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APICHAI' SUYAPAN : ADAPTIVE STABILIZATION OF AIRCRAFT ELECTRICAL POWER
SYSTEMS. THESIS ADVISOR : ASSOC. PROF. KONGPAN AREERAK, Ph.D., 283 PP.

Keyword : Adaptive Stabilization/Constant Power Load (CPL)/DQ model/
Loop-cancellation technique/More Electric Aircraft (MEA)/
Nonlinear feedback/Small-signal stability analysis

The more electric aircraft (MEA) is an important concept and tendency of
modern aerospace engineering which is possible through the advances and the
applications of power electronic technology, especially a widely used of power
converters. Consequently, most loads of the electrical power systems on MEA are
regulated power converters. However, the regulated power converters behave as
constant power loads (CPLs) which significantly affect the system stability. The system
instability on MEA not only affects to the controller performance or may cause damage
to the overall systems that affect the passengers safety but also results in the system
which cannot operate at the rated power. Therefore, the thesis presents the adaptive
stabilization of a single-generator-single-bus DC distribution MEA power system. First,
the stability analysis via the linearization technique with the eigenvalue theorem based
on the proposed mathematical model derived from the dg method is used for
predicting the system unstable point. After that, the instability mitigation via
modification at the feeder or source side by using a nonlinear feedback approach
called the loop-cancellation technique is added into the existing system control loop
of the considered MEA. As a result, the unstable system returns to stable system which
can operate continuously. Unfortunately, the instability mitigation cannot make
the system always stable of all operating conditions within the rated power.
For this reason, the adaptive stabilization of the considered MEA is presented using the
loop-cancellation technique with an adaptive stabilization equation, which is a simple
equation that can be calculated depending on the power level of the CPL. The
equation can be defined from a polynomial curve fitting based on the instability line
obtained from the stability analysis via the proposed mathematical model derived
from the dg method. The theoretical analysis via the linearization technique with

the eigenvalue theorem, the simulation, and the experimental results obtained from



a test rig was performed in the Institute for Aerospace Technology Laboratory,
University of Nottingham, United Kingdom to validate the proposed adaptive
stabilization. The results show that the proposed adaptive stabilization approach can
always provide the stable MEA for all operating conditions within the rated power and
the DC bus voltage response both in the transient and the steady-state following on
the MIL-STD-704F standard. Consequently, it can be confirmed that the proposed
adaptive stabilization is an effective approach which can be used to guarantee

the stable operation of the DC electrical power system in the MEA.
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UNU

1.1 anudunsazadudAgyvaslyim

wr3oadufildlniinunntu (More Electric Aircraft : MEA) Wunwrfnuazwusldy
fidfyresiainssunisduadelnd Anereruazunufinisldunadmdudes Fady
wdendsnudmsulnanimuauueiesdusasduudmdsuiildnnanaioseuives
doaduiifuunasndssnundn 99nda 4 ssuude szuulnia (electrical system)
sguuTLufn (pneumatic system) sguulansedn (hydraulic system) WagszUuUNIING
(mechanical system)IuamﬁmaﬂiimmLﬂ%aﬁuéumﬂw%aqﬂLLﬁﬂ (conventional aircraft)
frensldundmFsnugesainssuuliiufiseszuuifsrluandaenssuvenniesdu
AFwHhanntu enfogau seuuauaueinianelusiaslagans (Environmental Control
System : ECS) 38UUﬁa<‘lﬁ'uLLazazmaﬁ’lLL%Wuﬂﬂ%aﬂLﬂ%adﬁu (Wings Ice Protection
System : WIPS) mmauﬁi%zwﬁaLLmaﬂ%gmmuﬁé’wmﬂ%%uaulw% (electrical air
pumps) kazgunsailviausousglnili (electrical heaters) fTuii1m3oRINTEAULUY
lemsodn (hydralic actuators) 9gnunudisnen1slddduiimiedinseduuuunaliia
(electro-mechanical actuators) nstudiudemdenaioseus (fuel and oil pumping)
fldszuunenaazgnunuiidasnisldszuulnihiiende Judeindslniuazgunsniiasu
(electrical fuel-pumping ancillaries) tJufu TaguulAntazuullduluniswaun
Feadufildluihunduiiqausrasduazidamneiiaanduyunisieuy mslideunas
ihuinlngsuveneiosdy AN1595NYIY095E VY HANTENUABAILINEDYL LagifiaLfial

a

UsgAnSn1nuwazaAudndodeveeszuulaesinuunsoItu deszsuulnindussuutien

] A

fignidenldauidesarnndeanuluindundssuiiazenn ddelunivesninudangy
flarunsadszgndldaruldegianiienans uagn153iadedugs (advanced diagnostics)
fianunsaainnsaiviesiiuneauiaund mnuiawses uazeynisldsuvesgunyel
aeluszuudsannsalddmiunisingednvndeleadu (preventative maintenance) 16
Tmgsyuudmiglninnszuaadu (AC distribution system) Wussuudutiemasluiiusn
ﬁgﬂﬁ’mﬂ%uﬂmmdawé’wﬁudaaiuszuulw%ﬁwé’ﬂ (Electrical Power System : EPS)

vutAsesdunldlnirunnau auduluandnenssuvesniasduluds 767 (Boeing 767) uag



Lo s$Ua 19330 (Airbus A330) LTuAY s nduiauinnfussuusinutsuuunas
(hybrid distribution system) #l4aslufinnszuaadusauiuluiiinssuanss 1wy wisedy
TuBa 787 (Boeing 787) uazioitia 19380 (Airbus A380) LHudu usludlagtunazluouran
fuurldufiagldszuusinuneluiinnszuanse (OC distribution system) wilesaniided
Slowdsufisufuszvusavdnelifiinssuaadunazuuunande SUszanininuwas
Anutdeievesszuugs LisndudesiigunsaldmivvaveirdalniinIuendin vihlid
‘ﬁu’mﬁﬂLmLLa3mmmamﬁﬂé’muqﬁglﬁaﬁLﬁmﬁﬁuﬁluswﬂé’ (Areerak, K-N., Bozhko, S.V.,
Asher, G.M., De Lillo, L., and Thomas, D.W.P., 2012; Department of Defense Interface
Standard, 2004; Emadi, A., and Ehsani, M., 2000; Gao, F., and Bozhko, S.V., 2016;
Gao, F., Bozhko, S.V., Costabeber, A., Asher, G.M., and Wheeler, P., 2017; Gao, F.,
Zheng, X., Bozhko, S.V., Hill, C., and Asher, G., 2015; Huangfu, Y., Pang, S., Nahid-
Mobarakeh, B., Guo, L., Rathore, AK, and Gao, F., 2018; Rosero, J.A., Ortaga,
J.A, Aldabas, E., and Romeral, L., 2007; Wheeler, P., and Bozhko, S.V., 2014; Yeoh, S.S.,
Rashed, M., Sanders, M., and Bozhko, S.V., 2019)
wRauazuualduveuasoduildlninuntuiaudululdssanufmduas
nsUsgndldaumalulagdidnnsadndiigs (power electronic) Tunsudaduazaiun
wdsulnfiintelussuu Tnslanizegna839995uUasdun1d (power converter)
(Abu-Rub, H., Malinowski, M., and Al-Haddad, K., 2014; Rosero, J.A., Ortaga, J.A,
Aldabas, E., and Romeral, L., 2007; Wheeler, P., and Bozhko, S.V., 2014) Td7i19219u

U a & aad aa & aad aa & =l a & dtﬂld o
1WATUUDINULETLUUAY ATLUUAY ATGLUULEY LazlaglUule® NUNITATUANNITNINU

'
= o

Fegnihuldauegranning esnannsamuaunsviauldig dUszansaings uaz

Y

=% o

finsguatiseinwin fsdudvilvlvanlnedlvgvesssuulmihmasuuesosdunldlniy

]
v A

WnTULdur995UUasiuA18NTA13AIUANNITHINY BnfI8E10TY 2995 UaIduAEA T
Mgeuseiuuawesiviiniemuaunszualiiiazanuiisovveweimss 29sulasiued

'
a & adaa LYY

Juddwsendiduddniinisauanussiudyginmioan iusu wiasaswlasiuiduded
n13AIuANziingAnTIuWIsulaiioulnanfaelninasda (Constant Power Loads : CPLs)
Felnanludnwaszd exidnvandudfidiuniuinay (negative impedance) 5o
svuulnesa fiuonanazdwmariliszuuiinnulidudadu (nonlinearities) iadu na1fe
Dussuuiiliiduidadu (nonlinear system) waa Sedinadoiadissninueaszuudngie
FamsuaadesnmvesszuuliindidiensdmasoaussaurninnureIszuuAUALYe
pradanalmAnAINUdgmenaseuulaesiula (Areerak, K-N., Bozhko, S.V., Asher, G.M.,

De Lillo, L., and Thomas, D.W.P., 2012; Areerak, K-N., Wu, T., Bozhko, S.V., Asher, G.M,,



and Thomas, D.W.P., 2011; Emadi, A., Fahimi, B., and Ehsani, M., 1999; Emadi, A,
Khaligh, A., Rivetta, C., and Williamson, G.A., 2006; Gao, F., and Bozhko, S.V., 2016;
Gao, F., Zheng, X., Bozhko, S.V., Hill, C., and Asher, G., 2015; Griffo, A., and Wang, J.,
2012; Rivetta, C., Williamson, G.A., and Emadi, A., 2005) §3un153iAs1ehiadesnn
dnduszuulnihfidlnandusuuidalniihashiaduddi snduegiann Tnawmzediabs
ssuulwihidsuuadosduildlniunniu Adussuuliiiuudase (stand-alone systern)
uazilvanlagdnidngfunesulasiumdsiinsauau Ssnsuaaiosnimvesszuulii
liflaudanadeaussnurn1sineuresssuumua vty udenadamaliiinanaudens
fusvuulaesiiinaieniudasnsvvesglasanineluaiosduld sadumgmsaidiliang
wiAntulun 9 svognmanarsveziavhmstu newidelueAnauielagiuldfinaing
LAz LaueIsNITAInTUNITRTIvERULAE AN TIATIwadesn el Ra I u saRIALA
WnNsvmaiesAnYessz LTI U lnandenisihnuresssuy a 9afanald
Imsﬁ%mﬁmeﬁmﬁmmmaﬁzwﬁlﬂLﬂuL%aLﬁuﬁagjmwmmwwmfmmzﬁ% WAQNIIUN
panilu 2 Wn1sndn 9 Ae WBN1TAATIEMEDN SN INLUULTLEUNS 0I5N1TIIASIwAEteTA N
é’aujzywmsummﬁﬂ (small-signal stability analysis) kag38n153LAS1ERLADYTATNUUY
ludadunieitmsiesivsianesnindeavuinlug (large-signal stability analysis)
ImEﬁ%mﬁmeﬁl,aﬁmmwé’agmﬂmsum@LﬁﬂLﬁu'i%mﬁmeﬁﬁmé’quwﬁuwmuam
Adudadu vsznousne meviliidudadu (inearization) nauiunanaizas (eigenvalue
theorem) wazLAMsivaadinLfiauga (Middlebrook’s criteria) Tuv iz 330 1531A5 189
adesamdyaranuialugiduiinsiemsiaiosnimvessyuuilddudadulnenss
fenguiunaiuauiliiiudadu Usznaudig n1531AT189 33 UG (phase plane
analysis) 35n15lagnsavestasyuan (Lyapunov’s direct method) 33 HaAFUNT I UL
(describing function) tnausiaaslnnaw (Popov’s criteria) Laglnaigiasna (circle criteria)
Tnsurazididenuardoidsfiunnarstusenly (eAde queNUS, 2558; Areerak, K-N.,
Bozhko, S.V., Asher, G.M., De Lillo, L., and Thomas, D.W.P., 2012; Areerak, K-N., Wu, T.,
Bozhko, S.V., Asher, G.M., and Thomas, D.W.P., 2011; Cespedes, M., and Sun, J., 2014
Du, W., Zhang, J., Zhang, Y., and Qian, Z., 2013; Feng, X, Liu, J., and Lee, F.C., 2002;
Gao, F., and Bozhko, S.V., 2016; Gao, F., Bozhko, S.V., Costabeber, A., Asher, G.M., and
Wheeler, P., 2017; Gao, F., Zheng, X., Bozhko, S.V., Hill, C., and Asher, G., 2015;
Griffo, A., and Wang, J., 2012; Kabalan, M., Singh, P., and Niebur, D., 2016; Khalil, H.K,,
1996; Marx, D., Magne, P., Nahid-Mobarakeh, B., Pierfederici, S., and Davat, B., 2012;
Middlebrook, R.D., 1976; Riccobono, A., and Santi, E., 2014; Slotine, J.J.E, and Li, W,,



1991; Wen, B., Boroyevich, D., Burgos, R., Mattavelli, P., and Shen, Z., 2015) uaog1qls
Aaunisiwsigmadesainliinazendedznislafilénatuiuds dldfisauaninm
nsvaadesnmvesszuulduingu uldanansasildszuuiinaaissnnnduan
fiadosnnuazansavausold faduivldfnuifedudluefnaudedagiufnuuas
Ynauedsnisdmfuussminisvisadesnimiieinlissuufinaaiadesainnduun
fiadesninuazaiuisariiauseld Tnen1sussininisaiaadesninsuiiioawnann
Tnanf1delufaasdaiiuuifafiugiuifsadesfuniseniveniosidananes
Tnanr&slnfinAsfiensiiunswiaawedsEuy (system damping) HIunsALauATWALY
(modifications) fianunsauUseanléidu 2 3nsie n1snisuunadl (Passive Damping)
LAZAITRUIILUULDNTAN (Active Damping)Imﬁmswmuwuwm%w (Cespedes, M.,
Xing, L., and Sun, J., 2011; Fulwani, D.K,, and Singh, S., 2016) Lﬁuﬁﬁmsﬁmﬁammf’ﬂm
g19Au$ (hardware modifications) fensiiimedufiuuszalifiimieandamieniives

19930593 Tadansiingunsalnadi lawn fAduniu wsediunmukazfiuuszglni

(%
=

wsafiiunukazimiead Walulussuuierinlinisnuisvesssuuiianiingad
Fadauaviliszuvatunsaelvanlaiuuindy duae ssuuiadesaiwiniu lagds
nsnswuumadniiduisnsnieaeniseeniuutazn s luldnuaddunsujon wed

A =

daidume vinlivuia WIvtn warsIA1veeIEUUlag TINaINTY IRAf§ugLdY

y o

[
=

dintuluszuu Fedanarinlilszaniainueszutanas luvaeiinismitsuuuwaniin
(Fulwani, DK, and Singh, S., 2016; Huangfu, Y., Pang, S., Nahid-Mobarakeh, B., Guo, L.,
Rathore, AK,, and Gao, F., 2018; Li, Y., Vannorsdel, L.R., Zirger, A.J., Norris, M., and
Makismovic, D., 2012; Magne, P., Marx, D., Nahid-Mobarakeh, B., and Pierfedrici, S., 2012,
Magne, P., Nahid-Mobarakeh, B., and Pierfedrici, S., 2013; Mohamed, Y.R., Radwan, A,
and Lee, T., 2012; Radwan, A., and Mohamed, Y.R., 2012; Rahimi, A., and Emadi, A., 2009;
Rahimi, A.M., Williamson, G.A., and Emadi, A., 2010; Sopapirm, T., Areerak, K-N.,
Bozhko, S., Hill, C., Suyapan, A., and Areerak, K-L, 2018; Wu, M., and Lu, D.D.,
2015; Zhang, X., Xu, L., Li, Y., Zheng, Z., and Wang, K., 2016) Lﬁuﬁﬁmﬁﬁmﬁammﬁlm
lassasiemauny (control structures modifications) A78nN15a5 19 Yy 1UIALYY
(compensation signal) W3odaIuas1@ds TN (stabilizing signal) manlululassasne

YBITEUUAIUANLIBATIINANTTUIaow (virtual damping effect) Fevinlin1snuIvas

= o

sruuilAiingelu dude Mildszuuiiiadesainiiudu lagdsnrsmiisiuuneniinilad
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v v =€ o

n1suntugsanas aatudsilissuulivseansamuaganuundonags Aewnlauide
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ANSUTTNINITVIALADYTAINALITNITAUIMUULENTN L DLUIPIUANYALUBINISUBUNAU

azuUseanidu 2 35015 Ae n1sUoundunuuidaduy (linear feedback) wazn1sUounduluu

[ [d ad

Tt JuLB 918U (nonlinear feedback) TasAsn1sdaundunuutdaidutduisnisasig

= ad a v = A

oy rausaseiofonann1sduiiuaugiaiou (virtual impedance) ¥935n15U9aLde Ao

De

ausavasravesinaniidlniinsdalaluliunafisadn lunaeidsnistoundunwuy
Lidudaduduisnsiiahdygrusavelasefomaianismuauuuulidudadu
(nonlinear control technique) L% u mamuamiwmmu%"au (sliding mode control)
n1smIvANALalng (state space poles placement) watinguenidn (loop-cancellation
technique) nsldlasadreUsvamiiten (neural networks) gy fedudsnistleundunuy
Tfudaduiizsauisovaweniofidanavesluansidalniianaialded1eldsin
BsussMsnaatesamlagdulnggniiauelidmsuussimnmsunaatesames
1995 Uasf AT IunAd d1uSureasulasiuiediduidenaldrsasUnesiigs (Power
Buffers) (Logue, D.L., and Krein, P.T., 2001; Weaver, W.W., and Krein, P.T., 2009,
Zhang, X., Vilathgamuwa, D.M., Tseng, K.J., Bhangu, B.S., and Gajanayake, C.J., 2013) %59
Uszgndliisnisverasuladuididui@d wiunmsussimnisuaeaiosninla
ANTUTININISVIALETETAINAIEITA1TNUIMUULENTIN @150 1L TUN1S LRG3
Asuilefinvseonlidu 3 wuaniehe wuaned 1 n1sandunisuilenisdiuungsdng
(modification at feeder or source side) (Cespedes, M., Xing, L., and Sun, J., 2011;
Fulwani, D.K., and Singh, S., 2016; Li, Y., Vannorsdel, L.R., Zirger, AJ., Norris, M., and
Makismovic, D., 2012; Rahimi, A. , and Emadi, A., 2009; Radwan, A., and Mohamed,
Y.R., 2012; Rahimi, A.M., Williamson, G.A., and Emadi, A., 2010; Wu, M., and Lu, D.D.,
2015; Zhang, X., Xu, L., Li, Y., Zheng, Z., and Wang, K., 2016) thﬁ%ﬂﬁﬁmmzﬁ’msw

'
v a A

fundssneifursasuiasiuidsiannsamunuls (switched converters) fited Ao laisily
Uszansnmaeslvananas uafildesidaluwifiauisaldlasuianizssuufivngsgned
qunsmuAmYiiL mnssuuuunasitedldfigunisauay (non-switched converters)
LU 2995153 89nTTuEF I NLNALUUUS AT (uncontrolled rectifier) N1 SBALTUNAVD
Tnanfdalniinasiinisduunassetazliaiunsainlg dslunsdlinisvawenianidn
navaslnansadlniiasiauisasiunislalnsedouuanied 2 Ao nsandunisudle
N19a1ulnan (modification at load or CPL side) (Fulwani, D.K., and Singh, S., 2016;
Huangfu, V., Pang, S., Nahid-Mobarakeh, B., Guo, L., Rathore, AK, and Gao, F., 2018;
Magne, P., Marx, D., Nahid-Mobarakeh, B., and Pierfedrici, S., 2012, Magne, P,

Nahid-Mobarakeh, B., and Pierfedrici, S., 2013; Mohamed, Y.R., Radwan, A, and Lee, T.,



2012) wSauuIni1ef 3 e n15192995998 (Using additional or auxiliary circuits)
(Fulwani, D.K,, and Singh, S., 2016; Sopapirm, T., Areerak, K-N., Bozhko, S., Hill, C,
Suyapan, A., and Areerak, K-L., 2018) TnenmsefiumsuAlamasulnanduiznisfivase
weidanavedlnaniaslnihasialilaenseiiugunisaiuauvedlvan (CPL control loop)
wfidaLde fie watm (dynamics) vesgumsvaweiigniiinidnldeasuniunisinauves
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MsusTIMsnaEissninliiiezendeisnislaszidunisiiansanuageenuuuitesinli
sswﬁmmaﬁmmwaé’umﬁLaastmwﬁ'«quﬁﬁ’ﬁmuamimwﬁqLﬁﬂﬁu WnYAUURUTDS
szuufimaAsuulasiaelnanvosszuuiifivgstu Tuvneiafioanuuulidmiuusam
nMsviLadesamidadafnliuUnasunueveddvan szuuillenanazuiaatiosnimls
Snads fafumndoanslisruuiiafiosnmaasatiumshnunielddeulvvesmifnmds
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ya v

AMZEIY
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2000

Emadi, A,
and Ehsani, M.

unanuiinavedymidenndalunislday
in3nsTuiunsnudegausn dedamaliiAnuuidn
wazwurldulunisWauiadesduadelng
M3uni s dudldlwduiniu Tnedy
nsUSudsauagiauraaidnenssuve
syuvlniinsidsvuiadosduiiondoinalulad
dldnunsefindnias wazdnaueritefnwnivy
fazdodldsunisimuinodiniuniosduiild
Tflanniy walugrunisesnuuuaainenssy
NSHAR N1TINUUE LAaEN1TIRNITNEIU NN

SAUTINITIATIZALADYTATNVBITEUY

2007

Rosero, J.A,,
Ortaga, J.A,
Aldabas, E., and

Romeral, L.

