIUANENNTST (3.11) meadnuslunsaas Widow 21n1uaz1innIs

s

ATUINNTEUIUNITVE18WUT (Procreate) N15AuRULeY (Cannibalism) kagn1snatewus

]

(%
[

(Mutation) Liediniden Widow NudeussiignAedia Fitness IA7ian audunauluguil 3.12



( Start )

Y

Initial population of widows for R1, X1, Xm, R2, X2

L

Calculate the evaluation function (EV) as in Eq.(3.1) of
each widow and record the best solution

L]

Randomly select parents

L]

Procreates process

Y

Cannibalisms process

y

Mutation process

Y

Update the widows population and
record the best solution (strongest widow)

No

The best EV does not change
for specific iteration or the iteration reach the
maximum iteration

Obtain the best solution

v

( Stop )

JUT 3.3 N52UIUNTUTENAUAN U TALLAYRINBIND ML IT BWOA
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4

HAAWSN1IMIWITRMTIRsaNY AN snleia e Uy 1Usehyy

&9

TuundasdunsAnuidisufisuismsssnuamainoiissauyauemes
willonidneBmalyylseRugimeisnmamemngiigaiiofnmanuuandavossadng
FlFnusazds saensmadeunsrurumsduaiud e fveweineiildannms
naaoulukosufving uenanddeld@nuvinadnsuumislunisuseyndldnszuiunis

Ieszilunisuseiiulsyansnnvesuawaswieinlaslivanlvan

4.1  WANIINARABIAIYTT PSO

Tumsmmsinedrsesauyanemedinionilagld Pso Adeulunisiauvany
wuv BfnaueldSunmeaeuiuueines wuin 0.75 Alated Haaugnisviinuvateyn
fofiawanalu ECPD Tnesn1silauoszuandifivindnandleioutuinsidey wenanid
fainsAneiiesziIeuiistlunsnsdidunandeulumsvianud 12 uag 3 gans

Y1N9U

Tunisneasslilguawmas Ut oad1wuy 2 97, k5991 380 V, A48 50 Hz, Y19

0.75 kW #lgannn1siilaainnisvagaau (Kostov, I, 2009) A N3 5iwesaINesU uRn1S

=

M1UA15199 4.1 uazddeyailannnmsinauienazinunmeaimniinesaiaqueusines

[

auns1ait 4.2 Tneensulsilély Pso s
c1 =20
c; =20
Whax = 0.9
Whin = 0.4
3@Uﬂﬂ3ﬁwsﬁ;ﬂqqqﬂ =100

uulsEy1ns (Number of Population) = 1000



M15797 4.1 ECPs wpsuawmaswigathaun 0.75 kW #ldvaasu (Kostov, 1., 2009)

Ry X1 Xm R, Xz

10.2 8.17 143.57 10.52 19.16

AN 4.2 AN1ILNITVINIUYBINDMBSITEIUIYUIA 0.75 kW Altvadaau

Condition |V (V) s (%) 1(A) P (W) PF
1 380 0.06 1.8500 753.767 0.6188
2 380 0.10 23780 | 1152.700 | 0.7365
3 380 0.15 3.0482 | 1567.700 | 0.7814

B

Function value

05 4

Best Function Value: 1.2688e-09

20

40
Iteration

50

UM 4.1 M3gidnveInszuIUNISAIUIN PSO

60

41
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1N3UN 4.1 wanansminagwsnisgitndAineauves PSO delvidnaua1iafignlaly
F1U7uTa Ul AY 20 SBUNITANUIM ANSIN 4.3 — 4.5 WAANASNSNITUINISINLNDSI995

auyauainesivileni

a

INHAFNTLUANT19T 4.3 WUdINTTATIErngaiauieslasld PSO dewalvifia

ToHANAINEIWDI ECP AR8iu GA (Kostov, I, 2009) wsin153lAs1enieale PSO duillmnuaain
A A o ' A a ¢ v ° o A o a
LAABUNAINTT GA wazlilalATIehaleavinunUIdauAaInnaeutey NA519 4.4
sty 2 a1y wadnsiledianlndidesiuunn NYIsAlY GA uaglds PSO usi3s PSO
AAIMAIAARDUAIRIEDLRAY (root mean square error) WiINAU 0.46% 4911135 GA Tu
~ RPNy o a1 A o w PRI a & X

M1599 4.5 NSANLY 3 YamsvinuariiFiaainedeuidsdeaduteeign Mellaennsiy
PUINITAS PSO anunsalrnaansnisuseiiiua ECPs vasuawasinientilaglivanlvanle

Lalugn

AN5199 4.3 NaNISIATIEIIAN ECPs Tagldhaulunisyinauien

Single Condition
Actual Values (Ohm) GA (Kostov, I., 2009) Proposed ECPD
Ohm %Error Ohm %Error
R, 10.20 62.56 -513.33 63.9088 -526.56
X; 8.17 43.49 -432.31 7.2860 10.82
Xm 14357 58.77 59.07 1554168 -8.25
R, 10.52 11.02 -4.75 10.9593 -4.18
X, 19.16 101.98 -432.25 20.5440 -1.22
Root Mean Square Error 357.98 235.59




AN51997 4.4 WanNSIASIZIIA ECPs Taeld 2 Waulunisvinau

a3

Actual Values (Ohm)

Two Conditions

GA (Kostov, 1., 2009)

Proposed ECPD

Ohm %Error Ohm %Error

R, 10.20 10.54 -3.33 10.2000 0.00

X, 8.17 8.24 -0.86 8.2443 -0.91

Xm 14357 14273 0.59 143.4905 0.06

R, 10.52 1047 0.48 10.5092 0.10

X, 19.16 1932 -0.84 19.0676 0.48

Root Mean Square Error 1.62 0.46

A15197 4.5 Nan15IATIEAN ECPs 1oeld 3 Waulunisyinanuiien

Actual Values (Ohm)

Three Conditions

GA (Kostov, 1., 2009)

Proposed ECPD

Error

Ohm %Error Ohm %Error

R, 10.20 10.28 -0.78 10.2000 0.00

X; 8.17 8.19 -0.24 8.1785 -0.10
Xom 143,57 143.17 0.28 1435553 0.01
R, s> 10.48 0.38 10.5189 0.01

X, 19.16 1921 -0.26 19.1449 0.08

Root Mean Square

0.44 0.06




4.2

woulun1si1eu

a4

HaN1TUTEUIgUNI TN TS R TaNYANBInasvHELUUTanY

Tuineinusillivinnisnaaeunszuiunisussivann miwesluinsauyaves

1DLHOTMNYIUIAETT GA PSO way BWOA 1aelavinn1snadaumednuiudseunstas

PuuseumuInuans1iy lneinsiuinumnuleuladmisd 4.6 awnsoasulans

AN519N 4.7 way 4.8

A1519% 4.6 NMTNAABUAIUIUAIETIUIUUTETINITUATTIUIUTOUNUANAINAY

uUUTEYINT IMUIUTU
PSO1 / GA1 / BWOAL1 1000 1000
PSO2 / GA2 / BWOA2 1500 1000
PSO3 / GA3 / BWOA3 2000 1000
PSO4 / GA4 / BWOA4 2500 1000
PSO5 / GA5 / BWOA5 3000 1000
P37l 4.7 maé’wéﬁaﬁqmmﬂmimaauﬁﬂmm
Root
Sum
Population | Iteration R, X, %\ R, X, square
Error
Actual
value - - 10.2000 | 8.1700 | 143.5700 | 10.5200 | 19.1600 -
GA 1000 1000 10.2288 | 8.2867 | 143.4452 | 10.5030 | 19.0088 | 0.2288
PSO 2000 1000 10.1996 | 8.0990 | 143.6239 | 10.5309 | 19.2394 | 0.1199
BWOA 1500 1000 10.1996 | 8.1387 | 143.5958 | 10.5248 | 19.1953 | 0.0539




M13197 4.8 ANRAYVDINASNTTIANAAINNITNAGBUAIUIN

a5

Root
Sum
Population | Iteration R, X, Xm R, X, Square
Error
Actual
value - - 10.2000 | 8.1700 | 143.5700 | 10.5200 | 19.1600 -
GA 1000 1000 10.2070 | 10.5291 | 141.1790 | 10.2360 | 17.1040 | 3.9489
PSO 2500 1000 10.1996 | 8.4890 | 143.2470 | 10.5170 | 0.5249 | 0.5249
BWOA 1000 1000 13.1342 | 18.9569 | 127.535 | 29.2550 | 12.502 | 27.8826

Sum Squre Error

16

14

12

10

X
@@ O PSO1
N

. x&o Wv O PSO2
B e VV ¢, Pso3 7

v «  Psoa
2 | N </ Psos i

X
X
X VVVW

0 LU | | | | | | | 1

0 5 10 15 20 25 30 35 40 45 50

JUN 4.2 Aanuaaianieuvesdineulun1sAwn 50 ATINETS PSO

Trial
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10 | X X ﬁéDDD OQC)OOOOOVv o Bwoa2 E
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Ava%Y% X
5 | xmiH O i
OO VV \v4 BWOAS5
o)
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Trial

JUT 4.3 AanuaaianaeuvedAineulunIsAwn 50 ATINIETS BWOA

Sum Squre Error
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g%gooooo
vl SRS
12 OOOO @E \
- O xx‘ggz 7
00 " mmRX ™ W
o | o[ T VO |
XX h%
1) \%
8 L (a .
X
v >
2BO (757‘7\/
6 | IZ,|Z|IZI o (7 e} GA1L |
& O GA2
T o o
- % svv x GA4 B
VAR
> IZI8
'&‘Z‘O _
5%
0 8 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
Trial

JUN 4.4 AranuaaInpiourasdInoulunIsAIM 50 ATIAIETS GA
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SUN 4.2 - 4.4 JunsmiuaniAimiurainiad eufid1uinaIngInfidevesniasass
= ' a 3 ° | aa
YDIANUAAIALATOUVBIUARLETIABS (Sum Square Error, SSE) 91NWNANTTATLIMLARLTT

PUILFENIITNNTAE 50 A9 M9UIINAITNAFBUNTLUIUNITANUIUNUI

v saad ! v ¢

1) wadnsnangaves BWOA dnsuszanueinisiineslausiugiiagn uanagns

¥

Tnys11989 BWOA &l ﬂ’ﬁﬂiu‘ﬂ’]ﬂ(ﬂ’l‘ﬂﬂ’)’]ﬂ VI’]I%NF"I’]LQ@EJV]Q@’]@Lﬂa@uﬂau‘ﬂ’]ﬂﬁﬂﬂ’j’] dﬁu

[y

2) wadNEARTIgAves PSO A usiugINGT GA uinaairdeuLNANINATIATigAves

dd d

BWOA usidadevesnadnsidumdiai mmamemﬂum 3735

a1 1

3) waawsvee PSO darlndiAssiulunnnisAwiauininisdusaslidiuisuuy

'
=

UINTFIUTIAAININITUY

4.3 n1sUssliulsEansanvssuamasmieniilaelivanlnanainisnisun

WidinessasauyasamefintliednuuvatsRaulunisvingu

Tudeiasihiauenisussanausgansamuemesmioilay Wasmemnzay
faauuungueynin (PSO) lneflanmasiauiivainuals msUszanurwminesises
augavaimesnieniilag PO Ingliuswiunstn nssua Mdsnds uasilseneudids fige
MeTheumaIeTn MnuANIsIsEINaAdeasgIuTesa g deUAndesidesain
Inan (stray loss) mmqigtﬁamﬂmwmﬁﬂmmuuazam (fiction and windage loss) Way
wsadafiunumaiveslsines (shaft-torque output power) FauansnsafnuaUsEanE M
vosamesldlaslidoshnimageuluiesufifinig F5nsildnmeasudedeyanisia
SrunussfuuazUIsuiitsutunanismedeuluiesufofinis F5msiitiauedlidlatuns
UssanasedvBamuemesivienit Tnlidteyamsindianimasvhauiivarnuans Tagld
msUszanuamiwesiaglidoulinsinumaedouliildiiausluine dnusi ne

Aaslnihvesuawmasinirtraiuisamuinlaeaaunis
Pout_lz( s )RZ_PfW_Pstray (4.1)
FetUUTTANSNINVDILBLNBTIIEUNSaAUILA LAY

YEfficiency = “2 x 100% 4.2)
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sowosilimadeuseisiiauet fnanisvaaouanesufifinig mumsad 4.1
wazAfauysildlu Pso il
€1 =20,¢;=20,Wpax =09, Wy, =04
i@Uﬂ’]iVT’]“g’@ﬂﬁjﬂ =100

9UUUT¥INT (Number of Population) = 1000

HANSNAFBUNBMBTINNTRIURTRNIT 2UIA 30 kW Peunsldanuninandy 5 1

finansvnaeudil

1) usenuinna(Rated Voltage) 380 V

2) nszuanna(Rated Current) 56.8 A

3) #fnf1d9 (Rated Power Output) 30 kw

4) ¢usznaumas(Power Factor) 0.87  Lagging
5 fiftaAuS5eu(Speed at Rated) 1470 RPM

6) Sauvestauemes(Number of pole) a4 pole
7) Usgansnw (Efficiency) 92.24 %

maﬂ’]smaauuama%ﬁimm 50%, 60%, 70%, 80%, 90%, 100% annsauanslana

9]'13’]\‘1‘17{ 4.9 uay 4.10

f15197 4.9 AmelniivenantsnaasuNaLaes e IvuIn 30 kW Avun1Y L0y

nIalAny

Load Voltage Current | Power Factor Power Input

(%) (V) (A Lagging (kw)
50.00 376.00 33.40 0.75 16.53
60.00 375.00 41.10 0.76 19.90
70.00 373.00 44.60 0.84 24.28
80.00 373.00 49.20 0.84 26.84
90.00 373.00 53.20 0.87 29.83
100.00 373.00 57.40 0.88 32.59
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A15197 4.10 AINI9NALAZUSZANS AINVDINANITNAZDULDLADS LT 82UV UA 30 KW

) Y @ ==
Yl dunsaidnw

Torque Speed Slip Power Output | Test Efficiency

(N.m) (RPM) % (kw) (%)

95.10 1488.00 0.80 14.79 89.51
115.20 1486.00 093 17.89 89.89
141.10 1479.00 1.40 21.82 89.89
156.20 1478.00 147 24.13 89.90
173.20 1477.00 153 26.74 89.63
190.30 1476.00 1.60 29.35 90.06

[ 7
Y 1 a

1 3 P a Y a' a ¢ 1
VN‘UV’T]W']T]@JLW@?W@Q’N‘U?&@JH@‘W‘Uﬁ%LNu‘lﬂLLa@ﬁl’iu@nﬁq\‘im 4.11 Wan133LAIIERAN

v

Aasukaslszansn nvedLAazgan1sinLLandlunsen 4.12 Taeadunsiseuiiiey

sgvidisniaueniuailaanesuJuanis laegun 4.5 nsgdnvesdneun1siiaTiey

UszanSnnwesuatmasiieriivuig 30 kw Aldidunsalfnw

A9 4.11 A sdimesluisasauyanyssliulavesweinesimileniivuin 30 kw

) Y @ ==
Prunladunsaidne

R, X, y ol R, X,
0.0001 0.0073 8.6069 00716 0.0002
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Best Function Value: 47.2559
180

160

140

120

100

Function value
T

80

40 1 1 1 1 1 I

sop | Pause Iteration

SUN 4.5 Msgiivesineumsliesigiuseaninmuesaimesivilenihvun 30 kw ald

< 1
LWUNTUANWN

AN 4.12 ANUSEANSANNLPAINANSIASIEYA28 PSO WSsuisunununisnaaauly

weeUuRnsvastemasileniuwin 30 kw idwnlddunsdfne

Laboratory Test PSO based IMEE (Proposed)
Power Output Efficiency Power Output Efficiency
(kw) (%) (kw) (%)
14.79 89.51 14.14 83.96
17.89 89.89 16.57 85.89
21.82 89.89 2527 89.73
24.13 89.90 26.60 90.09
26.74 89.63 27.77 90.35
29.35 90.06 29.04 90.64
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NHN 4.12 NUINTUSEUUUTEANS A nUBINmasteilaely PSO fian