UNAUEYLAYELAZ DR UNE RN UIANTD
s Tuildlniaunniy Faduwuifniidgenis
szunuiinisldauszuuiowufn szuulansedn
Wa¥STUUNIINEa Aen1shassuuliigessuu
Aeadmunisieuiinuauadesdy wazld
Uauoaa1UnenITUAULUVLSNUDITEUY
T Fuuindosduildlafiundulaely
svuusmneuuUninssuaaduTILUUAILE
A3f 400 Hz wazuuuiianudiasuudasle

Tuaa9 320-800 Hz

2012

Areerak, K-N.,
Bozhko, S.V.,
Asher, G.M.,
De Lillo, L.,

and Thomas, D.W.P.

UNALTYILEUEN1TIIASIERLETETA TN YD <
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(A.A.)

ya v

AMZEIY

A15EANAYVDINUIIY

2014

Wheeler, P.,
and Bozhko, S.V.

unAuEv el LA Armiani s
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ATy Anereruazunuiinislday
WABINAIIUEREANNLAY 4 STUUAD Syuulnin
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Y 9
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t

JUA 5eUUlNAIA189NTsTEUUIINUI WU
Ininszwanss 540 V (+ 270 V)

2015

Gao, F., Zheng, X,
Bozhko, S.V.,
Hill, C., and Asher, G.

UNAINTUUUILAUDNITAS I UUINABDILAY
a 6 a o U
N153LASIEMADYTAINVBITEUUINHIANdIUY
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= A ] | ¥ o
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Rotrvazidun

2017

Gao, F., Bozhko, S.V.,
Costabeber, A.,
Asher, G.M.,

and Wheeler, P.
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YAALLLNAND125 (Permanent Magnet Synchronous Generator : PMSG) ﬁwwﬁwﬁwﬁm
TWihnszuaaduinenIsdsundanunaaintefu (turbine) vouA3oseus (engines) Ty
wdsa i daudi 2 29as3eenseuaniantiuuLendin (Active Front-End rectifier : AFE)
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(DC-link capacitor) wtifianusssunda (ripple voltage) vosusaulniinszuansaiildan

15 Eensznan AL uukon W lnlanvaue dygiuiissuuazAsuInau d@1un 4



41

argdeirdeludlamrsdrulafinszuanse (OC transmission line) d1uil 5 Inanvianun
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Tngdaulugvesssuuliirdidivuaiesfunldiviruindululnandszinni was
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41U 6 sruuavanvessruulninmauaIesdudadudiniuaniuuinnes (vector
controller) UULNUNYUR AT (dg-axis) Usznounie daaruaunsewabiln (current
controllers) \luguauauniglu fmaruauusiulnii (voltage controller) wazfnIuALLY
un3U (Droop controller) Luguaruaunisuen tneszuuniuaullazgyimiifiauauieli
sruvansavinuldedsivsydnsan daudnvazienizuaznanisnevaussduluniy
UINTFIU MIL-STD-704F Fududenmuaguaudfvosszuulniiidivuaioadu dwmsu

FHaLLBYALAYNITORNKUUITUUAIUANAINANAE NS UNses UL Tuten 3.5.1

, ) ) | DC Bus !
oo-daia o dwidls | dwia | !
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| I
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D, | !
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I | I
I | I
I | I
T | |
daufie _____ | e ) N v ety N !
i
| | |
| * !
| ? ? ? V abe | I
I abd| }
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d I
i @, q |
* *
| 4yl v |
_ d I
| O a !
I
I
I
X
! — 1 l
I
! PI ot |
| controller| ! I
o I
! Pl f Lyt !
} V* ‘ V ‘ +} ‘ o . }
} o } controller }+ %_\ controller I* ! controller } }
| | | | |
| q ! |
o L 1 i !
} 'Droop Controller} } Voltage Controller} | Current ControllersJ !
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n13figatnIuuIIaeInandamansildiuegiuiatvesssuulnininansan

[
a a 6 A a

TuaA T8I ne10nustledIsAAnseIsn1s5uUasRal (DQ transformation) aduisn1sulas
nandaansnldananududouvesszuulnihaaaunaliiluegned Tnonisudas
fA9zLNeNYBInUNISwUasUaIAansn (Clarke’s transformation) kagn15wUad989U15A

£%
a

(Park’s transformation) @sanunsananssieazdeanadallandl

® MsuUasweInansn

———————— a

SUT 3.2 UnuAMINNESNSUUawedRaTsn

n1sudaseenarsnilunisany (project) Usunamisiilinannunuanulaauna
(abe) asuuwnuaeWafingails (stationary axis : ¢f0) HuA duITN1sRUasUTuIAmMIa
Ludrannunu abe Tiludsuranisinigoavavunnungails ¢po denanslisiag

6 d' = ! 1 a % % v
LLNUﬂ']WL'JﬂLG]EJiIUE‘UVI 3.2 INUIN UNU Q%@%U‘ULLﬂUL@EJ'JﬂUﬂ‘ULWﬁ a WaghnNud a NU

(%
o Y [y

s Yo ‘:1' 2
WU A agvhyusiniu lngaunisnisulasuasaasnuanslansaunisi (3-1) fe

[faﬁO] = Taﬂo [fabc ] (3-1)

o £ e YSuruniadniile 9 Fso19asdu ussaulni nszualadn %3e

a 4

Wandudmanlnil Wudu waziuaindnisulas af (af transformation matrix : T, )

1%
P

aunsamuIlaREaNN1TN (3-2) A9l
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| —
| —

(3-2)

| — N|&|[\)
N | = N|&|N

N | =

We &k Ag ArduUsEANTNIsuUas FedldrAeninaziA1fuegiugiuuuved
. 2 : .
nsuwlas lael K = 3 dmsunisidasagen (peak convention)

K=1 @1m5un1seladiinivadrean (one and

a half time peak convention)

o [y | f <
K == @1msunskuasmnidaisioutad (rms phase

convention)

2 o (Y] [y € 0o W
K=\3 dmsunisudasuuuniseysnenidelin

(power conserving convention)

AmsunishUasuneuYeIAansn (inverse Clarke’s transformation) Faudunisuuas

USinamslndihannunuy apo TiduvSuaumalwiihuuinu abe wanalansaunisn (3-3)

[fan]= Ta:ﬂlo[faﬂo] (3-3)
1 0 1
WMo T, ==K L ﬁ 1
2 2
LB
L2 2

o nmswlawny of \Juunu dg
AsuUasnu af Wuwnu dg 10uisnisudasdSunanmadiiainunuaeans
wyails o idulsunamalnihasamauuunumyuidesiaain (orthogonal rotating axis :

dg) WENYUUNY af AIELUNYUVDINITUUAIAAT (0) ASUARIAITUNUAINLINLADS
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TuguM 3.3 F99gNUd1 WAUNYY d AULAUNYN ¢ YIUReRINiu wae 0 TANUIAY o
° [ < Y v - a{'
aun1sdmsunisulacuny of WDuunu dg wanalanaunisn (3-4) luraeNaunisves

nswdasnnduiinas FuduaunisdmsunisulasuSunamddiivuwnungy dg Tmdu
YSunamslnihuuwnunents op wanslansaunisi (3-5)

-

o, 0 =owt
7 d

= (@0 =0)

JUT 3.3 uwnunminmesnisulatny o Wuwnu dg

cosf sinf
[qu]:T[faﬂ]:|: :|[faﬂ]

—sin@ cosd (3-4)
o a _|cos@ —sind
Uesl=T Wal=| o g osg (W] (3-5)

a

JUN 3.4 ununmneesnisulasweuse
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® MsuUasessa
miLLanaam%ﬂﬁﬁugmmmﬂmiLLanamm%mLazmiLLiJaaLmu af vu
LAY dg TnonsudasvestrsaduisnsiannsawlasUSunamslafionnuauaissa
auna abe PuUTuanaliihaesauuwnumyy dg LAlagnss WHUAININLADS

nsuUasveslnsAwandlanaguil 3.4 uagaunisnisuuaswesUrsanandlanaunisn (3-6)

[f;zqo] = quo [f;bc ] (3-6)

il T, A weIngn1swlad dg (dg transformation matrix) Feaunsadmuiala

AN (3-7)

cos@  cos(6- ZT”) cos(0 + 2?”)

o = K| —sin@ —sin(6— ET”) —sin(@ + 2?”) (3-7)
1

1 1
2 2 2

drufunisuiatnntuvoauasa (inverse Park’s transformation) @atduni1suuad

USunamaliiihannuny dgo idudsunamslwinuuwny abe wanslinsaunisy (3-8)

[fu]= T;o[quo] (3-8)

I . 1]
cos@ —sin @ —
2
We T, =§1<-1 cos(e—%”) —sin(&—zT”) %
2r 2r 1
cos(@+—) —sin(@+— —

i ( 3 ) ( 3 ) 2|

n13figatdnuuItaemadamansildluegiuiatvesszuulnininansan
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(SR )

VULAUAIE abe Lazmaalnvinuuwnugewng dg wanslansgunisi (3-9)

3 3, . .
F;phase = E Pthase = E (led + Vqlq)

(3-9)

3 3. .
Q3phase = Eszhuse = E(leq _Vqld)

lagl P Ao Aaslniingss (real power)

0 Ao MaslnnSuendivl (reactive power)

v, v, Ao LsssuliuLLN Uy UARY

q

i, i, Ao nszualiiuuuNuyURAY

3.4 msigatmuuusasmsatiamansvesszuulunsadliilifidaatuay
defiansuuvudiasmsadamansivesszuulniniidavuiadesdufifiansan
Fauanslugud 3.1 nudn Wusuuiassiituegiuine suillosnainuanisiiaiuves
a3eadndalniidalasiasiauiindnansuagaanisvinauresgunsniaindves
19s3sanszuananiuuuLeniivl Gamninlld@nuideifsadiueiiosnmuessyuuass
anugsnnuazaududeuiuediann fuiunuideineinusiaddisatsidananes
i3eaduialwiinazgunsaiainddanan ilelilduuudrasmmendnmansvesssuy
flidsuutasnung dsamnsailvlddinuiseieafuaiosnmldieung iy

Tuaden 3.4 4 \Junisigadniwuuiiaemnadamansvessyuulunsdnlaiddnivau

'
v A

thufie azlifinnsanszuuAmuANdsanasedui 6 Tuguil 3.1 udegslsinuszuuaiugy
fand1azgnitansaunluiided 3.5 sadunisiigatniuuuiiasswesszuulunsd il
Frmugu Tnenisfigatniuuudiassmeadamanivesszuvlunsdlufidiaivay
niouimInsnaauATgndnsauUTaesiifigatmldansouansseasBenldwsd
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1. 19993 89NTLWANIANT L UULDN AN Ul UT I I RUANITUINT S LA
LUUFBLLaY (CCM)
2. yuANUwEeN (overlap angle : ) Aoetioandn 60 84

3. bifarsanesuaiin (harmonic) Manvuluszuy

Fusunsniatsunasastnialnidddasdasdaniinanaiis Jude

diud 1 lugud 3.1 Felaeilduvudiasmsadinaansaslivugnaiielied uuwnumu

Y Y

v

AfdaeiEnsulatesuida Tnsaunisnads (dynamic equation) veaip3eeruialuil
Falasdavdauindnaiisuansladaaunisi (3-10) (Gao, F., and Bozhko, S.V., 2016;
Gao, F., Zheng, X., Bozhko, S.V., Hill, C., and Asher, G., 2015; Krause, P.C., Waynczuk, O.,
and Sudhoff, 5.0, 2002) wagiileuvasaunisnaindanaaliegluguvonsasini fady
wtlfr99sauyaveaniesiialuiingslasdasdaustivdnaiiseguuununyudan

Aauanalugun 3.5

R oL 1
LISV E SNy : Tomm
dt L —m B2
(3-10)
L R
i] =_a)e d[d h _vI B LV + a)e¢m
'L Yl

g9l R A8 ANUAIUYIUIBIUARINELALABS (stator resistance)

= o a . .
AMULAUIVULNUNYUA (inductance on d-axis)

L
o))}
©

mmmﬁmﬁwmmumguﬁ’s (inductance on g-axis)

R~
o)
©

Wandideules (flux linkage) vosualwanas

RSN
o))}
©

AU uTaunalnivedlsines (electrical rotor angular

L
)Y
o©

velocity)

~

NITUAAMMBTUNMAUMLUA (stator current on d-axis)

a
Db
©

ﬂiSLLaﬁLMLWagUULLﬂUMQuﬁ’J (stator current on g-axis)

o~
o))}
©

WSIRUAMMBSULLNUMLUA (stator voltage on d-axis)

o
o)
©

WSIAUALADTUULNUMIUAT (stator voltage on g-axis)

o
o)
®
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Rs (l)L,L‘,I q Ld R_\- a)sLd] d Lq

d-axis g-axis

JUT 3.5 2vsaugaveaseiidaliih@alasdaviauivianansuuwnunyuiag

[N Jﬁ}f

Vin [in,a —

a @——"——
Vinh‘ inh ——»
Vi a line —»

g

SUN 3.6 1WIsFBaNsEUANIANTLUULaN Y

v @

Jusudnun 9191299513005z uanantiuuLendin Jude diufl 2
Tusul 3.1 F9r9asfenaniilassadrenieluiivsznousieaindle 30 (nsulated-
Gate Bipolar Transistor : IGBTs) fiavun 6 &1 fauanslusud 3.6 itevhuiiilunisuas
Lurnszuaadaulndulnfiinszuanss Tnoaruduiudszninedunaduiodnnvss
wsaduldituaznszualiiiveddsasiSoenszuanianiiuuukeniinuansle
§edunisi (3-11) (Bacha, S., Munteanu, ., and Bratcu, A.l, 2014; Yazdani, A., and
Iravani, R., 2010)

\]in,abc = Machdc
If’l,dbl’ = Mahcldp (3_1 1)
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e M, Ae HeAdun19aing (switching function) Fsaunsaniuladle

Seaunsh (3-12)

sin(lwt+¢_ )

con.

. 2
Mabz‘ = Sln(a)t - ?ﬂ- + ¢cnn,) (3' 1 2)

con.

sin(a)t+2?ﬂ+¢ )

1 v a

loghl m  fe AwinNsNen@n (modulation index)

¢, Ao YUNENTE195UWUAINUAAS (converter bus)

9

Ch

ANMNAUNITA (3-12) e Fana a1 HaATun1587InTU092995L 589N TS0 a

(%
v 6 a2

aantwuuweniiniluileddunduediuiian uideine 1 dnusi31435aAN 0y

s o a o o A o | ° v 2
N15wUasURIUNISARIENNTST (3-6) UNAAANANISEIATAINGTY WALAIAUA LA K=§ Azl

2 2 ]
cos@  cos(d— T) cos(0 + ?) sin(wt+¢,,)

con.

M, =T, M :§ —siné —sin(@—z?ﬂ) —sin(9+2?ﬁ) n sin(a)t—z?ﬁ+¢m)

dq dq0 abe

1 1 1 ¢ 2z
- - — sin(wt +—+¢,
2 2 2 IR A ( 3 ¢“’"')_

Anuald ¢ A YUAMTUNITNYULAUNYUARTY Faviniy H—a)t+% atu

Handun1salndveea99si3eanszuanIantinuukenfin uulnuvyuial Juduiladdu
Mlaivusgivnauanslansaunisi (3-13)
m
Md :ECOS(¢_¢COM_)
(3-13)

M, ==Zsin(g~4,,)
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wartlaltn1swlasnAIne deni1skUasvedulsAnaaunsn (3-6) AU
aun157 (3-11) Tuiue A1t UAUNITAITANANITAINTUINAU P9TUAL LAAINUFUNUS
senIedunaiuednnvesussduliiiuasnszualniliveasiseanssuanian

LUURBNTNULLN UL UARILEAILARIENNTTN (3-14)

_3 (3-14)

1INNITIATIERAUNITA (3-13) wazaunisi (3-14) srengnugiunigbnili
1 [} 'y} 6 1 a [ 3 U Q" YVa v
LNV ANFUTUSTENIBUNAT UL NRva TRl uasnseualiin A lalidn oy
Wusnsidrumdneduaunisensiaiuveantiontadluiln feiul9asseansswaniani
= vy v a | a
wuukeniindsanunsaunulamedsasauyandeulaslnfinnszuansaneguuununyuiuaz

wnuvyuil Tnefidnsidiuvemdonlasie M, 1 way M, :1 sy dawandlugun 3.7

., RRNA TN |
]llﬁ:Md:l !£i=
+ : ! +
i i
Vin,d | : Vdc
: |
1 : :
Too | -
M, :
£ : I
| |
| |
| |
wo |
| |
| |
| :
IS = = |

SUN 3.7 195aUYAVDIITITEINTLUANANT L UULBNTAINULUAUNL UAAY

'
[ a

WEUAIWINLABS NS UAIRATB 952U NN IR s U LR LA 9T UTN

Y

3.8 39

I v

R UNEMUAlTNd UL UL Uy UAR W AUV uYeLlsines (rotor angle)
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= o a a v a 1 < O A [ 14 1% ¢ v
vauaIosnilalnindslasiasiiouiinannins dude nvuali g=¢ azlaflendu

a ¢ a o = aa o A
ﬂqﬁaﬂmsﬁsﬂ@\nﬂ"ﬂﬁlﬁﬂﬂﬂigLLﬁ.ﬂ']ﬁ‘Wu’]LL‘UULL@ﬂV]WUULLﬂu‘VTl“Iu@Iﬂ']LLaﬂ\‘i@l\‘iaNﬂji‘W (3-15)

Egen.
V.!,gen. ’ Vcon. ’ M

JUN 3.8 urun mnnwesnsiuamAvessruuliihmduueasosdunnesan

M, = %cos(é‘)

(3-15)

q

m
M =-——sin(o
i (9)

logfl 6 Ae yumsdeumlaszritwsadulniinielu (intemal voltage :

E. ) warksasuluilafidn (terminal voltage : 7, ) 493

gen. t,gen.