Tnatrseaiuanlnainnisie aetuasmstanunsaihldlgdunisnaaeulssansnnusines

Wasuluvaeinaulunsaindemnisvanideinsvanuewesiunaaeuluiesuuinisle

4.4  WANISNAFDUNITNINITIALNDIINRTANY aNDLAR TN 8 MUUNANY
P2 ° vy v a wva
Raulunsvieulaglddayavnviseufjifinng
Tuihvetidunisitausnanisnaaauisnistudnednusunisneasuuamasiy

WosUUAN1s Ineazi3uuiieuianis PSO Aun1suIAImIsEmesiazA1Use@nsninain

ASNAFBUUBLADSIUIA 3 KW
BnmegeumAmnsdnesuomesinimdoni 3 wa Sdunousil
1) MFINAMUAIUNILY LLaméquUﬁ 4.13 Galunsnageuagldisnsialaensiann

(%

uowmes lagld Digital Multimeter wipsamnmsinanudumulagnsinuewmesduduisn

ALAINLATINBADNITVIND LA LANASNS NLaiUEN

Current-limiting resistor I
AN G\

VDC

(variable)

O Induction motor

JUN 4.6 2995NAgRULNEYAIANUAUNUTBIYAVARINAALADS

2) nsnaaauan1izliluan (No Load test) Aruauuames bl wniedivyui

ASINNVUINVDITIAURTR ot nlufimstulvadimanveswewnes fatu 1, dang

Y

danalvienafiusn s=0 nszuanlsneiiarAinugadenuaaiamandasuin Jslifn

ANNGAYLEE lagURt 4.7
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Variable o o—

voltage,

variable

frequency,
three-phase

power source 4£_. P,’_

LA L+I
3

JUN 4.7 manegevanglslvanvestewesiviedt 3 wia

ASNAABUEALsIMDS (Locked-rotor test) 399571 AR ULMABUNUINITNAA DY

annelslvannnusens ssiunduialswmesildlvivygu s=1 a1 R,/s Jadlentey wiriu R,

v & s A o & =
PRUL UDINITANYAVOINDLADINULIUNTULNINITOUNINVOS Ry, Xy, Ry Uaz X,

\w3aslauazgunsalnldlunisnaaes

winslelun1sadeuNBIABILARIRITUN 4.8 Larausauanlaeail

1)
2)
3)
4)
5)
6)

3@ Squirrel-cage Induction Motor Type 3 kW, 4 pole, 230/400 V, 50 Hz
Class B

SERVO DRIVE/BRAKE CONTROL UNIT

Power Meter

wraaT e ssuliin

Digital Multimeter

U 4.8 aunsallunmsveaeunewnesiuniesuifinig
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FunUN1IMAADS

1) souewesuy Y 9niuld Digital Multimeter Usuifulnuanuduniuiieda
AUAIUNIUTOILDLADS

2) USuda Power Meter Tnanatls T3FE/303W Tiutiaonans T3FE dmduiaen
usssulvliln, nszualuin wazideluin 3 wa

3) Waunasdneusaiuludn Wedrsussiulifunemesinimieii 3 wa lae
USuAussuiiniuegneing auisrusauiiin

4) uinAusenulnin, nszualuin wagidaluia 3 wa

5) anussuliihasiign Mndulauvdsinsussuiitiglituuemes

6) vinmavaaeudalsnoslilvidinenyy Seusduliilituueweslnimieni
3 wla TneuSumuswiuiintuegiedng audisrnssuaiin

7) JuiinAwsssuludn, nseualid wazingalnidn 3 wia

8) anuswilihasian Mndulaundsiglniiseliiuuowes

9) 1WaLATes SERVO DRIVE/BRAKE CONTROL UNIT Litevinnnsinadnegluganns
ﬁwmﬁ 25%, 50%, 75% Lay 100% Iu‘l/iﬂ’lf\]’e]m%l’e)ﬂ SERVO DRIVE/BRAKE CONTROL UNIT
T¥nAuden Brake u Auto Mode 21ntiunmidon Brake Set Step uazanisnaidon ON
Motor

10) \Waunasaraussnulii LLﬁzﬂIE]EJe]ﬂ%JUmLLNﬁu"ﬁuaﬁj’N{f’]ﬂﬂuaﬂﬁﬂﬁﬁﬁﬂ

11) nawdongenineud 25% p¥miusuiindmssiulnihdn, wasduliihaeen
, nszialnd, Adaludin, anusiseuvedlsas, wseln way AdUsenaufids

12) yhedeit 12 Lwil,ﬂua;mmsﬁwmuﬁ 50%, 75% waz 100% Muaeu

13) 17 eTnAsuNNIAnsiIuLd s Tinalden RESET 7 nif19e1a3 89 SERVO
DRIVE/BRAKE CONTROL UNIT

14) anusaiuliiiiawngn 9nTLUauNaEIgLTIRY

NANISNAFBUNBLADS ban1s sl rnanasialsinosaiunsanandlananisned 4.13
LAY 4.14 e1UANU IAgViNISTURNAT 3 ASIUURAEAY FINANITAIUIUAINISINLADS b9

AIM15197 4.15



M9197 4.13 nsvedevanyliivan (No Load test)

54

YuNnAIIn 1

A B C Average
V (V) 230.3 229.7 230.2 230
I (A 3.380 3.289 3.436 3.368
P (W) 68 75 87 229/3
Jufinassdt 2
V (V) 229.9 229.7 230.7 230.1
I (A 3.359 3.264 3.522 3.382
P (W) 53 87 90 230/3
Tufinasedi 3
V (V) 229.9 229.5 230 229.8
1 (A 3.368 3.286 3.434 3.363
P (W) 67 7 85 229/3
31971 4.14 nsneaeuinlsines (Locked rotor test)
JufinaSedi 1 A B C Average
V (V) 47.8 49.1 48.2 48.37
I (A 6.472 6.638 6.558 6.556
P (W) 178 179 168 524/3
Jufinaded 2
V (V) 46.9 48.3 47.3 47.50
1 (A 6.266 6.461 6.394 6.374
P (W) 172 175 164 511/3
Tufinasedi 3
V (V) 46.9 48.2 47.3 47.47
I (A 6.267 6.561 6.294 6.374
P (W) 176 176 161 512/3
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M13199 4.15 Amnsdiwesisasanyavestanas vy 3 wa Alaunud1ainnis

NAFDUNDLADS MUNITAIANNIT NN DS

R, X1 R, X, Xm
Squirrel cage class B #iglhuu Y 2.27 2.39 1.79 3.59 68.23

yanNLlun1sneasuNmassalarinn1sinAI1USEENS A NUBILBLMBS NANIIZAS

Y9U 25%, 50%, 75%, LAy 100% VoIRAn LanIFInnT197 4.16

= s o o
A5 4.16 UDLHDININUY & PANTINNIUY

#n178n19 Nr Torque | Pout
. V (V) [ (A | P(W) PF n (%)
197U (rpm) (Nm) (W)

25% 230.03 | 3.639 | 1130 0.45 1484 5.23 812.8 | 71.93

50% 2293 | 12868 | 1915 0.65 1471.1 | 10.45 1640.4 | 85.66

5% 228.6 | 5211 | 2720 0.75 1456.3 | 15.68 2392.4 | 87.96

100% 228.07 | 6.311 | 3552 0.82 1440.6 | 20.91 3154.8 | 88.82

1Y

& v < ~ &
Patlavinnsneaauldu 5 nsel eall

1) UszsfiuAmsfimesiianiiznnsvineu 25% vefiin Lansuasinnsed 4.17
LLazguﬁ 4.9 - 4.13 Tnenan1siuan 30 AsauansluniAnuan =,

2) Uszifiuamisinesiian1nzn159eIu 509% YeIRin LanINasIn1sIeT 4.18
LLazEUﬁ' 4.14 - 4.18 TnewanisAuan 30 adauansuniauun =.