Asaendn i dalasTasdaudianaiig

(%
v o

Fatua1nnslasnsulasindiefdananisiiauveaeiestida i
Felasavdaniinana1dsuazanisiiuvesgUunsalalniue19asiseanssuanIanl
wuukenfindeildasursludadu ssuulniiiiduueiesfufifiansanlunsdld
FarruauaInsaunuldfelsesauyangsdiefioguunnuny uAflfeuanslugud 3.9
Tnginmsilasesinesauyaogss UL UARvesszuUlihifiansandagunl 3.9 de
n1suingussduliitvasiaasyan (Kirchhoff's Voltage Law : KVL) 4113LAS18%
259U 1 f12950U7 3 (Loop 1 - Loop 3) uagingnszualiiiweaassuenli (Kirchhoff's
Current Law : KCL) aiasizsiluait 1 wazlundl 2 (Node 1 - Node 2) feiuaglduuusaes

NAdaAIansNludusgiuLiatvesszuuliinasuuAsatunfasuntunsanladl

Y
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U U dl d! L Y1 o U ! a
ATATUANLAAINIANNIIN (3-16) F91naun1TITdUNAlA1 LUUI1aRINaNIdl M, wag

M, Ysgnevegaieluaunis 1,, 1, way ¥, lagdrdenaiddaruisadiuialaain

aun13N (3-15) Feawudn M, wag M, ddd13usgiugunisifouinasening

q

wsssrulnilnaslusazusedulnihfidavesadestuidalwinddasdasdawinana1is (5)
aeiunsldnuuuudiaesiiigaimlasnlufissdomsuan ¢ lneauideinerdnusil
IZAUIUMIAIRINAILAEDIAENg B N5 IMaveIn1aslnil (power flow) Faaunsauans

NUazdunlafaindan 3.4.2

:|I)('PI.

a)e]fq[q

I aa o v < a aa
E“LJ‘VI 3.9 Qﬂ‘ﬂiﬂuiﬂaﬁﬂﬂmEJ‘UULLﬂUMlqjuﬁﬂ’JsUaﬂigU‘UiWﬂ’]ﬂ’]aﬂUULﬂiﬁNUUWW‘iﬂimq

Tunsaibifisiaruey
. Md
Id = __Id + a)L Iq - L_Vdc
d d
. R M .9
[ =—wl, - =1 - —Ly, + =
! Lq ! Lq Lq
yooMy o M, Ly
de 2Cdc d 2Cdc q Cdc c (3‘16)
- R 1
I, _L_CVdC L I, - _(Vb
P
I/b =L1L - 1 b =
Cb RLCb CbI/b




Yaunsaanuialniidelasuaudandanaias

Gen. Bus Con. Bus

R L |p.

_/\/\/\/_fYYY\_ :
Qgen.

k gen. V! gen.

JUN 3.10 ununmmsivavesiaslnimiaa
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(A
[

342  mMsAuINyNNIsasuwaIEndnsnu i anglunazusaulniag

U1

NuiTeAnerdnusiaiuiuninn § lngadenisuingunisluavsg

masliihudiesenssuumeiuliinssuaad uuessuin 3.1 uasillosanseuulndinmas

vwasosdunfiarsandussuulnihamaauna dsdunisiiansannisivavesiidsli

= d‘ a = 1 a ¥ o U q’
@15 NITULABIANARELA TasununInnsiravasraslwindanaaiuise

wanslaraguil 3.10 Fanngumsiiaamaunismslvavesidalniuansladadl

Ol S=VI'=P + 7Oeen

gen.

Rg'en. +ngen. i3 I/t,gen.éo k

a =

Mo Zzy Ao Andufinaugvaataseaniidaliiigelasds

YUALULNANDT

NEVACESI N V,,gen.é—yj*

IDgen. + ngen_ = Vr,gen.éo L Z

2

+jQ“ — Egert.l/t,gen. 4(7_5) _ Vt.gﬁm 47
gen. Z Z

gen.
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. Egen.Vt,gen, I/t,zgen.
P )0 = Tcos(}/—ﬁ) - TCOS()/)

2

E_T v
+ ][ gen,Zl,gen, Sil’l(]/—5) _ lgen, Sln(]/)j

satiuazlaaunisnistuavesiidsluilnanssaaunisy (3-17)

2

Egen.I/t,gen. COS(}/—é) | | Vvﬁ,gen. COS(}/) =-p
Z V4

gen.

Egon.Vl.gen_ . ( 5) I/t,zgen_ . ( ) Q (3_17)
——=—sin(y —0) - sin(y) =
Z 7 Z 7 gen.

Tagnnrdalninasanazidaludsuoniinveaszuulagsiunanun 1ie
N840 U essNenanasesnialuiGdasdasialidinananis amisasiulalle

NANNTT (3-18)

+ 7,

P SS
I)gm' 2 load 3 loss
Q Egen.I/t gen (6) tzgen (3_ 1 8)
=———"-C08 Yy ——3
e X X

s Ky

'
=

vie A

loa

L Ao AMadlddiveslnan Feussnauntuniaslidives
Inaaiaslninaeda (P, ) wazdiasbiilivesinananuaiuniu (B, ) auisariuiule

Aeaunsn (3-19) luvagn B, Ao Masliihgadeniintuainanuenvesagdimasinii

loss

luszuu (B, ) Bsaunsadwindlansaunisi (3-20)

2

Bows = Forr +PRL =Fp +— (3-19)
L
Plus.s* = PR, = ILZRC (3_20)
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naun1si (3-17) Seaunsit (3-20) arusadeudulusunsudiniu
N1TAUINMIAT & TawerdunisAuIanTsRavueslafdulazs1wdu (Newton-Raphson)
a8 m-file UuTUTWNTY MATLAB 1¢ Fan15vin91uvealusunsuasdidunismiul am
A1 5 AENSAWITRILATYRsA LA INEY Taan1suSulgeen & TWdey qaunseiis
mmwmamLﬂaaumaammauwlmmmuaamwmmwmmmmaauma@mamulm

LY

\N’W‘lﬁ 8"314muwuﬁul@mmﬂiwmmmﬂmmLﬂaaumammamdﬂmmL‘mﬂu 1x107° &

2.

(%
a

duganisviiiuveslusunsunazladn o Imswamaammiﬂmﬂm
MIAMIUMAT & MemIAadiauvesiiularsmduaunsaglaanaaNuIn .

3.4.3 m'imswaaim'a'mgnﬁawmmei"]aaamamﬁmmam%

' £
6 a

WLt UNITATI98 UV UIIAINIIAGRATaAs A blTusdAuLIaY

Y

©

N

%

Y ‘U‘Ul‘V\I'ﬂ’]ﬂ’]ﬁﬂUumi@ﬂUu%Wﬂ’]im’]IUﬂimVl‘lﬁJiJﬁ]’Jﬂ’lUﬂﬁJ mwmumlm PEREL

o))
P

U a L4

muam‘luammi‘m (3-16) fdmnugnassiaraiursadluiauisegend1usun1siaaunn

Y Y

' (%
aa v 6 =

wuudiassvesszuulunsdifdaiuauld defurmuiseinerdnusdselddndunis
599A8UANYNHBIYRILU TR N AdnAansTlFd1en15d1asanunITaivy
poufiames neldyaudanluiliiiassauau SIMULINK uulusunsy MATLAB n130539@0U
mNNgNFBsBILUUaesarafIMaEBUisUNaM IR UaLesTessEULUTlF I nLUUE a9
nsadnmansfifigatnlasaeisaas delduiannisuiauniseywusvesssuuds
aunsil (3-16) seilsitu odeds vaalusinsa MATLAB funanismeuaussuesszuuilldan
N1991809801UNITIUUADUNILABS (Exact topology model) ?iasqﬂuéaﬂmﬁwﬁwé’wm
szuvliiideuuesesuifinnsanlunsdilifidnmunuaninsaglédanaiaauin a. uas
fvualvinsfinesvesszuulnindifiansanuansfansnad 3.1 Tngamisiimessanan
Duarwsdmesvesszuulnimduuedosuildlnfiaanntufidssuusmienuy
TATINT ARSI FI819BIUIINUNAINATEES (NS 101 LazAme (Gao, F., Bozhko, SV,
Asher, G., and Wheeler, P., 2015)

NANNIATIVADUANNYNHBIYDILUUT B INIAdAman STl Sﬁuagjv LN
voaszuvlniiidsvutadosfufifionsunlunsdilififinivgu Afigatnale

PERELLGE LLamlmmww 3.11 hay i‘U‘Vl 3.12 Iﬂaﬁﬂ‘m 3.11 WWun1sidSeuiisunanns
MOUAUDIVRITY Y IUNTELALNAIVULN UMY UAKAZLNUNYUAT (1, way Iq)ﬁiéfa]'m
LUUS a0 NAdneansTunanIsnavauasfildaInn1ssiassaaiunIsaiuuneuianes
dlelnanidslniasa (P,,) fin1sasundasann 15 kw Tl 20 kw wazain 20 kw
undu 17.5 kw fia1 0.5 3unit waz 0.65 3u augdu Iu%mzﬁgﬂﬁ 3.12 1 Juns

Wisuiguluaniizuazilouludedduiugun 3.11 udlugui 3.12 Adunisiansun
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graussuliihfanaseusivuszamsiulnihnszuanss (v,) nszualniirilvaru

day
aedaideliiludaluan (1) uazussiuinnasenddiivuszaniousadulniiag
Talwinszuanss () Fa1nguisansasdanalddn nanisnovauessvesszuuiiliain
LLUUai”]aaq1/1'1qﬂa‘fmmam%ﬁé’ﬂwmwmgﬂﬁmmﬁaamﬂé’aﬂﬁ’umamwa‘uauawaﬁz‘uu
flFnmssiaesanumsnivurenfiawes idluaniizdaag (ransient state) warluanmg-
pejifa (steady state) fatufafunsBuduldin wuudasmedemaniiliduogiuig
vosszvulnihddsvuiadesdudildlniuntuiissuudminsuvulaiinssuanss
Tunsalfilsidfaunu Fsiigardunannidamduandduannisi (3-16) flanugniosuas
annsathluseseniimuidmiunisiigainuuuiiassvesszuulunsaidfaiuauld
Tnsoazdoavesnsiigaimuuuiiasmiadinmansvesszuuliinideuuaiosdui

Y

a aaa Y a o v a
W"i]Wimqiuﬂim‘l/lll@ﬁ]ﬂ’JUﬂQJﬁ]%VLG]iUﬂ’ﬁ@ﬁU']EJIuV'JGUEJVI 35

M1399 3.1 Mdwesvesssuulnihniiatsanlugun 3.1 Tunsalnlaiddmuay

W1518Lne3 AN S1Uazden

R, 1.058 mQ A UMUTDRaInaLALaSUaLASsR Ta LT
L, 99 pH Anutghvewamnamesenassaida i
L,=L, 99 uH mmmﬁmﬁmmmumuﬁﬁwmLﬂ%@ﬁ%ﬁﬂlﬂ/\lﬁw
¢ 0.0364 V.s/rad  Wangideuloswoalindnansvouasossudalvin
Poles (P) 6 Fuslmdnvesesasinialiii

, 27tx 400 rad/s mmﬁ@aywwiﬂﬂwmm‘%'mﬁm,ﬁmlw%ﬂ

C, 1 mF puglihvesiaiuUsgnisiulnihinssueansy
R, 6 mQ AMUAUNIUBIE8AITAI AN S AR

L, 2 uH ATl vesansdeasiniinnssuanse

G, 0.5 mF anuglinvesgiunulszqlni

R, 10 o AMUAIUNIUYDILAER

m 0.90 Aviin1suenLan

P 60 kW maaliirifnvessyuy
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— Exact topology model

|
|
| == DQ model T
Pep =20 kW !
< | Pep=17.5 kW
~= |
= _
I |
1 |
1 l |
95 i I I I I I | | I
045 0475 (8] 0.525 0.55 0.575 0.6 .625 065 0.675 [)) 0725 0.75 0775 0.8
1 |
4150 — ! | I T T
4140 : | —Exact topology model
| == DQ model
4130 D "
Pepr=15 kW
z 40— : : —
= Al - I Pepr= 20 kW | =
| |
4100 : :mm_: 17.5 kW
2090 | t
4080 ! ‘ : : : ' ' ' '
045 0.475 0.5 0.525 0.55 0.575 0.6 0.025 .65 0.675 0.7 0725 0.75 a775 0.8

Time (s)

JUN 3.11 N99TI9aUANNYNABIVBILUUTIABINIANAFENTVRdI 7, Uae I

2300 i T T T T T T — T
| | — [xact topology model
| -
2200 i == DQmodel
= Pep= 15 kW : Pepr =20 kW :
ST oZ280 - | | =
| |
- | ‘,,f/// Pop= 17.5 kW
270 - | ; |
| |
I ! |
2260 ! | LAV T | ! r& | s L L I S
045 0.475 0 0.525 0.55 0.575 0.6 0.625 .43 0.6735 0.7 0723 075 0775 038
| |
240~ : a7 /7 1 I 'T § ‘r**r** I 1 T ]
29 | | — Exacl topology model
| == 1)Q model
238 — |
~ 37 Pch: 20 kW ] 2
S B Pepr.= 15 kW | Pepr=17.5 kW
= M6 4 -
213 X WWWW'
I
234 — i i -
23 | I | I | I I I I |
045 0475 0:3 0.525 0.55 0.575 0.6 0.625 EJ‘Fj 0.6735 0.7 0725 0.75 0775 0.8
| |
2300 T T T T T T T \
| | — Exact topology model
2290 I : = = DQ model
| |
) P(_'-P]_: 15 kW
| pr = |
2 ol ! Pepr =20 kW ! |
== | |
| | =
ol ! Pep = 17.5 kW i
| |
| |
226() | i | i | | | | | |
045 0475 0.5 0.525 0.55 0575 0.0 0.025 065 0.675 0.7 0725 0.75 0775 0.8
Time (s)

JUN 3.12 NMIATIIABUANGNADIVOILUUTIABIN NANAFARS VI I V., [ ka7,
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1 o

3.5  msigatimuuuiasmeadiaaansvasszuulunsaingddiniunu
msfigainuuudiassmsadinaansvesszuuliiiindauuaiosduiifionsan
Tunsdfddrmvauaiuisoirldlasfiarsunszvuarvaudenansdiodiui 6 Tu

ra o

Uil 3.1 WiigAnann1smikuudnassvesssuulunsailiddaiuauluiiden 3.4 Fea1n

€aN

A ! °o v d' a N < v
3UN 3.1 9snudn svuuaduaueesssuuliiimaiuuaiesduniansundudiniuay
LUULINADS VNN UNYUAAT Usenaunie dantuaunseuabiinluguaiuauainely
danrunuussduliiuaziiaiuauuuuaguiduguaivauaisuen lagdiniuay
nsguabiinvuununyufagiiniinlunisaivauliiasesnnialiingelasda
a 1 @ = ) [ § @ . YV
yiaudmann1asiin1svirnuwuunandiau (full flux operation) wagmauauliiiusznay
n1aalwln (power factor : pf) veeszUUTANLUIAUNRTS (Unity power factor) A18NS
Avualinseualniihgadavumnunyuavinduaud (7, = 0 A) Tuvueiidiniugunszialiii
vuwnunyuALazaIntuAuwssdulni ez nluntsasvauussiulniinssuans
nanasaudfvlszgnisaiuliiinszuanse (v,) ia1egluge 250 V 8 280 V o

o

1M5§IU MIL-STD-704F Baussiulnliing19ds (nominal voltage : ) azgnruunliiviniy
270 V (Department of Defense Interface Standard, 2004) L& % 67 AIUAY LL‘U‘U@E‘U Y
vimthilunsaruaunsutsnszualiii (current sharing) n3ennsuusridsludia (power
sharing) a1miAIeasinlninsasiadesluddnanianua vuasseduiiolfiduluay
Snvazianizvesusstulnfiuagnszualnda (V-1 droop characteristic) AildAnuauay
oonuuuly FedyraumuguaoonvesiimuauLuuagUAe ussiuliiiinsuansidides
qunsAuANLIIRulIin (1) uaguenainiuudiainguil 3.1 axdanalddn daauau
nszualiiiuaziimuguusaiuliihvesssuufiiasaundudiniuauile (P controller)
Feluuidineninudidazeenuuuimuaudinandasisnisuuusai (conventional
method) Humsiisuduussansnendeilsidugieloussln (closed-loop transfer function)
vessnnun Tneflsidudeloursdadananigalldanannismainvesszuy luvued
N1509NLUUAIAIUANLUUATUITB IABdNwzlanIzvosussduliiuaznszwaluin
Farfmunldnu1nsgIu MIL-STD-704F Tnennseanuuuianiuauvesszuuliiifds
vuiAIesduiifinsanansauaniseazidenlddsinded 3.5.1
351 n1seanuuufnIUauvasszuUlwiisuwedesiuinansan

n1seenuuUAIAIUANYRITEUL NS IuwATasTuNi s lus UN 3.1
aunsawuseantalu 3 dufe nisesnwuuiinugunskaliii n1seenLULAIAILAY
wseruliiih wagmseenuuumAIUANKUUATY BaanssuasiBenlanalull
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® nseRnUUUMAIUANNTEUALNTN
frnruquaszualidivesssuuifiansaniiniifilunisaiugy
nszuaaamesdvesaioadnialuiidslasdavdauiindnn1ns Jeaunisnainves
wsosdndalniingelasdasdawimdnniisvuununyuialunseudiededalasia
(synchronously rotating reference frame) Fanansluaunsi (3-10) %QﬂWLﬁamﬁﬂﬁﬁu
a1gloursladimsuniseanuuudinuaunszualiii Tneduduusniluniseanuuy
FrmruaunszualiinvuLnunyufdailddiensfionsautanzauniseyfusves

NITUAAAMDTUULNUNYUALLANNITN (3-10) HuFiD

d R, o,L 1
E[d:_fld L I q[q - le (3-21)
d d d

AvualinatynLye (compensation term) UNLNUMYUA a@1usaA1LIle

Seaunsh (3-22)

Vi=V,- oLl (3-22)

[ '
v v I s

AIUIINANNITN (3-21) uaraunIsi (3-22) wausadaguannITeyius

YDINTEUAAAADTUULNUNLUALA aiaaNn1sN (3-23)

L, Eld iRy Vd, (3-23)

Nnaunsh (3-23) axdanalddn Wuaunisiteglulawunan (time domain :
t domain) WlewUasaunisfinaidieniswlasaivas (aplace transform) wasfnumli
Feulvisuduvaanduusifugud agldaunisfivadinfioguulamuuanud (frequency
domain : s domain) Ksaun13f (3-24) waziilednguaunisi (3-24) nad Faduagldiladdu

anelauntanvesszuu (plant) WaARFIaNnNST (3-25)

sL,1,(s)==R.1,(s) = V,/(s) (3-24)
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1,(s) _ 1
V)(s)  sL,+R,

(3-25)

Amuali K, uag K, fonisidmesvesdintuquilevesgunisaiuny

nszualiivuununyud daduazldununimuden (block diagram) veigunisaauay

nszuabiiuuinunyuRfwandlugun 3.13 dell

4
* K Vi 1
— id > - >
Lo S K T sL;+ R, L
PI controller Plant

JUT 3.13 waunmudenvesgunisauaunssualninuuwnungus

mﬂmﬁmeﬁumumwuﬁaﬂiugﬂﬁ 213 HandunieloursUnve g

aunsmvaunszualiiuuunuvguRaansadalaanaunism (3-26)

1
(_SKpd K )(L

d d

; i s? +S[R5 _Kpd j_ Ky (3-26)

~

~

L L

d d

WietanduanelowralnvedseuuduiuasnInggu (standard second-order

systern) wansléiaaunisi (3-27)

Cs) _ o,
R(s) s’ +2lws+w]

(3-27)

mimuAuilavasgunsmvAunsrkaliiuulnuryuAgiusaeentuule

Aren1TsuduUsEansseninannuiudinisveaflandunislaulrslnuaefiniuny
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Tuaunsi (3-26) funvurnaIsvesilanduaieleowislnvesssuuduauasIuInsgIu
Tuaunsi (3-27) deduArni e svesdinivauiilevesgunisaiuaunsewaluiii

= ° Vo a' o &
UuLLﬂu‘Vilqlu@a']ﬂJWiaﬂquqm‘lﬂﬂﬂaﬂﬂq?ﬂ (3-28) U

K (3-28)

id

{Kpd = R.s - 24’: a)m' Ld

_ 2
=-L,®

ni

(%

lgfl & fo dns1dIUNITUUIN (damping ratio) Yasgunseualui

1

®,, A ANUDSTTUYIA (natural frequency) vedgunszualnih

[ [

dududaunduniseenuuudiniuaunszwa i uuLn UnYUAY
FIM LAl NITNIITUIANIZAUNITOUNUSVBINTTUAALALABSUUULNUNYUA?