3) UspfiuAImsinesfian118n59eu 75% vesiiin Laniwadnsed 4.19
LLangﬁ 4.19 - 4.23 Tngnan1sAuand 30 aSauansluniauwIn ©.

8) UsziuAmnsiwmesiian1zn159neu 100% 19efidn waniNasm1s1ed 4.20
LLazgﬂﬁ 4.24 - 4.28 Tagmanisiuan 30 assuanduniauun .

5) Uszfiuarnsiiimesi 4 @n172n15Y9IUAY 25% 50% 75% waz 100% veq

10 LEAAINARINNTIN 4.21 wazrsUN 4.29 — 4.33 TagnanisAIuInd 30 ASILEASIINIANYIN

Y

S



AN5197 4.17 Wan1sUTEUAINISIINDSNANIIENISYINIU 25% VYIRNA

25% Ry X1 R, X Xm
Max 2.4662 2.7924 1.4873 4.5953 67.792
Min 2.0785 2.1824 1.4555 3.0604 67.109
Avg 2.2474 2.4941 1.4655 3.9588 67.532
%1 =86.25
R1-25%
2.5
2.45 - E —
2.4
2.35 /\ A
- 23
® 225 A
2.2
2.15
2.1 —
2.05 |
0 5 10 15 20 25 30 35
Trial
——R1 Measure == MAX MIN ——— AVERAGE

JUN 4.9 nadwsued Ry i ANTSYINNIUN 25% 21ANTAIUIN 30 AT

X1-25%

2.8 ‘A rdiiaTiItieNls —

X1
N
~

\WAVAN I\ [\ [V
VV | W A | A

0 5 10 15 20 25 30 35
Trial

—X1 Measure MAX MIN ———AVERAGE

JUN 4.10 nadnsved X; a4 9An159191uil 25% 3nn15A1IN 30 ASS



X2
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R2 - 25%
1.9

1.8

1.7

1.6

R2

1.5

14

13

0 5 10 15 20 25 30 35
Trial

—R2

Measure MAX MIN == AVERAGE

JUT 4.11 N5 R, 24 9AN15YIUA 25% 1NNNTAIUIN 30 A

X2 - 25%

4.8 s |

0 5 10 15 20 26 30 35

—X2

Measure = =———MAX «——=MIN e AVERAGE

JUT 4.12 wadwsves X, o 39n15v91uil 25% NNSAUIN 30 A



68.4

Xm - 25%

68.2
68
67.8

67.6
67.4
67.2

67

—Xm

10

Measure

15 20

Trial

= MAX

25 30

MIN = AVERAGE

35

JUN 4.13 nadnsved X, o4 9AN15VN9IUT 25% 9INN15AMIN 30 ASS

A15197 4.18 NaN15USEIUAINISITMOSAAN1ILAITNNIU 50% VBN

58

50% R, Xy R, X2 Xm

Max 2.3843 2.9590 1.5087 4.6926 69.7276
Min 2.0359 2.1879 1.4745 3.2388 68.3419
Avg 2.2186 2.5036 1.4931 4.0714 69.1482

%7 = 8693




R1

R1-50%

2.45
2.4

235
S aa o A

2.25
2.2
2.15
2.1
2.05

0 5 10 15 20 25 30
Trial

= R1 Measure MAX MIN = AVERAGE

JUT 4.14 Wadws Ry a4 9ANSYITUA 50% 1NNTANUIN 30 ASY

X1 - 50%

3.2 = i

Trial

—X1

Measure MAX MIN ~ ———AVERAGE

JUT 4.15 HAdn5ves X, a4 9AN15VIN91UT 50% InA15AMIN 30 AT

35

35

59



X2

R2 - 50%

1.85
1.8
1.75
1.7
1.65
1.6
1.55
1.5 ———— e e

1.45

1.4
0 5 10 15 20 25 30

Trial

e R2 Measure MAX MIN = AVERAGE

JUN 4.16 HAGNEVRY R, 24 ANSTVINNTUA 50% 21NNISAIUIN 30 AT

X2 - 50%
4.8 _
4.6 = 4
4.4
4.2
4

izi - JITTTH 7

0 5 10 15 20 25 30
Trial

— X2 Measure

MAX MIN ~ ———AVERAGE

JUN 4.17 Wadnsved X, a4 9AN159191U7 50% 3MNN1TAMIN 30 AT

35

35

60



Xm

70
69.8
69.6
69.4
69.2

68.8
68.6
68.4
68.2

68

Xm - 50%

—Xm

10

Trial

Measure

15 20

= MIAX

25 30

MIN ~ =———AVERAGE

35

JUN 4.18 NAdN5VRY X,y 4 RANTTVINNIUN 50% A1NNTAIUI 30 AT

A15197 4.19 NaN15USEIUAINISITMOSAAN1ILAITNNIU 75% VBINIA

61

5% Ry X R, X Xm

Max 2.4267 3 1.5605 4.7281 71.1198
Min 2.0556 2.1530 1.5197 3.0785 67.8814
Avg 2.2515 2.4902 1.5425 3.9780 69.7212

%1 =85.74




R1-75%

2.45
2.4
235
23
o 225

2.15
2.1
2.05

0 5 10 15 20 25 30 35
Trial

—_—R1 Measure MAX MIN = AVERAGE

JUN 4.19 Haensved Ry l 9ANTIVINUN 75% 1nN1TAIMIN 30 AT

X1-75%
3.4 —
3.2 .
3
- 2.8 . ”
2.6
2.4 — N7 V V \ / E
2.2 = —— ———— —— ——
2 AR 88 = SR W S
0 5 10 15 20 25 30 35
Trial
— X1 Measure MAX = MIN == AVERAGE

SUN 4.20 HadnEved X, & 9ANVInaIuil 75% 31nnsAuim 30 A

62



R2-75%
1.85
18
175
17
= 1.65
16

1.55 wﬂ——ﬂ.ﬁvéné
15
0 5 10 15 20 25 30 35
Trial
—R2 Measure MAX MIN ——AVERAGE

JUN 4.21 Nadnsved R, a4 39n159auil 75% 2nn1sAIn 30 ASS

X2 - 75%
5 . =
45
I 4
3.5+ |1 v
|
3 €= - -
0 5 10 15 20 25 30 35
Trial
—X2 Measure MAX MIN ——AVERAGE

JUN 4.22 Wadnsved X, a0 9AN15YN91UT 75% nN15AUIN 30 AT

63



Xm - 75%

71.5
71

E707.2 /\ /\J‘/\ /\/\/\
sy o

68

67.5
0 5 10 15 20 25 30 35
Trial
—Xm Measure === MAX MIN == AVERAGE

JUN 4.23 Nadnsved X, o4 9AN15VN9IUT 75% 9nN15AMIN 30 ASS

A15197 4.20 Nan15USEIUAINISITWOSAAN1IENITHIU 100% VIR

64

100% Ry X1 R, X2 Xm
Max 2.4054 2.7604 1.5885 4.7958 73.0341
Min 2.1103 2.1693 1.5519 3 67.1622
Avg 2.2598 24772 1.5651 4.0319 70.5201

%7 =84.05
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R1-100%

2.45

H.2~3 f\ A n[\AA
" VU\/ \/V v

2.05
0 5 10 15 20 25 30 35
Trial
= R1 Measure MAX MIN = AVERAGE

JUT 4.24 wadnsved Ry ad AN13YIN91UT 100% 21NNISAUIN 30 AT

X1 - 100%

s NV Ve

0 5 10 15 20 25 30 35

Trial
— X1

Measure MAX " = MIN e AVERAGE

E‘U 4 25 HARNGUDI X1t ﬁ]ﬂﬂ’]’ﬁ‘ﬂ’]\‘ﬂu‘ﬂ 100% 21nN15ANUINL 30 ﬂ’iﬂ
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R2 - 100%
1.85
1.8
1.75
1.7
N
o
1.65
1.6
1.55 & : = = =<7
1.5
0 5 10 15 20 25 30 35
Trial
e R2 Measure MAX MIN = AVERAGE

JUN 4.26 HAdn5ved R, a4 3AN19¥191Uil 100% INATAUIN 30 AT

X2 - 100%

5 ]