Tugunsi (3-10) Tuie

L
Ly
dr * L

q

1 ,
TVt (3-29)

R
ke iy S

L

q
AVUALNAUYALYE UL UATEHNSOAUINLARIENN1SA (3-30)

I/q' = V:] + weLd[d - a)e¢m (3_30)

AatiuaInaNnnsi (3-29) uagaunisi (3-30) aganunsadaguauniseyiusves

nELagDTULLNUMIUAI A IndsaNnsN (3-31)
L, —1,=-RI -V (3-31)

INAUNITA (3-31) 9zdwnA A1 dnatvssaunisnaAateduaunisn (3-23)

AIUUNITOONLUUAIAIUANT LoYDIaUN1TAIUANNTE WA LTI VUL UMY UAIAINITD

andunisladuifgafduniseanuuudiniuauilevesgunisaiuaunsewalniivy
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a ] = ! o A ¢ Y] a a &
LLﬂu%lJu@ LAAZUAMIULANATINUNNAUIALYYAIANNITN (3-22) Lagdun1sn (3-30) IN1uUU

A o v & a s o P
Lll@ﬂ']‘ﬁu@l‘ﬁ qu LAY Kl.q ﬂ@W'ﬁ'uJLG]@TU@QW'Jﬂ'J‘UﬂNWI@T@QQﬂﬂWiﬂ?UﬂNﬂ?%LLa‘lW‘ﬂ']

UVUMNUMYUAT ANNNT1TmasvewaIuANiilaninaszaunsamwInlanse@un1sy (3-32)

K, =-Lw. (3-32)

iq q " ni

{K‘nq = RS _zé’ia)niLq

® n1sBRNKUUMIAIUANLIIIULNTN

fmuauusstuliingessruuiifansanduguaiuaunisuendaazyinay
$aufudarvaunszualiiivuwnunyuamiduguaivquaielu tilesivniig
Tunismvauussiuliiiinszuanssiieonainisasiioanszuaniantiuuuuendinuie
LLiwﬁ’uM‘WwﬂizLLamﬂﬁmﬂﬂﬁ'amﬁ’aLﬁuﬂizamqéﬁmlw%mzLLama (7,) Inun1999nLuy
Fmuauussiuliiansoildsonsiaisanszuulnimidueiessdulugud 3.1
nesuliiinssuanslaelszenaldngnszualniivesnesveniiiasizinszualniln
flvadrudfvussanisdulnilinszuanss (¢,) feduagldaunisoyiusuos
wsafulaiafinnaseudAvusggnisdtuludiiinszuansuansdsannisi (3-33)
Feaunsf (3-33) dazgminluldifiomilsdidudielouralndimiunisesnuuuinuam

w59aul AT UURRAITUN

c, =V

c dt dc :Ia'c_[c (3_33)

Weanuduiusseninanseualimesnulniiinssuaadungnudadlves

aa 1 L 1 a t74
vuwnunyuifwdtunseualifiniesulniinssuansevesisasiieanseuanianid
wuuwenfivdudeannisi (3-34) (Gao, F., Zheng, X., Bozhko, S.V., Hill, C., and Asher, G.,

2015; Pena, R., Clare, J.C., and Asher, G.M., 1996) TuAe

I, = %(m]d +ml,)) (3-34)
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fvuald 1 Fenfenseualairfluanuaredanidaladinieniu
insruansausonsrualndnnlualudananninunveandosiududyyrausuniu
(disturbance) %qmmiaasﬁﬂwﬁ’umumiaaﬂLLUU&]”JMU@@JH (Pena, R. , Clare, J.C., and

Asher, G.M., 1996) uazillonszuabnihuuwnunyudgnatuaslviiawiivaud (1, =1, =0)

(%
[ YY)

AITUIINAUNITH (3-33) @UN15T (3-30) WAETOAIVUARINGTT AUNTTOUNUSVD S

wsaulniinnaseusdunulszameinulnihnssuanssluaunisi (3-33) azanunsadaguln

[

IEsaun1si (3-35) ¢ail

d 3

Cdc E Vdc 3 Z MI(] (3_35)

o a

favduni1shlasanvatvaunisi (3-35) kaznirualidauluisuduved

insuUsilugud agldaunisivadaieguulamurnuddwandluaunisi (3-36) uaziile
Inguaunsn (3-36) lud detuazlaflsiduaielowilinvasszuuianssisaunisn (3-37)

Y

7
R

3
SCa¥ae(8) = 7ml, (5) (3-36)
Vdc (S) & _3_m e 1
L) 4" (3-37)

* K. 3 1
— —_—w » —m - X
Vi) K,y + = e Ve
PI controller Plant

JUT 3.14 wnunnudenvesgunismauauussduliih

Amuali K, uag K, fonisdwesvesiiniuauiilevesgunisaiuny

wsarulndin deiuununinudenvesgunisaruauusaduliiihaiuisosanaladegui 3.14
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A a 3 < [ 1 & o 1 a [y
BASLUBDILATICVUNUNTNUABNAINGTT ‘WQﬂsﬁ‘lJOWEJI’eJU’N‘UWUE)\i@ﬂﬂ?iﬁ’JUﬂllLLiﬂﬂu‘lW‘W’]

aunsamuadlaanaunish (3-38)

1

<sf<pv+f<f»><3m>(4cj

de de

P (3-38)
I/dc S2 +S(3mKPV J_,’_ 3’,n]<iv

~

4C, 4C,

fauauittevesgunismvAuusnuliihaunsasenuuulinienisisy

s
a Aa 1 v

SEANTIEMINNMUINAINITYeIlantua1elawsUnvesdinruauluaunisn (3-38)

€

4

e

e =2 (il

unnuINAInIsvesilandudisloulslnvesssuudusiuaosuinsgiuluaunisn (3-27)

AIUUATINITITLADSTY
FIAUNITN (3-39) F9il

aaanuAuiilevesgunisatuanwssulfau saruaula

K L 8§\rwl1v Cd(‘

= (3-39)
K. - 4Cdva)jv ]

i 3m

A (% ]

gl £, Ao dnvdunviiavesguusaiulnih

»,, AD ANUDETIUVIAVEIgUL AUl

® N15RRNLUUMAIUANLUUATY

FrmuauLuuagUresszuuliinddeuuniosduiiniilunisaivay
n1suuanszualnimdonisuvadidelniianedasdndalniudazindasludy
Tnananuauuaiesiulasendonsfinundnuusanizueedinm (output characteristic)
vosudarunaidnglusluuuvesusenuan (voltage drop) lagAimiuauLuUAFUYBY
seuulsiinfiiansanduiauauuuuagulnunussiu (voltage mode droop controller)
finnsmuauusafulniinszuanssariuegiunszualaiiiiendinnvesszuy (Gao, F,
Bozhko, S.V., Asher, G., Wheeler, P., and Patel, C, 2016; Lu, X., Guerrero, J.M., Sun, K,
Vasquez, J.C., Teodorescu, R., and Huang, L., 2014) %’EmsaamLmuéfamuamwumﬂ

fana@Iu1saviilalaga fednuauzanizvoansisulnilnasnsenal A fanans
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Tuguit 3.15 FaangUazdanalein ms1nsvensngy (droop gain : K,) dadumsimes
YesiImuANLUUATURe Armduesnsdnvaziamzvesussiulwiiuaznszualiii (e
mArANTureInTmFIna1alag e 9B eanTg1u MIL-STD-704F Aifmuslviszuuliiingds
vuadestuiifiszuudmihonuulnlinszuanssuuin 270 V ussiuliinssuansefidandn

¥ =

viadalnfiinszuanss (main bus w38 DC bus) luaniizegdidesiareglugie 250 v
79280 V Aeifuadnsinisvesasudmivszuulaiihiifiansanaiusodiuanldain
aun13f (3-40) FaA18nsnsveeaguiidruanldiazgninlulddmiunissinua
Ansedulninszuansaddavesgunismvauusedulid (7)) Mgaunisvesnisaiuny
uuagUlnuaLsatudaaun1sil (3-41) dearuaunisutsnszualufimieniuaunisuys

MaslnirannesesnidalnidnsaziesaluddvaniaruauuLAs 90U

* V-1 drooj
V, P
de characteristic

Vdc,max T

Vdc, min ]

JUN 3.15 anwaslanizvessnuliihuaznssudlwihdmwsunisauauiuuagy

Viemasx —Viewmn  280—250 30
K — dc,max de,min — — ~
p =t ; - (3-40)

0,max 0,max 0,max

V.=V -K,I (3-41)

* A 1Y o

e V' Ao seeunsasulndnd1sdavesssuu

o

I @9 nszwabniivedlvan

o
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AItUINTIEazLBEANITRONRUURIAILANTIUARIT LU Laueliludiaduy
lassasranisluvesssuuaivauuasssuulniiidivueiesdunnansanauisanansla

LY < A A a L4 @ [ 1 =
ﬂ\‘iLLNUﬂWWUﬁ@ﬂIUEUW 3.16 LAZLUBILATIEULNUNINUEBNAINATIAILFIUTOLVYUANNITUDY

L3

damruaulddsiandduaunisi (3-42) Feaunisn (3-42) daggnirlulddmiunisiigal

Y

muuuasmadinaanivesssuuliihmauuesestuinasanlunsdindidaiuay

Current Controllers

Droop Controller Voltage Controller

= < o v = A aAa
E‘U‘Vl 3.16 LLN‘Hﬂ']‘W‘Uﬁ@ﬂ“U’eNﬁ%‘U‘Uﬂ’J‘UQNSU’ENﬁb"U‘U‘lW‘W’]ﬂ?ﬁﬂUULﬂﬁ@\‘iUu‘VI‘W@miﬂﬂ

I/

Z'=-K I -K KV, +KK X +KX, 6 +K K
q pv- T pq” de vt pgt Ty iq” " iq pv

Paq

Z, =K, I, + KX, + K,I i
Vie )

pd

dc o D" o o
‘ R v,

L b

N . . P
Wo 1=V - K, =V —KD(ﬁ +ﬂ]

a L3

3.5.2  MSNEUNILUUINADINAUAAIENS

Y

a [

n1sAgaunILUUINanInIsadartansvasssuulniinidsuuiasaetu

Y
dd‘dw o

s lunsdinddiaruauinlalagn1siiansanseuuaIuANRIRNAINNITNIMUUTIABY

'
T w =

vossyuvlunsainluidinuan Fedsnuansrsiuvesssuvlunsainliddiaivauuiay

aa v

lunsalnddlatuaude Handunisaindveasiigenszianianiinuuieniin (M,)

Y

Ty M, uaz M, Juilsddunisadndlunsdinszuulifidaaiuay Tuvaed M) uay M,
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1 a LY

I3 s o a e A gy N v v s
LﬂUWQﬂEUUﬂ']ia'JWSUIUﬂiﬂJ‘WﬁgU‘UNG]'Jﬂ'J‘Uf’]‘ll LUDNWINTUIAITUAUNUTIEKRINNDUNGAN

9

aa o

LD1ANAYDIRTIAU LN ANV 19T T HINTEUANIANT IRV ULDN TN UUUN UNLURRIA AR

Tuaunishl (3-18) M, waz M, aganunsadnnnlaainaunisi (3-43) fail

(3-43)

NTUABUNITBONUUUAIATUANT AN INUANIUYALTYUULNUNY UG AL
WAUNYUAIASAUNITA (3-22) wagaun1sh (3-30) A1Ua1AU Jga1u1sadngy

auns M uaz M, Tuaunisil (3-43) lelvsissannisil (3-44)

J(Z; + a)quIq)
(3-44)
j(Z; _ a)eLdId + wg¢m)

*

INUUUNUAT Z, UWaY Z, INAUNITAIAIVANVDITEUUAIANNITN (3-42)

q

adluaunsi (3-44) 9z LaHINTUNITAINTVD IS5 8INTLLANIANUIBLUULENANTUN T

a

Nszuvidiniuntuandlanea@unisn (3-45) Finaumsasdunaladind X,, X, wag X,

[ Y @ A oA X ~ a o
LUUG]'JLLﬂﬁaﬂ']u%@']I‘WlWlLWlIsUull']L‘Ll?.]\?"\]']ﬂﬂ']iWﬁ]']iﬂJ']@’Jﬁ’JU@ﬂJsﬂaﬂﬁgUU lag X,

' 2
=]

X, waz X, Wududsanuegiiiatuainguniseavay V., 1, uway 1, auaeu

]

.1 .
M :V_(—Kpdld + K, X, + K, I, + oL],)
de
M*—L—KI—KKV +KKX+KX—KKK£+—PCPL
q_V ratq vt pg” de v pgty iq*™ iq pv o pd D(R % ) (3-45)
de L b
+ va Kpd I/: - we Ld Id + we ¢m j
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n1siganILuuIIasanendinatansyesssuulniiindeuuiasosdu

aaa o

PRasanlunsdig fmuauaunsailalaenIsuue M, uway M, Tuluuinasswedseuy
nadiflifdrnuauluaunisd (3-16) dre M uag M’ arnaunisii (3-05) Fsduazld
wuusasaeadamansitlitusgfunavesssuuliihduuedosdudldlnindy
Aflszuudimirsuuulifiinszuansalusui 3.1 Fafigariunainizaduanaled
aunisf (3-06) lnsuvusiaosiildluaunisd (3-a6) dazgninlulddmunisAnunide
Aeafuiafosnmmvesszuuliiniifiarsan dudodumsbusuiuuudassiifigainld
faugndesnazarunsnilulddiniuns@nuiseifvaduiadosninvesszuuld

QWU’JR]EJ'JVIEJ']UWU%W?!%Q@?LUUﬂqiﬁi’Jf\]ﬁa‘Uﬂ’NNﬂﬂG}@\‘isﬂﬁNLLUU"\]’]@@QVIi@ﬁQi’]EIﬁ%La‘EIW

dnauel3ludedn 3.5.3

. K -R K
[d :( pd SJIII id X _ l]*
Ld d Ld
I.q :[qu_Rleq + vaqu Vdc K/WKMK Vb + K KptIKDPCPL i _ Kivaq Xu
L L LR, L 4 L
_ Ky KK
L iq Lq o
> 3 1 K I K .
V“C_zcd Vd.< Wb+ KX, + K LI —K, I + ol -K K, IV,
K K K, 1,
- M2y, - K, K, K,P, - + KK IX +K|IX
: Vb v pgt gy ig=q " iq
1
+ K, K, IV )= —1, (3-46)
de
-] : 1
IL' = VdL' - 1( - ;%
V.' :LI _ 1 _ PCPL
"¢ RC O,
K K, P, .
Xv= Vdc__Db CPL+V:7
R, V,
X, =-1, +1
. K K K K P
qu __Iq - vaVdc 2 b e K X + K vI/r)
R, v, '

3.5.3 msmqaaa‘ummgné’awaequaﬁqaaamaﬂn‘jmmam%

mimaﬁmaummgﬂﬁawmmeﬁﬂaaqmmzﬁmmam%%ﬁzwlw%ﬁﬁé’q
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¥
a a [ a 1

vupsesduniiasanlunsdliiddiniuan Muideingrdnusilaandunisiuisiiunis

v v

1% ° A =Y Y A o A
MIdeUAINYNFAeIvRIkUUTIaaslunsdissuuldidinuaudeiaten 3.4.3 dufe
Wun1siSeuifisunanisnovausresssuuiilaainuuudiaosnisadaaians
Tuaunisi (3-46) AUNANISAOUAUDITBITEUUNIAIINNITTIRBIANIUNITUVUABUALABS
aregaudonluiladidslu SIMULINK vuldsunsy MATLAB Taagaudanluiniideves
sruulwiirdsuuesesfuniiansunlunsdnfifaivauaiunsaglaainaianuan a.
° t% a s a a 2w = a s
Anualanisiiiinesyesssuulnihnfiansundudnisnead 3.1 uazn19dnesves
sruuauaNvaIszuUlnihAfiansan Fadudunlasunisiansanduduluided 3.5 4
wandlanem1s1ei 3.2 We ¢ waz o, TeIAIUANAIINIINUBSITUANINALAL (percent
overshoot : P.0.) WU 5% waziadnd (settling time : 7,) Haeninvsewvingu 0.04 U1

ANUUINIFIU MIL-STD-704F (Department of Defense Interface Standard, 2004)

MINT 3.2 MITwesVeITTUUmUANYassE UL I sanluguit 3.1

wisdiwes A1 I18ALDLA

I 0A nsysalnihuuLN UMY UA1$D

v 270 V wsarulHno19B9ve9sTUY

K, 2.476 8n5IN3veEdRdIuTRgUNMIAIUANLT UL

(& =0.707, @ =27x140 rad/s)

K, 1146.336 9n351N13v 18 UTHUS VeI UN1TAIUANLS AUl
(&, =0.707, @, =27x140 rad/s)

K, K, -1.772 anIINMIVeIdRdIuveIgUMIAIUANNTELELITN
(¢, =007 @, =27x1500 rad/s)

K, K, -8793.818 9n5INTVEeUTRUSYRIgUNTAIUANNSEIA T
(& =0.707, o, = 27x1500 rad/s)

K, 0.065 PNIINTVEEATY

[
(5

HAN1TATIVADUAIIUYNABIVBIUUUTABIMNANAM AN SN LT UagTuLIan

Y
voaszuulniidrdavuiasesduniiansurlunsanddinivqu deafigadnale

Aae3sAAkanelaRagUN 3.17 wavgud 3.18 Taeguil 3.17 WunisidSeuiiieunanis

novaueasdyunszualiihuuinuruAkazunUIUAY (7, wag 7,) Nlanuuudnaes

d
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0.015

—Exact topology model | |

]
|
0.01 — |
| == 13Q model
|
I

0.005 — Pepr= 15 kW Pepr =20 kW

0

Li(A)

e

0,005 — Pepr=17.5 kW

-0.01 —
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|
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| — Exact topology model
4 == DQ model

0.015 - ‘
0.05 0.075 0

=

210

200
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180 Pepr=20 kKW

|
|
|
170 Pep= 15kW : =
|
|
|

L (A)

Pcpr,: 17.5 kW

160

9 ! ! ! il
005 0075 0.1 0.123 0.15 0.173 02 0225 023 0.275 03

Time (s)
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€aN
.
=)
[SN)

17 MINTINADUANUYNABIVBIMUUTRDIMNATINMEnSVDITy Y10l 1, Uaw [

d q

—FExact topology model
== DQ model

I

!

|

|
Pep=20kW r\_

70 Pep= 15 kW

Vdu (V)

Pepr=17.5 kW

| |
0125 0.15 0175

| |
2 .225 025 0275 0.3

5
005 0075 ]

—Exact topology model
- - DQ model

—
3 95 — -
—

Pep=20kW

Pep = 15 kW Pep=17.5 kW

| |
1 0123 0.13 0175 (

80
0.035 0075 0

2 0.223 025 0275 0.3
280 —

275

270 — Pepr=15 kW
265 =

— Exact topology model
- = DQ model

P(‘p[,: 20 kW

Vip(V)

260
Pep = 17.5 kW

250 —

245 ‘ L ‘
0.03 0.075 0.1 0.125 0.15 0175 0.