4.5

3.5 \/ N v

2.5

X1

0 5 10 15 20 25 30 35

—_—X2 Measure MAX " = MIN ~ ———AVERAGE

JUT 4.27 wadnsves X, o 3an1591euil 100% 3nn15AMInd 30 A3
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73
72
71
70
69
68
67
66

Xm

Xm - 100%

J\AAA A

BAGRVIAVAR

—Xm

Measure

10

15 20
Trial

= VIAX

25

30 35

MIN ~ =———AVERAGE

SUN 4.28 Nadn5ueIAT Xy, 04 IANTVINNTUA 100% 1ANITAUIN 30 AT

67

P399 4.21 Arvnsfiwesvesuawesiniiuviied 3 wa 31015 4 9an15vineu
(25%, 50%, 75% uaz 100% )

4 points Ry X, R, X Xm
Max 245 2.8512 1.5348 4.1001 68.5468
Min 2.9 2.1204 1.5023 3.2901 67.816
Avg 2.5 2.47 1.52 3.72 68.20

%1 =

85.47 (25%), 85.98 (50%), 85.38 (75%) wag 84.25 (100%)
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R1 - 391 4 9Annsvineu

2.55

2.5

2.45

2.4

R1

2.35

2.3

2.25
0 5 10 15 20 25 30 35

Trial

= R1 Measure MAX MIN == AVERAGE

gﬂﬁ 4.29 NadNEvRIA1 Ry 4 4 9AN15¥I91U ( 25%, 50%, 75% Wag 100% )

INNITAUIN 30 ASS

X1 -9934 aan19vin9nu

X1
N
i

Trial

—_—X1

Measure MAX MIN = AVERAGE

gﬂﬁ 4.30 NadNEVRIA1 Xy a4 4 AN1599U ( 25%, 50%, 75% Way 100% )

INNITAUIN 30 ASY
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R2 - 391 4 9pnn9vinanu

1.85
1.8
1.75
1.7

S 1.65
1.6
1.55
15
1.45

0 5 10 15 20 25 30 35

Trial

e R2 Measure MAX MIN = AVERAGE

gﬂﬁ 4.31 NadNEVRIA1 R, 24 4 ANT5YIU ( 25%, 50%, 75% way 100% )
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Induction Motor Efficiency Estimation Using
Particle Swarm Optimization with Multiple
Operating Conditions

Termpong Srited
School of Electrical Engineering, Institute of Engineering
Suranaree University of Technology
Nakhon Ratchasima, Thailand
termpong(@ gmail.com

Abstract—In this paper, the particle swarm optimization
(PSO) based induction motor efficiency estimation (IMEE),
using multiple operating conditions, is presented. The ECPs of
induction motor are determined by PSO using the measurement
voltage, current, real power, and power factor, at multiple
operating points. Then, with standard value of stay, fiction and
windage loss, the shaft-toque output power can be estimated.
Therefore, the efficiency of motor can be determined without
laboratory test. The method was investigated with different
number of measurement data and compared to the laboratory
test results. The proposed method is found to be applicable for
IMEE using measurement data for several operating point.

Keywords—induction motor efficiency estimation, particle
swarm optimization

I. INTRODUCTION

For induction motor efficiency determination, the most
accepted standard laboratory test methods are IEEE-112 and
IEC60034 [1,2]. However, under motor operation, the
laboratory test procedure can not be applied. The efficiency
test, especially for large motor, are, therefore, usually
estimated on-site. As a result, in order to obtain the acceptable
induction motor efficiency estimation (IMEE) during
operating condition is, therefore, a useful information tool for
energy conservation program and motor performance
assessment.

The commonly used in-service motor’s efficiency
approximation methods are nameplate method (NM), slip
method (SM), and current method (CM) [3]. due to they are
the most convenience methods. However, those methods
provide high error in motor efficiency estimations. Therefore,
several methods were proposed [4-5]. Meanwhile, the motor
equivalent circuit parameters can be used for motor efficiency
estimation. Therefore, the artificial intelligent techniques were
also applied to obtain the motor efficiency on-site, for
example, induction motor parameters identification using
genetic algorithm [6-8], particle swarm optimization (PSO)
[9-10]. However, the accuracies of those methods are still
under improving by many researchers.

This paper, therefore, the further development on the on-
service IMEE using parameter estimation using multiple
operation condition is presented. The PSO based induction
motor equivalent circuit parameters estimation with multiple
operating conditions has been developed and tested. The
laboratory test data were used to verify the accuracy of the
proposed method. The experimentation results of the proposed
IMEE are compared to the laboratory test.

Keerati Chayakulkheeree
School of Electrical Engineering, Institute of Engineering
Suranaree University of Technology
Nakhon Ratchasima, Thailand
keerati.ch@sut.ac.th

The organization of the paper is as follows. Section 2
address the methods for three-phase induction motor
efficiency estimation using motor equivalent circuit. The
development of PSO based IMEE, using multiple operating
conditions, is discuss in Section 3. The experimentation
results are illustrated in Section 4. Then, the conclusion is in
Section 5.

II. INDUCTION MOTOR EQUIVALENT CIRCUIT
AND EFFICIENCY
The wellknown induction motor five parameters
equivalent model can be illustrated as Fig. 1.
I,

R X : X

‘~.

I
—

X, -
v b s 4 Zow

Fig. 1. The induction motor equivalent circuit

InFig. 1., R, isthe motor stator resistance (Q), X, isthe
motor stator leakage reactance (Q), X, is the motor
magnetizing reactance (), R, is the motor rotor resistance
(). X, is the motor rotor leakage reactance (). s is the
rotor slip, / is the motor current (A), Pis the motor real power
(kW, W), ¥ is the motor terminal voltage (V), and s is the
motor slip.

The power output of induction motor can be computed
by,

stray

P :If[ijijﬁfP (1)
R

where, Py is the motor net output (kW, W), I» is the rotor
current (A), Py, is the motor fiction and windage loss (KW,
W), and Psyqy is the motor stray loss (KW, W).

Therefore, the motor efficiency can be calculated by,

P
%Ejﬁcz’eﬁcy:%IOO% (2)
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III. PSO BASED IMEE

In the proposed PSO based IMEE, the five parameters are
estimated using PSO [11]. The input of the proposed IMEE
are the measured I, P, V, s. The computation steps can be
illustrated as follow,

Step 1: Initialized the set of particles as,

P = [p[ ™ pim pim pif pit™ ] ?)
where,
p;(m) Pf(’"} ,0;(’") pj(m) pé(m}
R.X.X, Ry X,» respectively, for particle i of iteration m.

represent the parameters

Step 2: Compute the equivalent impedance

meas _ pmess | ;yrmeas . :
Zyet e = Ry T X7 for condition k from measuring

data as,

meas

V.
Zpe == —— Lcos (PF]™) @
Toral k J&T ] ];m: I3

Step 3: Compute the equivalent impedance

Z}”‘,‘:’” = ’::r',‘k +jX'r‘U‘:fu (see Fig. 1) of each particle 7 for
condition k.

Step 4. Compute the current of the equivalent circuit of
individual particle i at the operating condition k as ;-

Step 5: Compute the evaluation function ( EV ) of each
particle as,

& 2 2 meas 3
BV =3 ((5 - n) (R, - R ) (X, - xam ) ©)

Toai k

where NC is a number of operating conditions.
Step 6: Obtain 11!7!):5@:‘]’""J as the particle that provide

minimum EV of the particle i andgbesrj""” as the particle that
provide minimum EV among all particles.

Step 7: Compute the particle velocities as,

v]‘(m) - [Flf(m)vélm)v;(m)‘,‘l‘(mj‘,is(m) ] s (6)

i0m) _ yyr. im0 9 (m) (m)
vim =wv "+ rand, - (pbest™ — o)+ )

< -rand, - (gbest|™ — pi™),

W — W,
R o) ®)
iter, .
i i) i) _ ¢ | 18]
where, v, vy vy vy " are the velocity for particle 7 of

iteration m, C) , C, are the constants acceleration factors,
rand, and rand, are uniform random numbers, w is the
weighting factor, Wmax is the maximum value of weighting
factor, Wmm is the minimum value of weighting factor, iter
is the iteration number, and iterpax is the maximum number
of iteration.