Time (s)

0225 0.25 0275 03

JUN 3.18 MINTIABUAUYNABIVDIUUUTIAINNAMRMARSVBITYIU V., 1, WAz ¥,
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NIIAMAAIANSAUNANITABUAUDINLAINNITINABIANIUNISUUUADUNILADS

Slelnanmdslnihasia (2, ) fnsiwdsuntasann 15 kw Wiy 20 kW wazain 20 kw

et
w1 du 17.5 kW 1281 0.1 3uit way 023und audidu luvueiigud 3.18 10y
nsisuifisvluanizuasdoulufedtuiuzui 3.17 wilugud 3.18 difunisfiansan
é’z:gﬁgml,mﬁulw%ﬂixLLamaﬁmﬂﬂs'auéf’aLﬁwiz@mqﬁmlw%ﬂssLLamN (v,) nszualiin
flvaruaedaiidalwinlugalvan (1) wazussfulindvaliinszuanss (v,) Fea1ngu

s

PIFDIVLAILNALAIN HANITHOUAUBDIVDITETUUN LA INWUUI1ADINIIALAAIERNS

EN

TanuarvesUdynInaenna i UNANITNBUANDIYRITTUUN IAINNITINaRaA LN 58]

(%
[V

vuasufiamesnsluanitzdiaguazluaniizegdi dsduialunisduduledn
wuudIaemeedamansikiiuegiunalvesssvulihiduwesos Junldluiuinay

flszuvdmitswuuliiinszuansalusun 3.1 Fefigaduiainisaaduanaluy

(Y a

A IS b o Y o o = a v a
AUNITN (3-46) llﬂ'l’]llgﬂ(ﬂ@ﬂLLagaﬁﬂqiﬂuql‘UisﬁﬂqﬁiUﬂ'ﬁﬁm&’]’l"\]ﬁlLﬂEJ’JﬂULﬁﬂEI'ﬁﬂWWGUEN

Vv a d‘ Yo o 1
syuulanesvazideanaglasunisinausluunae o 1

3.6 dsd

9

Tuuny 3 Wlun191d11auon1sMgIUNIUUUIIa0INIIANAAIAATVDY
szuulndAfrdavuiasostunlstddrurndundissuuinuronuuliidinssnanss

wuuLASaan e lndaewazaned Faduszuulndianasunlusudseinednus

aa

fe3sAANNe I lILUUIIaDIIIAmAANAAsS YR TTUURLLTUa AU Fadunuuiians

Y

al

PiAnuzausan1sulUlTd1nSUnN1sAN YL AYINULED 8 TAINYBISLUU LA

andmenssuvesszuuliiidideuuaiosduifiansan nquiitugrufsasunisiigaim

LUUTIARINANAFIANSAI8TTAAT LagN1508NRUVFAIAIUANTBITEUULNANANS

vuedesduiifinnsanldsunisinaveneandenlinsluidenivesund 3 Theitusu

srudslédnauenisnsiaaeuanugniesvenuuitassifigaumlddionisdiass

anumsaivureuiamef lnsnanisnsiaaeuanugndesiliuansliiiiunas Sudulddn

LLUUai’waawwm’jmmm%ﬁhisﬁuasﬂJﬁ’UnawaﬁzUUIW‘WWﬁwé’wum%anﬁuﬁﬂmamw
2an

Faigalunanisamlinnugnasazamnsalvlddmiumsnuideineriuaiesam

Y9958 UULR
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a 4 = o a o
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4.1 uni
sruvldilrdidevuiaiosdudldladrurnduiilnanlnedrulvg Ju
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AT N dnuslariineiaiosnnvesszuulniiidsuuedesduiinansanlagld
Wnrsi i dudaduiinfunquiunaiaizas esainidnsfinarniuisnisiing
Lidudeunazlinanisiinsgiidaugnies Fansinsgiiadesnnseisnsilmdu
Faduirufunguiunadnaizasvesszuuliiifiansaunaiunsouanisoazidoald
favadieft 4.2.1 dail
4.2.1 mywATSEdesn ARSI lRTwTudY

mMsieTeiaissnnvesszuuili dudadusieiS i i dudady
SfunguiunAazasagizuduanmai i dudadu faduitnmsssanuanliilu
Faduiifiogluszuuliiaududadulngofooynsumdiaoidudunis 91ntuazends
nMslengiatiosnmiiuisnsiiuguemgufunauauiudadu dufie nquiun
19129 (J.E Slotine, and W. Li, 1991; 9Ady qewius, 2558) SauanssoaziBenldnsil

szuuilifudadunaslsidusgfunan (autonomous system) @1u1sauny

TamenuuInanssuUsanIuy (state-variable models) Aaaun15a (4-1)

x = f(%) (-1)

e x AofuUsan 1usa9ssuy way fx) Aedlenduldiduidandu

Puegiufiulsanusvesszuunaziuilsiduiiansameyiusliegissoiiios Amuas

aunsanseeilinty fx) seU 9 WUHTRNU x, MegsunsumdaasianEaunisi (4-2)

£ = fx,) + % (x-%,) + £, (X-X,) (4-2)

X=X,

g f,,, A9 WAUuAUE (higher-order terms)
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szgnanaanty Lazann1sldnisnszateounsumdianssununilafuynaunisoyius

Y 9

[
a wva YY)

dudunilavesszuunliidudadu lnefionsunseu 4 gaufuReu x, Astuazaiunse

a &

Usrunauszuutiidudadudsaunisd (4-1) TnidussuunJudadu faununie
WUUI1A0IA L UTaR UL LASIaUN1SN (4-3) FIaUN15AaNaNLAD hUUTIauRIssuUM iU
\Badu 300719158071 wuudraesdauauiaan Wesniduuuudiassinaisanssuu

i dugedulugiresnsivasuwlaniisndniessey q yaufiRau

{5)( = A(xo’uo)5X + B(Xo’uo)du (4_3)

oy = C(x,,u,)0x + D(x,,u,)0u

1087 A(x,,u,), B(x,,u,), C(x,,u,) W8E D(x,,u,) A9 tunTnga1latdou

¥
a1 =2

(jacobian matrix) YL A1TUBYTUAIFILUTANIUE X, LWAZA

g
Y
AUsdune v, 19AUJURMUNTIISN InegauURnuvesssuy

AuIilAan x = 0

nsiATIvilaiesn mvesszuundun s il uldaduaiunsaende
Bnsiuguvemguiunauanmdudadu dufie ngeiunaaizes lneasiansanain
A1L91294 (eigenvalues) ¥99LUATNTANALTEU A(x,,u,) TIANLAIZAEIUITOAIUINLA

%
v v =

JAUNTTN (4-8) AetUSTUUALTLEDYTAIN 18U (real roots) VBIAILANLAILAUDENIN

1Y

f
aud Reoulufananiuanslidisannisi (4-5)
det (AI-A)=0 (4-4)
Re(4)<0 (4-5)

g A A9 ALRNZAIVDNTEUY

i=1,2,3 ..,n(n A MUINAILUTENIULIITTUV)
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a a ¢ = o o = A g v
AtuLiloNa1TaNI T REd oA nYeszuU i Aasuuesoaunldy
TWiannFundszuudmuisuuulniinszuanss wuuasesnnidaliidnfeinas vane,
Aawandluguin 3.1 Tuund 3 medBnmsvhbiludadusuiunguiunananzanglan
NUULIIAINIANAAIaRsUeeszuU AN s nfigaunile
Y  adda o .:4' = = & ° a sav 1 & a v
AAsAAINIANN1TN (3-66) Tuun 3 Fadunvudtasmisadamansliiduitadu
anursavibidudadulilaserdeaynsundaasdusunis atuazlduuudianives
= & ° & a [ Y] A = a & =
szuudndunvudtaosmiudaduasaunisi (@-3) Tnauningarlardou Ax,,u,)

a5 uIdlafIaunsA (4-6) el

ST
sl, 61 oV, 6L oV, X, X,

q de c

ol ol ol ol ol ol ol o1,

si, &1, oV, 6l 8V, OX, 5X, OX,
5V:d€ 5V:1(‘ 5V;F 5VY;C 51/:dc §V;C 5V;{‘ 5V.d(‘

sl, &1, oV, 8l 8V, ObX, &KX,

51, I, oV, &l " o,
A(Xguy) = . ! A % . . . . (4-6)
oV, 8V, oV, o6V, - oV, | V. SV, 6V,
510l \NL

q de @

5X, X, 56X S6X, SX, 86X S6X OX,

si, oI, oV, oI &V, ©6X, X, oKX,
5X, 6X, 5X, 85X, 6X, 5X, X, 5X,
sl, ~6l, &V, SI. oV, X, X, oKX,

SX SX SX SX SX SX 66X 66X

q q q q q q q iq

L q c v id iq g8

patuaglaunsnganladou Ax,,u,) d1usultlunisAiuianiA1enzag
Worludasieiiafe sn I nveess uu NN AN T8N UNAILIIETIAILEAT
Tuaunisf @-7) Faanaunisasdunaladn wesndanladen Ax,,u,) JA10uagAY

= 1 [ 1 e 1 (Y
A Lo, Lo, Vios Vigs Xoor Xy %8 X, Geardandrdtidudluaniivaedi

o U URUARe5N InegaufiRnuvesssuvannsasualamenisiuunld 7, fq,
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Ve, L, V,, X,, X, b8z X, lusuudiasaniadinmiansaoessuuiiaunisi (3-66)

s

Tuund 3 Tvliawindueaud

K, —R K, ]
L 0 0 0 0 0 —— 0
Ld Lri
0 Kﬁq _RV KFVKFH O a(z 5) "VKF‘/ 0 K’q
L‘i Lq , Lt] L‘l
1 3K K, I, 3K, 3K, 1
aB3,) a2 a(33) - a(3,5) 200 4 4.0 7 20
Cdc 2Cdr Vd(,O 2Cdc Vdc.[l chc Vdc,(]
1 R 1
A(xyou,) = 0 0 A 3 0 0 0 (a-7)
1 1 P
0 0 0 — 0 0 0
Clv RL Cb Clv Vlv.(]
K, K,P.
0 0 -1 0 -2 Lo 0 0 0
RL V/:U
-1 0 0 0 0 0 0 0
| 0 -1 -K,, 0 a(8,5) K, 0 0,
Lﬁa a(2 5) A vaquKD - K/pr.,KDPCPL
' LL[RL LqVifo
a(3,1) = AL (-2K,,1,, + K X, + K1)
> 2 C(/( tho pd*d,0 id*<*id ,0 pd*d
3 1 K vK KDV;?,O
a(392) = ZC(,C .Vdc,o (_ZKMII;.O + a)f¢m - vaquVda,O - %
K K K,P .
_w +KivK(X|'0 +KiXi0 +KvKtI/o
V;ﬁ Prq 5 q q, P rq
P 3 . 2
a(3,3) _ZC 'VT(_KWIJ,O + Kid[d,oX,d.o + Kded.OId - quIq,O + a)e¢m]q,0
de dc,0
| vaquKDIq,oVb,o e vaquKDPCPL[q,O " Kivaqu,OXv,()
R, Vio
+K, I, X, + K, K, I V")
#(3,5)=— 3K, K, K,I, 3K K, K,P,I,
2 RL Cdc Vdr,() 2 Cdc Vdc,o I/112,(]
a(8 5) __ vaKD + vaKDPCPL
' RL V1720

nuaIngalatdou Ax,,u,) A@NN159 (4-7) wazArluaniizasdn
Aerudradle eadinualvnisidmesvesszuulndnfia s dusinisen 3.1 way

A15199 3.2 TUUN? 3 LAIUITOATUIUNIALINLIIVBI5EUUNH AN FIUULATDITUN LY

'
a a

TAunTundiszvuavurewuulninnsznanss wuuaseanialidmenazdaLnen
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Selnaadidelndliasda (£,,) TA9TU 30 KW HIUATEY “eigh)” vaelUsunsy
MATLAB 1 Tngidumaiiuvesaiazaanansldfagudl 4.1 d1nguasnuin Alazaaves
szuulnihidsuuedesdufifinnsanUseneudieAnanzas 4 8 4 wlefinrsandnsdin
FPWINANEIUITIVOIANDIZAT 4, D A, NUAIAIUITIVOIANANEDY 4, D9 4, zdAyinAy
10.88 eiAmnnin 5 ﬁaﬁ?uﬁqa’mwaaqﬂlﬁfh AR89 A D9 4, WuAe1zaauy
(dominant eigenvalue) Wiautaiuvesszuuliiniifionsan Tnernaizandunsedaauil

a |

wABNTNAsRLENLINMVBITEUY (NI 871330, 2560; ATy gueus, 2558)

4
(’xl(i

Imaginary Roots (rad/s)
o
I
> PN
[
Sy s
& A
st \*‘/
|

|
¥}
T

TN T

6 I | 1 I 1
-10000 -9000 -8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000 0 1000
Real Roots (1/5)

JUN 4.1 Awasvesseuuliihmasuuesesiuinfiansan e P, = 30 kW

CPL

dlofiasaunfianianisindeufivasfuniavesananzanay 4, 89 4
ag1azBuniielnaniidslniinpaiafinisiudsuudaslugae 15 kW 84 30 kW fawans
iugﬂ‘ﬁ 4.2 9ENUT ANRIANAY 4, waE 4, Sfeensedeuiilunisiudieiie (left-hand
side) ¥0952UULE (s-plane) tefiunuazldiniswdsudwndilelnandi &l

)
a1 A
HATN

a1 1

Wasuwlasly Tuvasiianaizasiu A, WAy A Tuaziisundafiuasuudasiunng
n1sdsuuvasvelnandiddlniinaesa Tnedfan1anisiadeudiluniediuaanie
(right-hand side) 1095z u1ULaRaz 1 lnEUAUIURAN (jo-axis) WnTuiies 9 1ilo
Inandrdddlninasiaddnfivunndu nd1afe Aa1zaudy 4 waz 4 Sisnsnase

VEDYTAINYDITEUULAEATI AIUUNISIATIEAEDYTNINYISEUU AN AN dIuULAS0aDUN
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174

AITUIAUITAIATIEALAINANILANAY 4 Az 4, 29958UUle laulduniauiuees
ANLANZANAU A, LAY A, vasszuulnimdeuuadesduildlniaunntuiifssuusming
wuuldnszuanss wuuiedessndalufiifotuazdaiion Weluanfidsludiaesy
fnsiasuutasnnn 25 KW fs 37.5 kW wandlddaguil 4.3

4
6210 T 1 T 1 n|
= 4 x A Pepr =15 kW
B \ 5
32 4,
£ 0 x
z \
£ i
=
E 4 X/ /.L(,
& I | | | | | J
-900 -800 -700 -600 -500 -400 -300 -200 -100 0 100
4 Real Roots (L/s)
x10
61 T \ o T
24 /x . Pon =20 kW
E 5
= 21 4, / -
2
2 0 ]
£, '\
':En li(
£ \x A
%! I ! I ! \ I
=900 =800 =700 =600 =500 =400 =300 =200 =100 0 100
" Real Roots (1/5)
> 10
6 T T |
IR I % Pepr= 25kW
E A o
€50 5\ \/L, 4
£ 0= x .
/ A
B0
Ey & x/
6 I I I I I |
-900 -800 =700 -600 =300 -400 -300 -200 -100 0 100
4 Real Roots (1/8)
*10
T I T |
® 4- % Pepr= 30kW
E A P-4
£ 5 2 -
Ly \ i |
= 0-— x -
: 7
g2 A -
El A
E - 6 \x 4
& | I ! | I |
=900 -800 =700 -600 =500 -400 -300 -200 -100 0 100
Real Roots (1/s)

JUN 4.2 Ananzasuvassruuliihmdeuueseosduniansan e £, Insidsunda

' £
a =

N3UN 4.3 azdunaladn elnanideluiiaeda (£, ) TAnANTy

a1 1

W 35 kw d11939vesA LAz nAuYessE UL NN sz liA NI Aue Fadunsain

Lahdulumudeulovesaunas (4-5) Aszylian szuvaziiiadosain d1diua3aves
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Anangasdiatosniigud dduiigaufoianud ssuvasaaeiosnin Jsanunsoagulé
szvuluiihidsvuaiestuildlniiundudidssvusmisuuulnfiinszuanss
wuutadesdndalififeanazdaiien fsuandluguil 3.1 luunil 3 9ziliadiosnin
delnanfdslulilasiafiandesndt 35 kw uazazviaadosamilolnaniidaliiinassa
fAnifuviesinndn 35 kw feuiierdunisBudunisuaaiissnmvesssuu g
vuinIeadufifiansan mu%%’a%wmﬁwuéﬁﬁﬂﬁﬁwLﬁumsmmaaummgﬂéfawaﬂ

a ¢ = = a Yo o v a
NM3IAIICRLEDYTNIN qjﬂa']lnﬁﬂLLﬁﬂ\ﬁqﬁJﬁSLaﬂﬂ‘l@@\iW'}%@VI 4.2.2

4

6 x10 | : —
Pepr=25-37.5 kW
-_—

4 ® x x x x %

0 25 kW 27.5 kW 30 kw 32.5kW 35 kW 37.5kW

L AKX/

Pepr=25-375kW
—_—
| | & 2 |

-6 d
-600 =500 -400 =300 =200 -100 0 100 200 300
Real Roots (1/5)

Imaginary Roots (rad/s)

/

x

JUN 4.3 Aewanawesszuulnih i sanalddwiumalasgiatssam

4.2.2  N1IATIVFIUAINYNABIVDINITIATILALENYTNIN

N1395I99BUANNYNADIVRINTIAT MR o sn I luWITeInednus
a1fan1sdiaesdaun1saluuneufianes tnaldyaudonluildidssaudu SIMULINK
vulusunsa MATLAB Gagaudenlniinirdevesssuulnfindrdsuuiaiesuifiansan
ansagldanaanuIn A, edsdanuunsgIu MIL-STD-704F dududefmundifnan
uagoenuuuszuUliiiduueIosdudosufoRnmaznuin snssiudenanlfiduuay
Tiarudrfyfunistinundneasianizeessaiuliddidalianssuansaiadu
FremgiinisnsivdevuarBudunavesiadesaimaesszuuluiiifiansan

Tusuideinerdnuslaziiaustanizn199oUaUIvId g uusIA Ul 7
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Jalwinnszuanss (1) Wity wazazlduinsgiudinarrdimiugisdanisnsiadeu
NANISANBIITENINUAL NV I NaN1SANw1Id8veaine1dnusiiauldiene Jananle
1NN15I180IFDUNTUVUABLRILABSA1USUEUTUNISVIALED 8 TA I NVBITEUUINANANSS

A4 a da Yo =i o &
U‘L!Lﬂi’eNUu‘VI‘WGD’ﬁm’]LLﬁ@ﬂlﬂﬂﬂz‘U‘ﬂ 4.4 U

40 . ‘ T i T
35 | I 32.5kW f
. | 1 35 kW
30— | | -
—~
A | | } |
=
I | I l | ]
o B | I | | ]
10 — | | | | -
L | | | \ |
? \ I | \
0 | } | Il | 1 1
0.1 0.15 02 025 o3 0.35 04 045 015 0.55 0.6 0.65 0.7
| I | |
325 | I | | | |
310 | | | |
= | I | |
205 | | | |
250 - 280 V followinglon MIL-STD-704F stanklard 1 |
e [ Y RN I !
Z 265 | | | |
= .
> 250 v~ M ————————— ST - i
235 | | }
220 | Stable |
205 . ‘ ! ‘
0.1 0.15 0.2 025 0.3 035 04 %
Time (s)

JUN 4.4 nsgudunanisieseiiafissnnaienisinassaniunsaiuuneuiines

mﬂgﬂﬁ 4.4 9znuin dleluanddslniiasda (2,,) fnsUdsuntaann
32.5 kW TUs8u 35 kw f3a1 0.5 3unt seuvagiinnisviaadesain dedunaldan
wsedulnindidalwihnszuanse (v,) 3n15dulng (oscillation) 1uegnaunnuazfianlinad
Tuda9 250 V ie 280 V anufiuaasgau MIL-STD-704F L& druualy Snfausedunin

luanngegdilaniniu 73.4 V dufuandussiundigeganuiinsgiulamvualife 6 v

o
a wva I

mndsndlisruuinnusennufiRnuiensrdsmanoaussougn1sinauvesssuuaua
v3eeadamaliiAinaudenedeszuulagsuiinadeauUasadoveaglaisniely
w3esduld wazilloTouifisudunailfainnisitaseiluguil 4.3 agwudn WWinad
denndosdu dufe sruulnididsvuiadesduiifinnsunazvimaissaaniie
Tnansdslnihashiidihfunsennndn 35 kw saiuafunsuduléin dnazaasiy 4,
Wag A, Y0IITUU %ﬂﬁﬁmmléfa1ﬂLL‘U‘U?&’Waaqmmgﬁmmam%ﬁﬁqﬁ]ﬁmlﬁﬁa83%‘5633 faudn
938INABN1332YN3 005U TURITBIAUNLIBNIINIBATMN (physical meaning) wifd115a

ldmunisiasigiadosainiieninin13an1seiatadesainvesssuulninmgs
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v A

d' a nzllq v 1 o d' o @ Y 1 o w Ly
vuAsesdunisanldegsgnies uasiddyngadunisuanddiiiuil nanmaslniae
dsnariliszu Ul S IUELATI0UNRANTUIARNISVIALETETAIN TALNISVIALEATLTAIN
YBITEUULAATUNBUAIAIFILNAIRNAAVBITEUY (Prared = 60 kW) #9TUNITUTTEN
al U d' o [ o = I AI n:l'o [ o I3 1
nsvatatesnnduilesunanivanniadiniiasdadadudendraguazsndusgreunn
e ldssuuNvIatafesaInndvu IitadesnInLazsaituisaringIunate
lusgauidalningaduaudaseauidaluineaiidea lnenisussminisuiaadesain
I3 =2 a o d' [ = o o d' a d'a d' Yo
Wun1saneddenenduiatesninvasssuuliinsiidsuuaseadunfansannazlasunis

Usggnduazimuiduluanuddednerdnusd uazazlasunisunaueluundaly d1msu

]
LY =

Tuun® 4 didevnazitulunnisimsieianesnmueessuy neluimden 4.3 Fuduride

[

falu azdun153AT 129 DNaNTENUVRINSHUAsULUAIAINIS LMD S RdINaRaLER s A N

[

7
299520 INANA9ULUASDIDUNNANTUN FIENUNTOLARNISI8AZLDEALARIT

43 n15tUA8UBUAIATNISITLADSNAINARDLADESATINYD

sruulnnfifansan

Tneund Arrudveslndinssuaasuiinanladainaiessnialafiaes
szuulnfinm&suwadosduiiRonsanazfiaaediuingu 400 Hz wisgslsfnuaiudaes
i nszuaaduiionafinisivdouuvasldlugas 320 Hz §9 800 Hz A1UNIATTIY
MIL-STD-704F s13apmnsifinesvesasdiiasiniihenainisidsundasluniuninuena
ﬁuaqmamLﬁamﬂ%gumaumiaﬂé?qqﬂﬂsaisuaqszw Tugaefidnnsines1091995n509M5e
Winsy aﬂ'mwswﬁma%suaa(?hmu@u‘ﬁ'ﬁﬂmmlé’amé’mwdaumwﬁmLLazﬂamﬁasamwa
Lﬁumﬁ?ﬁuagujﬁ’umsaam,wusuaﬁmm Faanusaasunvadlinuanumunzay fey
A15AnEITEFINanTENUYBINSIUABLLUAIA ISR NS TidIHaR LT 8T AN VB ITTUY
Fududeiavlauagiieuddglisdluannsinsehadosnnvesszuu faemai
NI dnusiasldsdunisfneiseimansenuresnisildsuntasdinn e
Fdsnaroiaiosnnvesszsuulniiiduuindosduildlniinuntuditsruusmunouuy
Iwflnszuanss uuuiadesidalrlfiufenaziafor fawanddusuil 3.1 Tuunil 3 Tagld
mMyBnwiaiosnmimeiSmailiidudadusuiunguiunaiazasiondeuuuiiass
nsadna1ansveeszuufiiigauniladiedsaas uazn1InsI9aeUAIILgNatYes
NaN1SILASIEATLAaYefan1sansdn unITaiuuAeNiamesiaeTUTLNTY MATLAB 4

ANU1saLAnIS 1AL RuR lenara Ul
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4.3.1  nmswasuslasanudvesiniinszuaaauinanlaainiasasnidaluii
nrsdasundasalrtudeesludinssuaaay (£) Audalaann
w3asnndalnihddasdaviaudinanaisvessevuilunaunainainuniigmey (o, ) fadu

{ueunudunmvaawasasnialniliinisidsuwlas aedutilamnudveslninnsswaadu

T o q

a

Audnlaarnasesnudalnidnisidsundas lusaesnsfwesau q dsasiiaia
AIN19199 3.1 4azn15197 3.2 Tuund 3waflaa1nn193tASIERLAN8TAINAY
B bidudadusiudunguiunaiaizasiiondowuuitasmisadamans ause

asduduaatiosnin (Instability Line) ladsuandluguil 4.5 Asil

80
e
70 M.
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lusun 3.1 waglaeduieseasdealiluiiden 3.5 luuni 3 Fan1smirualagAILIUm

T
I

wsasulviiveaunasdnguuinunsud (7, ) dawiifugud tazusenulniivesunasdng

a1unsaviladaanisldinadenay (Phase Lock Loop : PLL) Tnsmaunuli

ULIAUNYUAT (V) asliA1indunsinueenveswnasanglniinseuaadu (7, =V,) sy

(%
a - s * v v

n1sivualiseaulniiveunasIrguukn Uy uA 9198 i Auaud (7, = 0 V) faliuille

U K
T
2

warileandun15aindue3995i389nTZRAN1ANTILUULENANULLNUNYURARAT WaAAIAY

Auali ¢=¢ —— aglaussrubiinvesunasdngliiinszuaaduuuwnunyudad

AUNNSN (6-6) hazAUNITN (6-7) HIUAINU

V=V, Cos(¢s . (@—%)j = V,cos%) = 0
(6-6)
Vi =dVn Sin(@ 2 (¢s_§)j = & sin(%) -V

R (s
67

m

M, :—Esin((@ —%) - ¢can.j

WeldfiansanszuuaivauwazMsaivatesa sl iudvesyanagay
Y % & da & day - o v v & P2 Aa
AawanIgNuNFnLariunFdulugun 6.1 muaidu faduann1slgisn1suUasaan
WeA1TaNan151uvesnaIReliinnssuaaduauiawuuanna 19950599199
Inseuaady warguniniaindvoaiaasiseanseuaniantiwuuuanfindenlaes uie

Tudesiu ganaaevvasssuulninmauuesestuniansanlunsinlull ssuuaiunuuas
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n1safrafesningalsuitatunsounulanie193sanyaot19918 N UULNUNLUART

Aananslugun 6.5 fsil

DLyl } Pepr,

JUN 6.5 2asauyaegshevununuffveanaaeulunsainlifissuuaiuay

wazlifinnsasraanusnmdausus

Isd :_i[sd + a)lsq - _I/dc
F LF
. M
I\'q = _a)[\d - ri [sq N Vdc W L Vvq
*  3M 3M 1
V. =—"2I, + L - —I -
dc 2 CdL sd 2 Cdc sq Cdc c (6 8)
. R
Ic = L Vdc - = Ic - L Vb
Lc Lc Lc
> 1 1 Fepy

21NNTAUATITHNNTALYADI N BULUN UM UA RV IYPNAGOURITUT 6.5
é’wmsﬁmgLLiqé’u"LV\IﬂwmLﬂ@%ﬁuawmﬁmiwﬁfmauﬁ 1 f42950Uft 3 (Loop 1 - Loop 3)
uazthngnszualiifienaesveniiuniieseiluadl 1 uazluadl 2 (Node 1 - Node 2) fwiu
wlfuuuianmuadinaanidlituegfunaivesyanaaeulunsdilifszuuaivay

1
P

WALNNTASIWADYTAINTIUSUFIWERIAIAUNITN (6-8) TaewuUIaaInlafsauni1si (6-8) 1
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ggniluiausegend msunsiigatnwuuitaswesyavaaeulunstiidssuvunuay
Tudgdudnly

N15NFAUNIUUTIaINNAAFaA ST LT AULIaNveIYANAG DY
TunsalNdszuuaiuAuaIu1savilalagfiansuIanIgssuUuAIUANLUULINIADS

= v a a 9 v X Ao & da a

LAEAITUTTNINITVIALETETAINAIENATAQUENLAN AILAAIRIEHUNTMILAZNUNE e
Tusuf 6.1 M1ud1du WainaInIsMIkuLIIaesvesyanagevlunsainlddssuuaiuay
v av v a Yy v ) 1% = a v v o 1% & A
aetaesurslutidy lurasNdiuvetsaunisasruadosnmgausudinsuansng nui
dflrluguan 6.1 FeviminuSulasudrgnsivetgdeunduveunatingUanidn (K,,)
munsasullasvedinandmiunisadinadssnimdalsudivasganaasu aglasunis
aSuresvazidualuiiden 6.2.2 Fudunisfinuiduineaduiadesninvesyannaou
Aatutiielafiarsuidiuvesaunisairnadosnindeuiudd Tassadrenieluves
FEUUAIUANUBIYANARABULLBIIN1TUTTIINISUIALadiesnInaiswmadagUuendn uanala

Aaukunmuienluzun 6.6

Eﬂﬁ 6.6 LLN‘LLﬂ’]W‘Uﬁﬁ)ﬂ‘?l’e]xﬁ%U‘Uﬂ?UﬂN%@ﬂﬁﬂ%ﬂﬁ@ULﬁ@ﬁﬂ’]iUiﬁWﬂﬂ'ﬁ“U']ﬂLﬁﬁﬁliﬂﬁw

mewmaliaguanian

<3 PN [ Y1
NUHUNINUFENTBITTUUAIUANTUIUT 6.6 azdunaladn ssuuaIuAy

Y8I9IFLINTTRANANRUURENTINYRIYANaaeUTEUU A& AT 00U T
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A o = Y o
LHBUAITUTSIININITVIALEDYTAIN UTeNBUAY @Uﬂ?UﬂNﬂi%LLﬁlWﬁ’]Uu

WAUNYUARAT ArAtuRuLTIdUliin drptuRukuuasy dekansdlreiundnilugua 6.6

1 [

= & W s Aa a dAa = o % a v a
GﬁﬂLﬂumqﬂﬁUﬂqNLLUUL?ﬂLW@?UULLﬂuMQu@ﬂULﬂﬂJV]ﬂJ@EJLLa'J LLa%ﬂJIﬂi\iﬁiqﬂ FIUNIUAUIN

Y

o A Y} o w 1:4' a a a' av v
ﬂ']i‘V]'N']‘NLGU‘ULﬂEJ'Jﬂ‘UiS'U‘Uﬂ'J'UF’]ﬂJ?J@Qi%‘U‘UIW‘W']ﬂanUULﬂﬁaﬂUuzﬂiﬁiuzﬂﬂ 3.1 @]'11]‘1/]1@
a = o v A A a a o 1% X da a
@ﬁUWEJﬁ']EJa%L@EJ@I'ﬁUﬂ'JSU@VI 35 IU‘U‘W‘VI 3 LLaSLVlﬂuﬂQUEJﬂLaﬂﬂﬂLLaﬂﬂﬂ?EJWUVIﬁLGUEJ']

lusui 6.6 Felagniiadlulugunisaiua ¥, v8958UUAIUALLANNEUTIININITVIN

'
o o a

e SNINVDIYANAADY dIUSUNITRBNLUUTEUUAIUANALNTRE uAD Felawn damruay

Y

9

nsgualnivuinunyuaal fatuauwssuliii wagdiatuauwuuagU vBIYANAFeY

&

[

amnsasiunsidiuiisafunisesnuuuiinuguvesszuuliiiidauuniesduais
auseazideaildiiauslindaluinded 351 luuni 3 udn1seenuuufaialuay
nszualirvuinunyuifiaziinnuuandrsiudnies lnodmsuszuuliiaiideuu
n3esduaialdendoaunisnainvenuniosdnialuindlasdavinuiindnains
efigardyiladdudielourslnvesfaniugy uidimivyanaaouazedoaunis
ussfuliihiinnasesnsaseynsuvesauiumunelufmieiuasanuimnienives
29930389 faaunisi (6-0) lunisiigatimilsddudrelonrslavesiiniuau Tuvaziinig
senuuUiImUANLsTulWiuazinIuAuuUUagU v89szulnfiidsuuedesduais
wagganaasuliininuunndiiy Faduannrsdudunisaiudunounisesnuuy
ssuumuRNfissazideailiinaueliluiaded 351 Tuunil 3 dAwisdinesves
AantuAuiilevasgunisatvAunsewalniuuununyud gunisaiuaunseualiituy
LUy UA gunisatuaukssauliin wagA1dnsInnsveteasy dnsuganageu
szuulifivindsuuadestuifiansanlugui 6.1 arwrsaduialdainaunisi (6-9),

41NN (6-10), AUN5T (6-13) wazauNISh (6-14) mud ey il

K, = 2.w,L, —r,.

K,=L. (6-9)
id — F%ni

qu = 2§ia)m'L1" T

Kiq = LFa)ji (6_10)

LAgNnauYALY8YIAIAIVANNTEWA LTI VUL UNYUAKAT WA UNYUAD

A11150ANUIULARIANNTTA (6-11) kazAUNST (6-12) AUAIRU
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VizVa=Ve + ol (6-11)
Vi=V,~V, - oL, (6-12)
K — 8§va)nvcdc
. 3m
K. — 4Cdca))12v (6_13)
iv 3m

Vdc,max - Vdc,min 5 280_250 _ 30

K, = 7 7 Vi (6-14)
0,max 0,max 0,max
Phase Lock Loop : PLL
aiaininteinieinieinininieininteteinintainintatnly v 2NN 250 W  \Eiuiutuintateinteteieie ittt I
: I
- V. % !
e R - = Vig
I 1 1 Vi abce to dy | v
[ A (A f sd
b = be via |
. 1 ? ; V. | Park’s Transformation Via o~ }7 77777 |:| 77777 ;-;7: w 1 | @
e —f-b‘ L — - ‘ K i T 1/s ¢l . ¢
! s 3 3 =+ + : :
| |
; ; | |
! L_ 1. __PiComoller ____ '
I
I
I
|
I, " A N K 1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, I
¥
V=10

JUT 6.7 urunmudannsinnuveaadengy

ndtanarilulusneuduiinisiivuaiagaiuiumiyudiniunyu

aa DY) 4 av a a 9 v < = 9
LAUNUARY (¢) vosyanaasuliivindu 4 5 NATeIngdnuslyinadenguiende

a

n1saruANliLssiulinvesundssuuwnunyud (7,) faiiduaud danisinauees
wadengudinaniuansladaununinuianluiun 6.7 Insainguasdanaladn ladongy
LTUAUNITYINNIUAILAITNTINIUNTONTIVTALTIAUTZNI19@78 (line-to-line voltage) Vo3

L V) wandsuliduusaiua (phase voltage) tufe 7,

sa

wrasanelwinnsenaadu (V

a

[

v, wag ¥, wediuseauladraruanlalvudaddlimiduussdulviraeanavy

sc

WAUNLUARINIENITUURIY0IUSATID AU NS UNLULAUNLUART TaA1uImlaiag
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Jwerdnnannaienguignleunduanlddmiunisudasifa anntutiussiuluinves

wnasdnguuLnunyud (7, ) irggunismuauiiieyilviidwvindugud arenisiivunali

doyeyrug1edevensesulniindanaiuinduaud (7, =0 V) Fo1innvesgunisniuay

wsesulnifangnifie auiigauvewrasdngwssdulninnssuaadu (o) wagillon

[

a o & { a Y] ! Y ° a { 1 o T
Uifusvesnnuiidaadandnn asldyudmiumuunumyuifaiviiu 4. - Tae

A o

YUAINTUNYULAUNYUAAINATUINNILE 520T9AUDLTIYUV0IUNE I

[

wsenuldiinszuaady usaduluf1v0aunaadngUULNUNYUALA LA UNYUAY

Juerdwaveanadengy Feazgninluldlussuuamiuauwuuiinnessssyannaey

[ '
A )

AauAdmilugui 6.1 uazazdunalaainunuainudanlugui 6.7 16endn n1saauny
wsanulnivesurastrsvusnuryuive uadengy Muidednednuslddiniuauiile

= o I3 i a s Y ! a s v ]
KINEY Kpp way K LﬂUQqWWiWNL@EJTUaQW'Jﬂ’JUQN I@‘EJ@'WW'WWZJL@@i@ﬂﬂaqﬁﬁquqiﬂ@@ﬂLLU‘U

ip

v [

Ladae3snsuuvanuInsinuzauign (symmetrical optimum) (Wa@vns A1uRUsEIUS,
2559; Leonhard, W., 1976) ASaun159 (6-15) A9t

-~ [0
w ;m—
l. (6-15)
K =
Vm

eyl 7, A9 na1nstnsieens (sampling time)

dvsuwmadagleoniandanundvedlusuy 6.6 lagnuiuidluly

=

a da 1 v o & da P =
sruuAlIUANLANNTaguaIsNundmlugUd 6.6 LTOUTTININITVIALADETAINYD
Yanaaau lagn1svalenseiidanavedluanidsliiiiginafinglenidnvesyanagaay
ladniunisiiuguarvauusaduludinszuansaiinnasoudivuszynisdiu
fianszuansa (V) Fearuisavitlalaeeideai uduiusves ¥V, wasnaves

dc dc
laafiiadlniiaeda Tufe WeNa15IlUUTIABIMANAFIER U098 UURIANNIST (6-8)

luan1izedsi Inemualinn 9 auniseyiusluwuuitaesdinuindueaud (x = 0) atld
AMUFNRUSIRY ¥, wasnavasinanniaaliiiasfinaaunsn (6-16) Teuanalymiiiuin
PCPL

V,

EN

navadlrnanniaalniiesdi Jufs wad iAo anuemduuin FaTunINAaINISAITA
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navaslnanmdsluinsdinugualuay ¥, agdesaiiedyanunsensedyyinasng
a a v o v o ! 1 = o v & Ao o =

Lafigsn A lURnA1InadInaInIuIAsoInNIEaY AdLaniIgNunddedluun 6.6

Fodunisandunisiguiieadunisussminisviaadesainalsmaiinglenidnues

seuUlninAdauuATaaduasaifiensan aanlaesulgsieazidenliluiiten 5.2 Tuuni 5

Vdf[l + j}ij ¢ Bl (6-16)

WodiasighununInuienvesszuualuAuluguil 6.6 9vaiunsaiden
aunisvesiimuanlunsalndnisussmnsnaadssammginaiaglenidnladwans

Tuaunsh (6-17) sadl

Z,=-K, I, + K,X,

id*™id

+ K

pd

*
de

Z,=-Kk, I, -KKJV, +KK X +KX +KKJV, —KK,Kg, E(V}

i
b

IINN1T8RNUUUAIAIVANALAAINUANIUYALY Y UULNUNYUA LA L
LAUNYUAIAIEUNITT (6-11) wazauni13i (6-12) mud1a v azlafleandunisainduu

LAUNYUAAIVDII99ITeanTEhanIantauuvneninlunsdnddinivagu (M)

LAAIAIANNSNA (6-18)

J(—Z; + oLl )

(6-18)
j(_Z* + VSq - wLFde)

PNTUWNUAT Z, WaE Z, 31NaUNITAIAIUANVBITEUUAIANNITA (6-17)

adluaunis (6-18) aglafeanun1saInduulN UMY UARIYD AT HINTERANIANTN
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= A = = o a a o A
LUULaNNN LN@Nﬂ'ﬁ‘UiiLVﬂﬂqisﬂqﬂLﬁﬂﬂiﬂ']‘v\lﬂ'lEJL'Vlﬂ‘UﬂQTJEJﬂLaﬂLLa@ﬁ@ﬂﬁﬂJﬂ’]Tm (6-19)