Step 8: Update the particles by,
pitn-D _ pita)  yita) 9)

Step 9: If the iteration reaches the maximum iteration, stop.
If the iteration does not reach the maximum iteration, go to
Step 3.

IV. SIMULATION RESULTS

In this paper, the practical motor is used for testing the
proposed method. The laboratory test result are as shown in
Table . The PSO parameter is as follows,

C1=2.0, =20
Wiax = 0.9, Wy =0.4

itermax = 100, Number of Population = 1000.

The test data is obtained from the laboratory test of
30 kW motor which has been operated for more than five
years. The motor specification is as follow.

. Rated Voltage 380 A%

. Rated Current 56.8 A

. Rated Power Output 30 kW

c Power Factor 0.87 Lagging
. Speed at Rated 1470 RPM

. Number of pole 4 pole

. Efficiency 9224 %

The selected conditions are 50%, 60%, 70%, 80%, 90%,
100% of full load condition, as shown in Tables I and II.

TABLEI LABORATORY TESTRESULT OF 30 KW MOTOR FOR
ELECTRICAL MEASUREMENT THE ESTIMATED POWER
Load Voltage | Current 11:::;:: Power Input
(%) (4%] (EN] Lagging (kW)
50.00 376.00 3340 0.75 16.53
60.00 375.00 41.10 0.76 19.90
70.00 373.00 44.60 0.84 24.28
80.00 373.00 4920 0.84 26.84
90.00 373.00 53.20 0.87 20.83
100.00 373.00 5740 0.88 32.59
TABLEIL LABORATORY TESTRESULT OF 30 KW MOTORFOR

MEACHANIC AL MEASUREMENT

. Power Test

Torque Speed Slip Output Efficiency
(N.m) (RPM) | % &W) (%)
95.10 1488.00 | 0.80 14.79 89.51
115.20 1486.00 | 0.93 17.89 89.89
141.10 1479.00 | 140 21.82 89.89
156.20 1478.00 | 147 24.13 89.90
173.20 1477.00 | 1.53 26.74 89.63
190.30 1476.00 | 1.60 20.35 90.06
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The estimated equivalent circuit parameters are shown in
Table III. The estimated power output, and the estimated
efficiencies of each condition are shown in Table IV,
comparing to the measured values. The convergence plot of
the proposed PSO based IMEE is shown in Fig. 2.

TABLE III. THE ESTIMATED EQUIVALENT CIRCUIT PAR AMETERS (£2)

[ &R [ @ | x | & [ x
[ 0000l [ 00073 | 86069 | 00716 | 00002 |

Best Function Value: 47.255%

Function value
® = ~ = @ @
& 8 = =3 3 3

o
3

40— N N
0 20 40 60 80 100 120
swop | Pause Iteration

Fig. 2. The convergence plot of the proposed PSO based
IMEE

TABLEIV. THE ESTIMATED POWER OUTPUT AND THE ESTIMATED
EFFICTENCIES OF THE LABORATORY TEST RESULTS AND THE PROPOSED PSO
BASED IMEE
Laboratory Test PS(;PE?'S;&:?;E E
Power Output | Efficiency | Power Output | Efficiency

(kW) (%) kW) (%)
14.79 89.51 14.14 83.96
17.89 89.89 16.57 §5.89
21.82 80.89 2527 89.73
24.13 89.90 26.60 90.09
26.74 80.63 27.77 90.35
29.35 90.06 29.04 90.64

As shown in Table IV, the proposed PSO based IMEE
can estimate the power output and the efficiencies of the
motor with the results close to the measuring value. The
method can be applied for preliminary estimate the motor
efficiencies and avoiding in motor interruption for laboratory
test.

V. CONCLUSION

In this paper, the non-invasive on-service IMEE using
PSO considering multiple operating condition was
successfully developed and proposed. The proposed method
can effectively be applied for the on-site IMEE during
operation due to the input data requirement can be measured
during motor operation at different operating points
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Abstract

In this paper, a particle swarm optimization (PSO)
based method for induction motor equivalent ecircuit
parameters (ECPs) estimation, using multiple operating
conditions, is presented. The ECPs of induction motor are
estimated by particle swarm optimization (PSO) using the
measurement data of voltage, current, real power, and
power factor, at multiple operating points. The method
was investigated with different number of measurement
data and compared to the other optimization technique.
The proposed method is found to be applicable for
induction motor ECPs determination using measurement
data for several operating point.

Keywords: induction motor equivalent circuit, particle
swarm optimization

1. Introduction

The induction motor equivalent circuit parameters
(ECPs) are the valuable information when analyze the
machine performance and characteristic, both in steady-
state and dynamic conditions. The induction motor ECPs
data of large machines are usually provided by the
manufacturer from laboratory test. However, these
information is found to be difficult to be obtained for the
medium and small induction motors and for the induction
motors with long ages of operation. Therefore, the
convenience method for determine the induction motor
ECPs, especially during on-site operation is an interesting
study and development.

In past decade, many researches proposed the method
for determining induction motor ECPs using different
techniques. For examples, in [1], the induction motor
ECPs can be obtained from the manufacturer catalog
data. However, the ECPs of the long ageing or re-winding
motors may much differ from the manufacturer catalog.
Accordingly, many researchers aimed at the ECPs
estimation using artificial intelligent (AT) techniques with
on-site measureable data [2-11]. For examples, the
genetic algorithm (GA) based induction motor ECPs
estimation were proposed in [2-4]. Meanwhile, in [5-8],
the particle swarm optimization (PSO) based induction
motor ECPs identification and its improvement were
presented. Consequently, The earlier techniques for
induction motor ECPs estimation focuses on using Al
optimization techniques, for examples, hybrid GA-PSO

[9], meta-heuristic methods [10], gravitational search
algorithm [11]. Therefore, the intelligent optimization
techniques are founded to be interesting, convenience,
and effective methods for induction motor ECPs
determination, and still need improvement on the
accuracy and applicability.

In the paper, an induction motor equivalent circuit
parameter determination (ECPD) wusing PSO with
multiple operating conditions (MOC) is proposed. The
proposed method was tested with the 0.75 KW IM data
with several operating condition. The error in ECPD by
the proposed method is shown to be minimum comparing
to the existing method. Moreover, the investigation on
single, two, and three operating conditions are addressed
and discussed.

The organization of this paper is as follows. This
Section 1 is an introduction. Section 2 presents the IM’s
ECPs.

2. Induction Motor ECPs

The induction motor five parameters equivalent
model, with negating magnetic core resistance, can be
illustrated as Fig. 1.

R, JX JX

v X T&
5
o)

Fig. 1. The induction motor EC

The five ECPs, shown in Fig.1., are as follows;

R, is the motor stator resistance (Ohm),

X, 1s the motor stator leakage reactance (Ohm),

X, is the motor magnetizing reactance (Ohm),

R, is the motor rotor resistance (Ohm),

X, 1s the motor rotor leakage reactance (Ohm), and
s 1s the rotor slip.

65

84

PW-15



PW-15

3. Induction Motor ECPD with MOC Using
PSO Problem Formulation
In the proposed induction motor ECPD with MOC,
the five parameters are estimated using PSO [12]. The
motor ECPs are searched from values corresponding to
the measurable variables, which are as follows,
I is the motor current (A),
P is the motor real power (W),
PF s the motor power factor,
¥V is the motor terminal voltage (V), and
s is the motor slip.

Therefor, the input of the IM-ECPD are I, P, PF, V, s.
The initial particle can be defined as [10],

pita :[pf(m]pg(m)p}mn]pj(m]pls(m)]‘ ([)

where,
iom) i(m)_i(m) _i(m) _i(m)
P, e, P ™, ps represent the parameters

R.X,.X,.R,. X, Tespectively, for particle i of iteration

m.

Therefore, the evaluation function (Z7 ) of each
particle can be computed as,

NC If-m‘ W2 me \2 P, le \2
mr=y| | o ] o ] @
AL ) BT PE
where, for each particle,
1;’” is the calculated current of motor at the condition &
(A),
P;”’ is the calculated real power of motor at the
condition & (W),
P]-}“” is the calculated power factor of motor at the
condition k,
I is the measured current of the motor at the
condition k (A),
p™ is the measured current of the motor at the
condition k (W),
pr,™ is the measured current of the motor at the
condition k, and
NC  is a number of operating condition.