[ 4 I Y v [} [ o w L4 d 1 A
wagimualy 7, 1luduusaniugddluvid dmsuldlunisiidanail ~| | vitean
b

o w L3 (%

ANugudournuuIIanasiigalnils wuhsidunisiidanateyiusainaiily

q

n1sfigaunILuudassesszuulnihiduwasesduateiiasulledmaiaguenian
nanleesuleseazdealilusiiden 5.2.2 luunyl 5 lageyiusvesdindsdenans (7, )
ausaA1uIlaf@un1s (6-20) LagaINauNITAINGT 7, @a1u15af1uInlaain

AN (6-21)

.1 .
Md :V_(Kpdlsd - K, X, - Kpdl.vl + a)LFISq)
dc
M*—IKI K K V K K X K X KKKV” Fen,
q _V_ g’ sq + pv Tt pg’ de Ny " pg v iq* ™ igq + pv S pdT D R_ + 7 (6'19)
de L b
df 1 .
+ KPVKMK,,BE — | - K, KV, +V, L1, — oL,
b
]. _I. ol vaKPqKFBi i
sql = Tsq (6‘20)
L, di\V,
K K K 1
_ pv: T pq T FB
e aleloialda (6-21)

n1sfigaumIkuuIIasImsalinFansvosganaaausyuulniinfdidauy

LAT99UNNTUN TUNTAUNTTEUUATUANKAZNITUTIININITVIALEDESAINAIE LN ATIA
guenidnanusavinlalaenisunuan M,, M,, I, uway I, TUKUUIIa09v89YANadeY
Nay 1 P % . M * ~
nsaildfiszvuntvauluaunisi 6-8) e M, M), I, uar I, 31naun1si (6-19),
aun139 (6-20) wagaun13i (6-21) muanu fatuazlauuuitasmeadinenansiliduey

Autianvesyanaasuszuulniiimdsuuasesdunldluiuinduniissuudmuisuuy

T nszuanse wuutaIosnndaludfenazUaned Weln1susImINISVIALERgTAIN
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mewaliaguenidniuguil 6.1 Faigaunilacmeisafnaziluuuudtaesiiaiumunsay

sanstilUlgd nsun1sAneldenetuatesn I nLanalafaunIsy (6-22) Aadl

. r.+ K K. K
I, z_(ujlm + _ldXid + = I:d

L, L, L,
- [(rn+K, KK, KKK KK KRy 1
sql LF sql LF dc LF RL b LF I/b
+ KivKPq Xv + ﬁX[q + vaqu VO* + vaquKFl?z(rF+qu)_i
LF LF LF LF I/b
. 3 1 .
I/dc = 2C V_[ pdlxzd - Kidlstid 1 Kpdlsdlsd + qulsqu + lysqlsql
dc dc
KK IV, + rfwbo, po gk ox
+ pv T pqgTsql’ de + R— sql” b - v pgTsql Ty
L
2K, K’ K
- K1 X, - K KV +|-—2"1 2]
iq” sql* " iq pv T pgTsql’ o L sql
F
Kz)vK:’: KI%‘B 1 K2VK2 KFB
#7}) - %V@ + K, K, K,Fp 1,
_ Kzz)vK;qKDPCPLKFB L + vaKiva)qKFB X
LF I/b LF ' (6_22)
2 2
+ vaquKquFB X + vaquKFB V* -, vaquKFB ji
LF K LF . LF Y I/b
_ KIZWK;qKDKFB _ LI
LFRL Cdc i
. 1 R 1
Ic = Vde - . c _I/b
L L L
o1, 1 _ Lo
b c b
b RLCb CbI/b
. K K,P
XV :_I/dc — b — + K*
R, V,
Xy=-1, +1,
; vaKD vaquKFB 1
X[q :_Isql - vaVdc - I/b - (vaKDPCPL _—)_
RL F I/b
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A5 6.1 WswesvesyanageusruuliihiduwaIesdunnnnsanlugun 6.1

wndwes Al FIUALLDYN

v, 100 Vimgphase  WiaNa18lssulninnssuaaguansinaiuvauna

f 400 Hz AadvemasTIBussTulIinsTuaaY

e 0.7 @ audumuneluimienihvessainses

L, 2 mH Auileniveniasnges

C, 1.45 mF Augbiinvesiuiulszgmeulnihnssuanss

R, 5.54 mQ ANNATUMIUYRIEEaIa AT TLanSY

L 16.34 pH Aumionivesaedriidsluinnszuanss

C, 0.99 mF anugliihvesddniudseqluih

R, 60 ANUAUNUYRILYAA

Pers e 2.2 kW masbnihWinvasssuy

m 0.90 Aviinsuegian

v oV WU YD IUME TN UL UNY LA 19D

I 0A nsgualwiluuLnuNY LA 9B

v 270 V wssrulning198avesszuy

K, 1.288 gnTn1sveedndluresgUNMIAIUANLI IR Ul
(&, =0.707, 0, =27%60 rad/s)

K, 343.462 9n31N13veeUTRUsVRIgUNITAIUANL IR Ul
(&, =0.707,w, =27x60 rad/s)

K, K, 17.069 9n51NTvEdndIuTagUNTAIUANNTE LAl WY
(¢, =0.707 ,w,, =27 x1000 rad/s)

K, K, 78956.835 gnTn1sveneUTuUsvesgUnIsAIuAunseualiin
(& =0.707 , @, = 27x1000 rad/s)

K, 0.8 9nsINSVEEATY

" 17.772 gnsmsvenedndiuveuadengy

(w=27x400rad/s, T, =50 ps.)

K 5612.736 gnssveneUIiusveadiongy

(w=27rx400rad/s, T, =50 ps.)
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I
LYY

- [ Ao ° A a ¢ Y o = a
faduterdunistuduiiuvudtaesniigainilansaunisi (6-22) &
Augnaekazarusatlilddmiunisfnuideiferduiatiosainvesyannasula
NUITEINGUNUTIINTINABUANNYNABIVBIUL U807l Tnedniiunisiduifediu
N13M59980UAIINYNADIVOIRUUTIaBevasEuLldiAdsuuLATe aduaTaniiansan
Y a M v oo [ = = & A & = =
AeswazBeanlidnaualindluuni 3 wasund 5 dufe WunswWssuigunanisnovaues
v oy ° a - 9 v oy
Y0453 UUTIlAIINLUUTIRMNNATNAERS AN (6-22) AUNANITNOUAUBIVDITTULTILA
31nN1591809dn uNIsaluuAsuinesalayaudentniliA1daly SIMULINK vuluswnsy
MATLAB Tnggaudanluiiidsussganaaeuszuulniniidsuuaiasduiinosanaiunse
alda1nn1ANLIN A. LagA1UALANITITN0SUBIYANAAOULAAIAINIT19N 6.1 1ae
Asfimesianaduainisiilimesvesyavnaeuaseiitaassluluiesujifinisves
anrduwmalulagnisdunazeInid un1Ang1deuenfianey ans1ve1idns waglaunain
nmsameienislddanimesuuulisiewa (phase sensitive multimeter) 3a.lugunsal
dmsuiiaTigrinisnauauadianItud (frequency response analyzer) saufiunisidgunsal
MTIATIEIBURLAUTLUUABUTEEU (impedance analysis interface) FaluinInsiodusu
ATIENBURUAUDS (impedance analyzen 1aen15IA1A1IN151TLMDTVRIYANAA DY

MegUnIaliinNg @115 lANN1ANLIN 4.

270 Y .
a : } — Exacttopelogy model
268 ] 1 - = DQmeodsl
Pepr=0.6 kW 1 I
=206 H e |
= N Pepr=1kW 1
; 264 f\ —
I T
262 1N ; Pepc=0.8 kW
| |
260 > 5 | ! | N !
0.05 0.075 ol 0.125 0.15 0.175 02 0225 025 0275 0.3
I |
10 l ‘\ T
1 | | — Exacttopology model
: | | == DQ model
< : ;\/
= Pepr=1kW I
1
} Pepr=0.8 kW
I 1
| I | 1
: 015 0.175 ‘);2 0225 023 0275 03
2 | | | e
I | — Exacttopology model
268 : } - - DQ model
. Poni— 0.6 kW i ‘ L
N ! Pep= 1 kW ‘ ]
< cPL= I
> 264 I f\
I T
262 : N’ } Pepr=0.8 kW |
] |
260 1 1 i 1
0.05 0.075 0.1 0.125 0.15 0.175 02 0225 025 0275 0.3
Time (s)

JUT 6.8 NIATIEOUAINYNABIVDUUUTIABINNAMIAMARTIEE K, =0
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27, : :
1 I — Fxact tapology model
268 : } == DQ model
= 26 Pepr= 0.6 kW : }
2 Pon= 1 kW ‘
= ‘T//-\_
I P =0.8 kW
|
| |
0.15 0.175 o2 0.225 025 0275 0.3
|
e
? — Exact lopology model
! = = DQ model
< i\/ i
S Pep=1 kW | 5
} Pepr=0.8 kW i
I |
| | ; i ‘
0.05 0.075 O:L 0.125 0.15 0.175 O‘r'.’ 0.225 025 0275 0.3
I |
270 T I I
I | | — Fxuctopology model
268 : 1 |-- DQ model
= I
= 26 Pepr=0.6 kW ! }
Z i Pep= 1 kW !
= _— S
> 264 " “f’ —~
N 1 Peu = 0.8 kW
263 ! N } oL -
I |
260 [ | 1 - I . i I
0.05 0.075 0.1 0.125 0.1s 0.175 02 0225 025 0275 03
Time (s)

JUN 6.9 NIRTIREUANNNABIVBUUTIABINNAMINAIANSIe K, =0.25

[

HAN1IATIFABUAINYNABIVDILUUT a0 Adaaan ST liAuegiuLIaT

a

YRIYANAABUSZUUINHIA 1890 ULAT DI TUNNITUN FINFIUNLAR2187357AA2 wanata

9 Y

A93UT 6.8 waz3ufl 6.9 Ine3un 6.8 1UunIsIUSUiBUNaNISROUAUBIUR Iy QI

Y Y

wsesulaiinszuanseiinnassudniviszgnienulaiinszuanss (v,) nszualuiag
Inasuanedesmadlniludeluan (1) wasussnulninnvalwiinssuanss () Aldan
LUV NAMAAIIASAUNANITAOUAUDINLAAINNITTIADIEDIUNITUVUADNNILADS
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6.3  MIaTeYanagauvasszuUlniindsuuasasdunnansan

1. Programmable AC Power Supply 4. Resistive Load 7. Low Voltage DC Power Supplies

2. AFE Rectifier and Drive Systems 5. Buck Converter and Drive Systems 8. Digital Multimeters
3. Control Station 6. Resistive Load for Buck Converter 9. Oscilloscope
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(a) Front View (b) Top View
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6.3.1 syuunanlWANNsTwaaaU

(a) Programmable AC Power Supply (b) AC Filters

U7 6.16 szuunAaliinszuaaduvesynnnaey

d2U9953UUNARLNTNTZLAaFUV0IYANAABUUTENOUAIY UNAITY
IWfinszuaadunaraeasnsesnisinulniiinszuaady degnldunuaieadndalnii
Falastardaudindnannsluaatnenssuvesseuulniiiidsuuadosduaiefifiansan
esandedifnvesiosufoanismuiildndnlilunouduvosund lnsundedie
Ininssuaadulaldunasanelniinssuaadunuulusunsuls (programmable AC power
supply) 34 31120 ¥89USEN QuadTech é’fummiugﬂﬁ 6.16(a) Fawnasdnefenadiiie
wagulniwaznszualifnn19a1uo1ANARBLNALYIIAY 0 Vimgphase 89 150 Virg/phase

o w

WA 32 Arg/phase AIUAIGIU Turasfinuivesihnssuaaduaunsausulalugag 15 Hz fs
1500 Hz lneluauideinerdnusasuiufaussdulniinszuaaduanumauuuaunaain
WAIEAINAIIALANAIAY 100 Vimg/phase wardAudAfU 400 Hz muA s Iiines
vosyanaaauseiiliuanslilunisned 6.1 dwiursasnsesniadulaiiinszuaady

Lalddainileatin §u 195675 AC Reactor 989UF¥% Hammond 9131 3 6 dauansly
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Tassasvesyannaeuluguil 6.1 wagilimiwesidudsmnssi 6.1

6.3.2  93LFVNTTUANIANTILUULININLAZTEUUAIUAY

SKYPER 32 PROR §

(a) Front View

(¢) IGBT Modules

JUN 6.17 195L389nTELAN ANTILUULBNTINY DI YAN AT Y

ynaUnIaluUasiunings (power converter stack) U SEMIKUBE IGD-1-424-
P1N4-DL-FA 983U3% Semikron feuandluguil 6.17 galéifursasisoanszuaniani
LuuLenfinvesynaaey 3391n5UT 6.17 axdanaldin gunsaludasiudiidadandnn
Usgnause 3 yagunsaliiddny Téun

Lynvosuogaaindloddf (GBT) $1ulu 3 woga Fedudddn
Tuguit 6.17(a) Fvimihiidugunsalaindve mnsasieenszuanianiiuvuueniiniiieuas

v v A

Ininszuaaduitlaaindiuvesssvunanlniiinssuaaduvesganaasuluiiden 6.3.1
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(Jugu SKM200GB12E4 fauanslusud 6.17(0) Faflfitnvoausafululia nszualvi

WazAUANITEING (switching frequency) WiINAU 500 Vac, 200 A 8% 25 kHz auaau

2.gavoeiativyszanisatulndinszuanss (C,) danundunsly

U 6.17(b) TIANTNNaALTIAUNAIVDILTIAULNHINTLhANTINLAIINIIDTLIUINTE WA -

Y

v a d' v o o P A X v &
ﬂ']ﬂ%u’]LL‘UULL@ﬂV]WLW@IWN@ﬂHmSﬁ@J@ﬂmWLiEJ‘ULLa%ﬂ\TVIlI"Iﬂ‘SUu IWEJSQWGU@QW']Lﬂ‘U'Uiﬁﬂ

d' aa v (%

AanadAANu s Ity 1.45 mF f3913799 6.1 wasliidausadulnil iy 900 Vo

aaa

3. gnvesuasndunnd1m3ule3Tf (IGBTs driver board) FsUszneudie
SEMIKUBE GD11 ua¥ SKYPER 32 PRO R fsftuiidinAeslusud 6.17() yaveindenan
ﬁmﬁwﬁlumaa%mé@aym'«gmmummiﬁﬁ’wa@aaimﬂa%ﬁﬂmamwsGmﬂszmewﬁw
wuvueniil lnedyyraiad (pulse) dA1m5UgaTUILANLIDAIUANAITHITUTB S
aAntled i dslinanszuumuguuedasisnszuantavtuvuuendiazgnieuse
drfugauedaduinniinanfmediieusdeiadawuuuuu (flat cable connector) ign &

[ [

lusun 6.17(@) uenandudryavesaduinnandndaiindinlunisivuaiiaiiuiig

'
aaaaa 1

(dead time) vosa3ndlodUindleg nelugngunsalulasiuiids lnaliansudu (default

Y
value) WU 4 us Feardanandilunaiiuinegdigninuauiainuisngude (ouiltin

dead time) wioanaisanlaindunisaafidaugunsal (hardware setup)
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+— AC Side — J
*
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|
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|
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| |
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IAssaisvesgunsallddmsuaiuauieasiieansewaniantinuuLoniiv

Y v [ d' = L Y1
v9gANaaoukandlansLnuaInudenlugull 6.18 Faanguasdunaladn nsaiuny
93T LINTLUANIANTIUUURBNTINYBIYANAABUILBIABNITYINIUTINAUYEY 3 YAUBTA

g YAUaiAUTENIANA DSP/FPGA with HPI Card fauiidlden gnuaiaseusyanu (Interface

a

Board) faiufidiln uazgavasangraia (Sensor Boards) Aefiuiiddu Tnsurazynuoin
freaziBauarniiiianssoosungldded
1. yauinuszanana uanslifaguil 6.19 Geszneudie 3 gunsal léud

- 9nsalif 1 updn DSP u TMS320C6713 floating-point DSK wasu3H
Texas Instruments ¥t ldusiuszananandndmiunsmuianisadnmansuas
A13ANAUNITVDITHUUATUANTIYANAGDY FIT8UUATUANTBIYANATOUNINUA V13
fmuauAnitegudituie aruaunszualiiiuutnunudal fauguusasuldi
Frmuguuuunsy uazadengy Sufsnsaiiaaiosnimdeuiudifiendeimaia
gusnidnsaudvaunisaiiaaiosnmdsusudadaaunisi (6-20) Aldgaiiadaluly
SETUUAIUANLAY 16¥uni1sifeuiudioa1913 (C programming language) U
Code Composer Studio wazgnlusunsuasluuesn DSP fana1aiitensUszanananiananea
Felauavidunvesdoyanaraaruialunisuszuitananinfiu 32 9n (bits) uag

225 MHz @1uaau

HPI Card
: DSP Board

T
IR |

fiber optic connectors

USB conncctor FPGA Board

JUT 6.19 YAURIAUTLLIAHAYDIYANAGDY
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[

- gunsalii 2 vasa FPGA (uvesailimunlanguisedidnnsedndinds
Lﬂ%ﬁﬂsﬂauasmm’m@u (Power Electronics, Machines and Control research group :
PEMC) um13nendeueniiausy ans1vge1a19ns J301e3U (chip) Field Programmable
Gate Array (FPGA) ProAsic3 A3P400 U84uU5 % Actel LY unuteUsyulananans lae

UBsn FPGA slananifintinfiuvseanlallu 2 daufe drufl 1 virnd1asudyyiuain

& o

Yauasnnsradn Fuludygyiausuzdon (analog) wdrwasliiludyyiandnea (digital)

\edstayanlaluiwintazyseuianasmeuasn DSP lnemssudyginainyauesnnsindn

' [
Y v s b4 v a

£QnLaNsBLdniuUasA FPGA H1uM13 25-way-D-Type connector Wiauvsiin1sususuIn

)]

aedyaraunsutnlviilategluyie 5V dae burden resistors FglisuniseaniuuLaz

o

2

Uan3asuuvesa FPGA deiuidundlugui 6.19 iialidvuiawmuizaudmiuilu

Fyayradunnvesuasa FPGA agelsinudmygyianadnnain burden resistors naufiay

hddesulasdyanauauzdionuainea (analog to digital channel : A2D) uuu 12 Jnvas

Ua3A FPGA faiuinainluun 6.19 azgnusuruinvesdyyiudnasaain 5 vV idiey

Y

Y

Tue9 0 89 2.5 V al82395U5uussdaygyaas (signal conditioning circuits) A9WUNALNED

a 1

Tugun 6.19 Webimnzaud wiududygiudunmvestes A2D 10Uasa FPGA wava1u1se

'
L =

inlUlduszananavuueasa DSP e lnedgaansusazilatliaingauesansiadn uenain
wldlunsdumnuasUssananaifiorusunmshauvesganadeunds Sgnlddmiudend
drulusunsu (software setup or software trip) itetlosfunszualnfuazusaiulndniy
(overcurrent and overvoltage protection) Guaqsqﬂmaauﬁﬂém a'auﬁ 2 ﬁﬁﬂﬁﬂﬁﬁ%ﬁmaz
deeandygruiadd1miunrvaunisyinnuvesaindledTiveevsiseanseuanianii
Luuwenfinvesanageu Inensassdmanaiadilunisldilaiduaisdyaanisudagdy
¥89UD5A FPGA (built-in PWM generator function) Seudaeinednusiidonldnisadng
dyruiadieifaidaiinimesiiduidagidu (Space Vector Pulse Width Modulation :
SVPWM) Lilesanidudsivinlinaannnisaindvedleddfidenfueinuazirdaugade
TuUSunnittes fefunninesfisudagidu (PWM vectors) wazianwesnimeiiidudagdy
(PWM vector times) 3al#1191n58UUAIVANTDIYANAROUTAI LI LT TEUIANARIY
uain DSP agnadludauasa FPGA Wioasraduduyauiadéae builtin SYPWM generator
LLazﬁmmwmﬂ’aéﬁa%wié’wgﬂdqaaﬂiﬂL‘ﬁaﬂwﬁ}umsﬁwmmam%mﬂa%ﬂﬁ VD
245 3BInTERanIAnTRUUReN TN Euei T euseiduletduas (fiber optic connectors)
FeiuiiRulugud 6.19 dmsunsiuuasdsiouaseuintsuasa DSP fuvesa FPGA 91de
hardware by hardware description language (HDL) 33%i1l8laeidousovednteaedae