I, P, and PES can be computed from each

particle k and the measured voltage of the condition &
(7e*) and slip of the condition 7 (s7**). Accordingly,
the particle providing best EV represents the particle that
most likely to be the actual motor ECPs. Then the

velocity for updating each particle is computed by,

66

VI [yl Om ey (3)

Vi = w4 - rand, - (pbest)™ — p™) + .. ()
C,-rand, - (gbest|™ — pi™),

W, . —W
W= Wy, —— 202 ey, (5

T dter,
where,
i i (i itm i are the velocity for particle i of

iteration m
¢.c, are the constants acceleration factors,

rand, and rand> are uniform random numbers.
phest!* is the particle that provide minimum EV of the

particle i.

gbg;rl‘"") is the particle that provide minimum EV among
all particle.

W is the weighting factor,

W, is the maximum value of weighting factor

W is the minimum value of weighting factor

iter is the iteration number,

iter,,,. is the maximum number of iteration,

| Initial set at population in (1) |

Caleulate evaluation function at

each particle by (2)
v

Obtain pbgsr’j(’") and ngSF;(J") from the
best EV obtained

v
Calculate vI® by (3) , (4), and (5)|

' Update the particles by (6) |

Does the computation reach the

No aximum number of iterations?

gbesrj,('”) and the corresponding particles are
the solution

End

Fig. 2. Computational procedure of induction motor
ECPD with MOC Using PSO
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Afterwards, the particles are updated by,
pitaD) _ pitw) | it (6)

The computational procedure can be expressed as in
Fig. 2.

4. Simulation Result of ECPE with MOC Using

PSO

In this paper, the data of two poles, 380 V, 50 Hz,
0.75 kW, induction motor from [4] is used for testing the
proposed method. The actual ECPs of the tested motor
are as shown in Table 1. The simulated data with
different operating condition are shown in Table 2. The
PSO parameter is as follows,

C =2.0
C =2.0
Winax =09
Winin =04
wer, . T 100

Number of Population = 1000

Table 1. The ECPs of the 0.75 kW tested IM [4

The convergence characteristic of the ECPD using
PSO can be illustrated in Fig.3. The induction motor
ECPD results of the proposed method are shown in Table
3.5. In Table 3, the proposed MOC based ECPD using PSO
resulted in the high emror of ECPs, similarly to [4]. Even
through the results of the proposed method provides the
lower root mean square error, the obtained ECPs are not
applicable due to the high value of errors.

Table 3. The Induction Motor ECPD results Using Single

Condition Data

Single Condition
Actual Values GA 4 P 4ECPD
(Ohm) [4] ropose:

Ohm %%6Error Ohm %Error
R1 1020 | 62.56 | -513.33 | 63.9088 | -526.56
X1 8.17 | 43.49 | -43231 7.2860 10.82
Xm 143.57 | 5877 59.07 | 1554168 -8.25
R2 1052 | 11.02 -4.75 | 10.9593 -4.18
X2 19.16 | 101.98 -432.25 20.5440 -7.22
Root Mean
Square Error 357.98 235.59

R, X, X, R, X, Table 4. The Induction Motor ECPD results Using Two
(Ohm) (Ohm) (Ohm) (Ohm) (Ohm) Conditions Data
10.2 8.17 143.57 10.52 19.16 Two Conditions
Actual Values
. » (Ohm) GA [4] Proposed ECPD
Table 2 Operating condition of the tested 0.75 KW IM ohm | %Error ohm %Error
Condition | V(V) | s 06) | 7(&) | P (W) 7] RI 1020 | 10.54 333 | 102000 | 0.00
1 380 0.06 1.8500 | 753.767 0.6188 = = = = -
2 380 0.10 | 23780 | 1152.700 | 0.7365 X1 8.17 8.24 -0.86 8.2443 -0.91
3 380 0.15 3.0482 | 1567.700 | 0.7814 Xm 143.57 142.73 0.59 143.4905 0.06
R2 10.52 10.47 0.48 10.5092 0.10
With two condition data ECPs determination, in X2 19.16 19.32 .0.84 19.0676 0.48
Table 4, the ECPs are closer to the actual values in both Root Mean
[4] and the proposed method. The proposed method Square Error 1.62 0.46

resulted in the root mean square error of 0.46%, lower
than that of GA in [4]. In addition, in Table 5, the result
with three condition data is shown to be the minimum
root mean square error when using the proposed method.

15 Best Function Value: 1.2688e-09

Function value

05H

o
0 10 20 30 40 50 60
lteration

Fig.3. The PSO convergence of the proposed ECPD

Table 5. The Induction Motor ECPD results Using Three

Conditions Data

Three Conditions

Actual Values
(Ohm) GA [4] Proposed ECPD

Ohm %Error Ohm %Error

R1 10.20 10.28 -0.78 10.2000 0.00

X1 8.17 8.19 -0.24 8.1785 -0.10

Xm 143.57 143.17 0.28 143.5553 0.01

R2 10.52 10.48 0.38 10.5189 0.01

X2 19.16 19.21 -0.26 19.1449 0.08

Root Mean
Square Error 0.44 0.06

5. Conclusion

In this paper, a ECPD for induction motor with MOC
using PSO was successfully determine the induction
motor ECPs with the minimum root mean square error.
The proposed method can effectively be applied for the
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on-site motor ECPD during operation due to the data
requirement for ECPD are the measurement of voltage,
slip, current, real power, and power factor, at different
operating points.
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1599 0.1 Asrilwesveseawesinimileni 3 wa s 3an13vieu 25%

R, X, R, X, X,
2.1306 2.1306 1.4604 4.1234 67.6786
23422 2.3622 1.4637 4.5953 67.5104
2.2321 2.2321 1.4616 3.0604 67.2643
2.2687 2.2687 1.4578 4.2861 67.4528
2.1677 2.6147 1.4577 3.5403 67.4245
2.2908 2.4582 1.4685 4.0567 67.5360
2.1398 2.2968 1.4708 3.4231 67.6574
2.2562 2.6349 1.4596 3.9199 67.4102
2.2802 2.3524 1.4729 3.9716 67.6036
2.2785 2.5334 1.4650 3.7571 67.7352
2.1479 2.4759 1.4626 4.3109 67.7352
2.1873 2.3876 1.4682 3.8775 67.6520
2.2321 2.3514 1.4712 4.1161 67.6895
2.1962 2.3765 1.4689 4.0012 67.6808
2.1941 2.3837 1.4685 4.0035 67.6784
2.4662 2.1824 1.4873 3.5961 67.4471
2.3256 2.6654 1.4609 3.5682 67.2301
2.3049 2.3450 1.4741 3.9064 67.5676
2.3791 2.3535 1.4760 4.5285 67.6383
2.2693 2.6685 1.4588 3.5720 67.2872
2.2130 2.3592 1.4704 3.7599 67.6174
2.3293 2.7924 1.4555 3.4670 67.1087
2.1729 2.5096 1.4620 4.3280 67.6886
2.2187 2.5594 1.4613 4.4981 67.6461
2.2876 2.7208 1.4565 4.5908 67.4796




157991 0.1 Amsnilinesvetawmesiniuviendt 3 wa s 9rn159ieu 25% (se)

90

Ry X1 Ry X2 Xm
2.1910 2.4892 1.4638 3.8364 67.5641
2.1701 2.3684 1.4680 3.7450 67.6516
2.3294 2.6460 1.4617 3.9083 67.3229
2.0785 2.3989 1.4638 4.0182 67.7920
2.3418 2.5203 1.4673 4.3970 67.5200

3197 4.2 Ansidimesvosmeinesliiunienti 3 wla a gansviiu 50%

R, X R, X, X,
2.1765 2.4797 1.4942 3.9359 69.1238
2.3129 2.9590 1.4745 3.3492 68.3419
2.1332 2.5607 1.4890 4.4924 69.6488
2.2780 2.7235 1.4839 3.8863 68.8655
2.2977 2.3479 1.5007 4.1342 69.0672
2.1154 2.4757 1.4931 4.3142 69.5450
2.2542 2.5990 1.4890 4.0778 69.0776
2.1576 2.3872 1.4977 4.2190 69.3961
2.2455 2.5378 1.4909 a.4707 69.4170
2.1189 2.5085 1.4925 3.8880 69.1914
2.2801 2.6838 1.4869 3.2388 68.3509
2.1790 2.2942 1.5012 4.5957 69.6667
2.0359 25724 1.4881 4.3607 69.7276
2.3096 2.1879 1.5087 3.8494 68.8414
2.1467 2.7699 1.4801 4.3102 69.4575
2.2288 2.5653 1.4911 3.7066 68.8324
2.1710 2.2157 1.5050 3.2699 68.5507
2.0826 2.3789 1.4975 4.2176 69.5386
2.2968 2.3301 1.5014 4.1751 69.1034
2.3201 2.5487 1.4915 4.222 69.0732




15991 ¥.2 Amsilineivetawmesiiiuviendt 3 wa e 9rn1591u 50% (s1e)

91

Ry X1 Ry Xz Xm
2.3234 2.4275 1.4967 4.4082 69.2279
2.3843 2.5229 1.4929 4.3349 69.0438
2.1474 2.3706 1.4990 3.9085 69.1692
2.2389 2.5836 1.4903 3.7479 68.8442
2.1055 2.6198 1.4869 4.1422 69.4115
2.3275 26111 1.4891 4.0157 68.8873
2.1961 2.2581 1.5044 3.9236 69.1029
2.3457 2.7582 1.4824 4.1229 68.9239
2.1891 2.4117 1.4957 4.6926 69.7159
2.1602 2.3596 1.4991 4.1317 69.3241

M3197 4.3 Ansdimesvesmeimeslniiwnilenti 3 wa a gansviau 75%

Ry X1 R, X2 Xm
2.2826 2R573 1.5410 3.4905 68.8454
2.1742 2.6640 1.5328 4.3960 70.8437
2.2957 2 1.5197 3.4176 69.0814
2.2854 2.4323 1.5477 3.3420 68.4818
2.2129 2.4384 1.5486 3.1647 68.3886
2.2571 2.8463 1.5235 4.3315 70.6791
2.3123 2.4918 1.5418 4.0257 69.6227
2.2232 2.4667 1.5444 3.8781 69.5920
2.2425 2.3045 1.5503 4.3132 70.1411
2.2852 2.3012 1.5498 4.3639 70.1063
2.2527 2.5687 1.5381 4.1072 70.0063
2.0793 2.4652 1.5438 4.3134 70.7618
2.2444 2.5417 1.5386 4.3101 70.3629
2.3063 2.5129 1.5405 4.0842 69.7611
2.27181 2.1931 1.5605 3.0785 67.8814




15991 0.3 Amsilinesvetawmesiiiuviendt 3 wa s N5 75% (sie)

92

Ry X1 Ry X2 Xm
2.2569 2.6573 1.5367 3.3974 68.8444
2.2186 2.1981 1.5574 3.9529 69.4898
2.4267 2.6584 1.5329 3.9635 69.3509
2.2273 2.8981 1.5211 4.3673 70.8868
2.3683 2.6630 1.5313 4.3583 70.2185
23774 2.4970 1.5402 4.1955 69.7406
2.2420 2.5372 1.5367 4.7281 71.1198
2.0556 22775 1.5551 3.8892 69.9037
2.2456 2.3102 1.5525 3.7329 69.1422
2.2120 2.268 1.5520 4.2842 69.9732
2.2151 2.3617 1.5480 4.2509 70.1644
2.2362 2.5892 1.5374 4.0684 70.0042
2.1547 2.666 1.5369 3.4803 69.2763
2.2984 2.153 1.5588 4.0031 69.3149
22177 2.1875 1.5575 4.0526 69.6523

M3197 0.4 Ansidimesvesmeimeslwiiunieti 3 wa a gansviiny 100%

Ry X1 R; % Xm
2.1103 2.1693 1.5885 3.5875 68.9130
2.3403 2.4417 1.5660 3.9547 69.8366
2.3434 2.2163 1.5787 3.8820 69.0509
2.1891 2.7604 1.5532 3.8676 70.9554
2.3236 2.6819 1.5533 3.9848 70.6153
2.1712 2.5540 1.5609 4.3016 71.9120
2.1576 2.4849 1.5616 4.6638 73.0087
2.1955 2.2125 1.5709 4.7958 72.6987
2.2702 25177 1.5616 4.1821 71.0315
2.2050 2.3383 1.5738 4.0446 70.3709




1599 0.4 Asilinesvetawmesiiiuviendt 3 wa s 9an159ieu 100% (vie)

93

Ry X1 Ry X2 Xm
2.1564 2.5461 1.5588 4.6140 73.0190
2.3894 2.4316 1.5652 3.9931 69.7469
2.4054 2.3989 1.5605 4.6835 71.8464
2.1508 2.4833 1.5704 3.6425 69.6719
2.1948 2.5597 1.5628 397177 70.7648
2.2273 2.7154 1.5523 4.1549 71.6450
2.2859 2.4843 1.5646 3.9992 70.2915
2.2051 2.7110 1.5562 3.7657 70.4309
2.2459 2.2879 1.5786 3.6607 68.9099
2.2918 2.4503 1.5733 3 67.1622
2.2984 2.5381 1.5586 4.3370 71.4900
2.2078 2.2833 1.5805 3.5496 68.7053
2.3668 2.6143 1.5533 4.3018 71.3153
2.3729 2.3338 1.5693 4.1739 70.1331
2.2192 2.3596 1.5767 3.2789 67.8189
2.3033 2.6593 E500b 3.9215 70.4275
2.2408 i 1.5562 4.7202 73.0341
2.3119 2.3364 1.5679 4.4741 71.3427
2.2088 2.7533 1.5519 4.0181 71.3610
2.3443 2.3929 1.5725 3.4267 68.0925

M3197 0.5 Ansidimesvosmeimeslwiunieth 3 wa u 4 sy
(25%, 50%, 75% uag 100% )

Ry X1 R; X2 Xm

2.5 27177 1.5082 3.4368 67.9495

2.5 2.6743 1.5101 3.4847 67.9930

2.5 2.5903 1.5138 3.5773 68.0769

2.5 2.1468 1.5336 4.0706 68.5205




1599 0.5 Amsilwesvesmeawesiuimileni 3 wa a4 9nisvineu

(25%, 50%, 75% waz 100% )

94

Ry X1 R, Xz Xm

2.5 2.6028 1.5133 3.5636 68.0645
2.5 2.1204 1.5348 4.1001 68.5468
2.5 2.6038 1.5133 3.5625 68.0634
2.5 2.4098 1.5219 37773 68.2574
2.5 2.3032 1.5266 3.8959 68.3641
2.5 2.3168 1.5260 3.8808 68.3505
2.5 2.5812 1.5143 3.5875 68.0861
2.5 2.8512 1.5023 3.2901 67.8160
2.5 2.3263 1.5256 3.8702 68.3410
2.5 2.5801 1.5143 3.5886 68.0871
2.5 2.7951 1.5048 3.3517 67.8722
2.5 2.3094 1.5264 3.8890 68.3579
2.5 2.1595 1.5331 4.0563 68.5078
2.5 2.4665 1.5194 3.7145 68.2008
2.5 2.2638 1.5284 3.9398 68.4034
2.5 2.5023 1.5178 3.6747 68.1649
2.5 25116 1.5174 3.6644 68.1556
2.5 2.5721 1.5147 3.5975 68.0951
2.5 2.4318 1.5209 3.7530 68.2355
2.5 24751 1.5190 3.7049 68.1922
2.5 2.2188 1.5344 4.0907 68.5385
2.5 2.4029 1.5222 3.7850 68.2644
2.5 2.3362 1.5252 3.8592 68.3311
2.5 2.6203 1.5125 3.5443 68.0470
2.5 2.4687 1.5193 3.7119 68.1985
2.5 27134 1.5084 3.4416 67.9539
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