80-pin External Memory Interface (EMIF) saufiun1sAvuaausidsiagliniisnudnues
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vaSATsABss Y (memory mapping) 9’1’3&1Lm“ﬁms%’uLLasﬁqsﬁauuaismwwa%mﬁgmm'ﬁqﬁ
AnsSafigann Tneldnanditesndt 10 us

- @Uﬁizﬁﬁ 3 Host Port Interface daughter card (HPI Card) L‘f]uqi]miﬁﬁ'
#iaulag Educational DSP ilevimihillunsidense Yuuazdsdoua szwinsunanmesy-
AuAL (control platform) ufe Ua$a DSP/FPGA fuassfialnesusitie (host computer)
dm3unisluanlusunsuszuunuaNresanaae UAdoufsn1w1 UL Code Composer
Studio asluuasa DSP/FPGA uazdmiunisiirdauna (monitor) faudsnieaniug 5Iud9
MsfmunnsiABuLasdnyad193s (reference value) Y9I5EUUAIUANYDIYANIAGDY
Tngl4lusunsy MATLAB flendanisateleuteyauuuasiianig (bi-directional data
transfer) sewingpauiIwasHiUIEULNanNasAIUANNIUNESA Universal Serial Bus (USB)
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SVPWM signals Lk i |
Teceiver from EPGA ~ connection with SEMIKUBE

JUN 6.20 yauesadaUszany

2.94avesnnoUszaiu deuanlugui 6.20 1 JuvesaiWmuilaeg

Aaudimalulagnisfunazeinia (Aerospace Technology Centre : ATC) 49113NE18 8-
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UORTIEN ans1ve1u1dng dmsurimihnlaganiglunisideudesenitaunannasuaiuay
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flufio vasn DSP/FPGA AuyngunsaiUasduids fu SEMIKUBE IGD-1-424-P1Nd-DL-FA

1 1 o

YBIUTEN Semikron laggnuasanaUszauasiudymiunadnasnalase builtin SVPWM

[ Ag7}

) )

generator 31NUB3A FPGA 1 Yaeusaiduleduasvasyauasafaiundwadlusuin 6.20

[ o ¢ al o 14 = [ [ PN 1 A Y &
wazazulasdgygrauiadniuvidrungdaludyyrunedluslvesaiuuaslvdu

daaliin weurusurunvesdygraliliaindu +24 V.. f1821995USULAd
U lﬂgj 1

Aanuiidinaeslusun 6.20 vileenseaunseduliiivesdyyrauiadiiiivinese

(% '
=l a

N139A¥UINNATNTLaITN A nUnIrdsdIula U TouRa A TaRUULUUAINUT

a

Andulusuil 6.20 Whdyauesnduinndniuledtfivesngunsniutasiuids SEMIKUBE
0 @ luguil 6.17 dwsuaisdanagauuauinniiierugunsvnnuresiegaaintled i
YDIATFYINTTUAN AT UURON TN

3. gaveiansiatn vianiilunisnsraiad sl dddguazdndu
dmiunismuauszuUTesyanadey Seldun Aussiuliiuagainszualaii dannadiy
Iinszuaaduuasyisdulniiinszuanss dadugaueinnsrataarusenoudae

6 A

2 gagunsal flo gagunsalnsdadaussdulniliuazyngunsalnsiainnszualin i

De

UAZLDYARIL

connection with high voltage (input)

9-way-D socket connector (output)

JUN 6.21 gagunsningiaiawseauliin
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- yngunsainsrataussdulniiiuanslefeguil 6.21 Feanngdagnuin
n3udRresusIulnia (voltage transducer) Ju LV 25-P 4839U34m Life Energy Motion
(LEM) gnlddmdunmansaaaroussdulnihmedulihnssuaady dufle ussfusswinans
vaswnassrglniiinssuaadu (v, V) sazusssulafimisdulaiinszuanss dufe
wsafulniiiinnaseudufvuszaniadiulaiinssuanss (7,) wazusaduluiag
Jaluiinszuanss (V) lavaunsalnsi9dn LEM LV 25-P ifiinveuiunvednsy
usssulinlugas 10 V s 500 V useenslsAmuiitelinismsaainsinnugnieauazusiugy
Jefiawdnduiiezdeseanuuureuivaveinisnsiainliimnzaudenisldan dsamisn
vildlasendedeyaiiuvesgunsaianuitmuan (datasheet) 1iloooniuuAAINALNL
NIATULTIAUE (RHV)ﬁaﬁuﬁﬁLmﬂugUﬁ 6.21 ﬁm%’uﬁau&iaﬁuwﬁé{aqmﬁm

wsaulnihgadudunmvesgunsalngiain lunasiiordnnosgngunsalnsiainnengd

=

[ [ N o o o [ o
Foludyaranazgninluldlunisamauazyssiianad miuaIuAuN1TINNUYRITEUY
3zgndseniIu 9-way-D socket connector A UNAUINUIUFUN 6.21 uaziipusaldiny

Y

gauasaUsTIana DSP/FPGA with HPI Card taefA1Anufuniuniaiuwsasius (R,, )

9

!
=

Felunuideinednusife burden resistors AildSumsoanuuukardanIasuLUesa FPGA
ﬁaﬁuﬁﬁumiugﬂﬁ 6.19 WiloUsuruIavesdyyraussdulninildangunsainsarain
LEM LV 25-P Tinunzandmsuiludunmveavesa FPGA wazaiursairlulddniu
nsUsENIaNaNIIRTIRRala

- yngunsalinsraianszualniiuandlddasuil 6.22 Tngangdazdann
1837 nsasradansvualifianisdulniiinssuaadusisauwa (1, ) waznszualnii
nagrulniinseuanse duiie nssualiirvesinanionun (1) agldnsiudiiees
nszualwdl (current transducer) Ju LA 55-P 993u3®W LEM dsfldnwazveanisieusey
Suwaniegaidosnisinnszualuindunvvasaaeliliiasnriiunarififnvesnisin
Tuv23 0 A fis £70 A Tusauziinisdeoentodnnvesyagunsainsiaianseualiiidana
wifulvluiwenfsrfuiunisdeoeniendnnvesyngunsainsratausasulii feile
osunelUludnediu tufe dyanaendwnanyngunsainsiaianssualiiiazgndseansiu
9-way-D socket connector fafiuiiunsluzuil 6.22 wazidenreidifuyavoinlszuiana
DSP/FPGA with HPI Card Ta el burden resistors #¢lé¥un1seonuuuuaginnasuuy
U05A FPGA fr’ﬁ’aﬁyuﬁﬁumiugﬂﬁ 6.19 LileUFuruIaveasdyailiaingunsainsiain
LEM LA 55-P Tiwnunzaudimsuiludunnvasvesn FPGA wazatuisaunluld

TunsAnalaryszaianansiIneadmiuauauseuuganaaeula
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9-way-D socket'Connector (output)

JUN 6.22 yngunsalnsiainnszualnih

Main Program Interrupt Service Routine

read the scaled data from the A2D channels and
convert to the voltage and current of the system

!

declare the functions, libraries, and variables
for the DSP/FPGA and HPI Card

!

declare the functions and variables
of the system controllers

!

define the phase angle of the dg-axis by using PLL
and calculate the voltages and currents
on the dy-axis via the Park’s transformation

!

I
I
|
I
I
|
|
I
I
|
|
I
I
|
|
I
I
|
I
I )
I perform calculations of the control system
|
I
I
|
|
I
I
|
|
I
I
|
|
I
I
|
|
I
I

initialize all functions and variables

and start the timer

3

(the existing conventional controllers and including
the proposed adaptive stabilization are implemented)

!

define the PWM vectors and PWM vector times
according to the controller outputs and SVPWM

!

generate pulses by using the built-in
SVPWM generator function and send to
the converter through the fiber optic connectors

keep the program running
(show the status on LED display)
and wait for an interrupt:
interrupt active?

JUT 6.23 #31Un157119U99lUSLNTUTEUUAIUANYDIYANAZBY

(%

dmiunistusunsussuuaIuAuvesganadeuluauITedne 1 dnusi
lo1dura91u (flowchart) waAsdIRUTUABUNTYINNUVBIUTLATUAITUN 6.23 Faandanuy

szdunaladn WWswnsuszuuaiuauvssgavaaeunUisanlaidu 2 d1u Ao diuves
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TUswnsuuan (main program) wagd1uvelUsunIugosd11Tun159nT919e (Interrupt
Service Routine : ISR) @41USWATUNI@D9d71ULY191UTINAULABTR 1A UTUAD UV D

A5919UUTENBUMEY 9 TURDUNAN fIswazBuanalUll

' (%
o A

& A = o s o o ° .
Fupauil 1: Uszniasenldeuilsiduninsgiu adegaaideiiugiu (ibrary)

<9

wagdlUIAe 9 dmsuyauesaUseaiana DSP/FPGA with HPI Card
TUROUN 2 UseN 1A InuafanTuLasfAILUsveI5eUUAIUANY DY
YANAF UL LTAMSUNSAWIMLAEUSEaNaN19ATN R

& A ° I a v Y ¢ o o A v
YUFHDUN 3 : ﬂqﬁu@ﬂquﬂJmuﬁL‘Viﬂ‘U‘Wﬂ i ‘Wﬂﬂ%uLLazﬁqﬂ i G]'JLL‘IJ?‘V]I@

q

Usgm Al ludumaui 1 wazdumaun 2 WSaUNUSUAUNITYINIUTDIFITULIAN (timer) Ll
SuN15Y 9 UYRIlUTWATY

Tupaud 4 : Lgauni1svitnuiuuliiau e sen1stndanae (interrupt)

(2 [

Tagninladfinnsdadanae (interrupt active? = No) Tusunsuainausglugunialy

TUsunsuuani F99zULansUaAUEIULAITHIU (status) 284l UTUATHUURUIBUAAINE

a a

Loadf (LED display) ¥09yauasalszdIana wazazasA1vasfiendu soufafindseing q

'
1 a

Taaranfiiinn1siasuudas wavndnisdndame (interrupt active? = Yes) #9agiintu

9

Welldyuradnuselinisiasuuuasesdyandnd sanvasdugiuueusdonduiinea

g7

(A2D channels) ¥esuasn FPGA TUsunsuazeendnguudnuaziingnisiauauddsly
TWsunsugesdmiunisdadamedadunouil 5 fatumoudl 9 dmsunisdiuimuas
Uszananailevimihiimugunmsmianuesyavnaaey

Fumeud 5 ; 81UAIE Y IMINTDY A2D vosuasn FPGA Fafudmyayin
LD NATeIAUBSAnTI A TignUTuruIa Rndunlasazduindyyiudnanlidy

Ausenulniruaznssualinassvesseuu @dlaun v, V., V.., V,, L, uag I, Lie

abc

unldlddmsunisaruinvesssvuatunuvesyanadey nisuvainlulddinsu

'
I a

N15M5I19@0ULALAIANEILIUSWSU TR unsEha i wa s senulwiln Ay

o

Jupaui 6 : AUIUMILaEAIMUALNE T UNYULNUrYUAALlAANINY

'
= Y a =

T v o 2 N | 1% & o
- Ineldiadengudsilieduiesieazidealiluiiden 6.2.1 wiouvsdruiu

[ |

wsenulninuaznszualivuwnunyudal ddlaun v, , v, 1, wag 1, 918n156Uad

sq
¢ o Aa = o v & P v o o
vosUrTaNo 1 AuunyuLnunyuafIganIvualaaniiadengy weurlulddimsu
NsAWIMLarUTENIaNaNLLATIEI19YRITEUUmUANTRYAVIadaUluTUR BN 7
TJupauil 7 ANTUNITAIUINLATUTEUIANATEUUAIUALYBIYANAFRBUN

Y

Usgnaume fnuaunseikaliinuuLnunyuffl daunuussiuliiinssuanssnlaain
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= v = o = & W a ada 1wy
WATLIYINTEUANIANULUULB NN W'JQ'J‘UQNLLU‘UWE‘U "'U\‘IL‘UTJW'J@'JU@@JL@NW@J@%LL@U

YDITLUU HALNITASINADYTAINTIUSUAINDIAYNITUTIININISVIALADYTATNAILLNATA

a

a ! v k4 a a [ = = < ad -
AUENLENIIUAVANNITATINADY TAINLTIUTUATAIAUNIT (6-24) BT UITN1TNY ALY

Y

W lUlusguumiuauAuilioguds naflaann1sAuInLasUTeNIaNaTEUUAIUAN YD

1%

ganaaeuziludyarausiuliiivusnunguaAagieds (7 waz 7)) dmsuinlvaia

I o v ¢ A ° a ¢ aaa = v
Wudyyraiadiiaaiuaunisinauvesaindleddiivesisasiienssuaniantiwuy
= v aa & a a I3 :Jz [ Y ¥ =

woniinaredgaiaiinmesinuidagduludunsudald Ingvinludeanisiganaasull
ASUSTHNINITVIALEDYTAINNZON1TAS1ED TN MTIUTUA AT N5 U haualuauiIde
Wenfinusil nd1fie MarsunlviganaaeuiaulaeiiianizssuualuAudy awnsavila
v o 2V U a a a0 1 [y &
memsimualisnveedeunduresnetiaguenian (K., ) Jaminiueud

Tumnaudl 8 : MuwumkarAmuannmeiiisudaglduuaziiaivedinaes
a o a @ [ '3 A o :.’/ a
fsuagidnandyayrniednnveseuunIuANAwIMLazUsTIIaRalaluTunauR 7
Imamﬁa‘iﬁamﬁmmma%ﬁﬁmﬁaqﬁu Y9aN115005 U188z D8RR A9

ndyayraussanulniivuinunyua@Ignede (7 waz 7)) gealauiain
nsAuIakazyszulanaszuuaIunl dsgnuladliniludyyrawseduliiivu

wnuugails af 61983 (7, uaz 7;) senisuiainnduveinisuauwny af Wuunu dg
Aaaun1si (3-5) Tuund 3 Weddyaraiudasldlumummana (V]) wagsu (6°) ves

nnnasuserulnine1989n15aIndG (switching reference voltage vector) F9anunsaAIUI

Ia@aaun1sN (6-26) kazaunsh (6-27) MUaInU

= () + (%) (6-26)

* _ V*
0 =tan 1[ ﬂJ (6-27)

d1usuguveaninesusadulningredanisaing (67) NA1uanla

naun1si (6-27) zgnldlunisseyienines (sector) Y8an1sasadypIuiadne

o
[y o

aa ca v a <3 o s ! * ¢ PN
’JﬁﬁL‘U‘UL’]ﬂLW@iWﬂ‘ULUagLQN 1ngo1AANUAUNUSIENINE 0 LaLlYNLADSAIAITISN 6.2

<

F991NA13199ENUIN LM ven1TaidygaiadaiedSaiainnesiiduidagidy

aaa

AusU99sUasiunaa@nIsenu (2 - level converter) NilASIa519UsENDUABAING LOITN
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AT 6.2 ANENNUSTENIN 67 LazlwnneIIINITAS N Y IUNadA1875 SVPWM

0" (rad) Sector 0" (rad) Sector
. T . dr
068 < — T <60 < —
3 1 3 4
4 27 47 . 84
— <0 < — — < 4 —
3 3 2 3 3 >
2?7[ <0< 3 5?” <6< 2x 6

anun 6 77 Asuanslugud 3.6 luunil 3 azudseenidu 6 wnmes Jausazigninesazlyy
Y | o T ! b ¢ a £ & A |
i whiy 3 rad Tnensudsesiia 6 wnwesinTuaNMsLUsiufioandu 6 du

ARV INADSIIAULNANNIMUA 8 1INLMBST bALA Vo(000), V1(001), V4(010), V5(011),

s [y

V4(100), V5(101), Vi(110) ha® V-(111) FILARLLINLADILITIAULNAI9swnUanIuen15919U

(%
aaa o %

(on = 1) %3011 191U (off = 0) V9aINTLaITAMIVUNG 3 7 UUAD @3nTH7 1 (S1),
@IndaaN 2(S2) wagalndian 3(S3) malaseaiieverasulasiumdeisuansluguin 3.6

Tuundi 3 ndlegnatu LN ashksaauluin Vi001) wnuaaug Luvinau (off = 0), luvinau

Aaa v a o A

(off = 0) WALYINIU (on = 1) VBIEINTLEITNAIN 1, FIN 2 WALAIN 3 MIUANU TUIUEN

a 1

@InTLeIUNAA19Y 3 F1 UUAD @INTHIN 4 (S4), @InTF9 5 (S5) waraIndein 6 (S6) 9

#1974 (on = 1), 11974 (on = 0) wazlivingu (off = 0) MIUAINU FeazTan1urn1s9inaIu

(%
@

ANTINUTIUAVATATAIVUNG 3 A2 1A8AINUAUNUSVDILLNLADIALLINADT W an1 LN

dunsunisadtsdyrunadaieidasianinesinuliagdnueslsasulatiunig-

= Y

a

aoaszAukanalan U Inlugun 6.24 Faanununimazdunaladn luudazigninesasd

L3

v o & A v s [ o s 1 [ 3
ﬂ’J’]iJﬁiJWUﬁMiEJUi%ﬂEJ‘UWJ‘EJL'DﬂLG]EJiLL?\‘]@UIW‘W’V\]’]U’JU 4 LINHBDT LL‘U\‘IEJEJﬂLU‘L!L']ﬂLG]EJi@UEJ

(zero vector) WUAB Vy(000) kA V-(111) 91U 2 LINADS LaLLINMasLanin (active vector)

a s

1w Vioon 9 Ve110) 8n 2 1anwmes Feinlaunsoadraduguuuunisadng (switching

pattern or switching sequence) ¥ain15as1sdyaaiadieisaannnesiiduilagdy

Ladsuanaluaunisi (6-28) lnslusuideIngrinusdagdmualiguiuunisadingile

§a o a

[ d' [ <3 ° U
JAUNIIN (6-28) L‘U‘LlL’JﬂL@@i‘W@I‘UL‘Uﬁ%LE)lIﬁ'ﬁﬂi‘UﬂWii‘UiLLﬂiMi%UUﬂ'ﬂUﬂNﬂ@ﬂﬁﬂ%ﬂﬁ@U

v '
v v =

Aenudsarnnsaazuladn nisdwmmyy 0 waglddniunisseyienines Feasvilila

aaada

an1ugni1svinuvesaindlediimluluniugvuvunisainddaunisn (6-28)

[ o c v a [
L‘U‘Llﬂ’]iﬂ']‘lﬁ‘hlﬂL’]ﬂLG\EJiW@IULUaﬁ‘JJL@@J



176

Sector 3

Sector 4 Sector 6

Sector 5

V4 (100) Vs o1)

v c Y

JUN 6.24 ununmgnimesuaziinmesssnuliihvesnisaieadyayinsiadaeds SvPwm

1aen

sector 1 = {VO, V., V,, V7}
sector2={V,, V,, V,, V!
sector 3= {V,, V,, V,, V. }
sector 4 = {V7, V., V,, VO} (6-28)
sector 5={V,, V,, V;, V. }
sector 6= {V,, V,, V,, V}
t = VB -Tsw-sin(——e* +n—_1ﬂj
V. 3
‘= B T .Sin(e* +n—_l7rj (6-29)
Ve 7 3

L, A9 PaMsaIntURIINABswanin

t, A9 Yransaindueainmesaud
n Ao anuveenwas (n =1, 2, 3, ..., 6)
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A a 4 d[ IS ] [ 1
way T AD AIULIAINITEINTY (switching period) ¥9UAIIAY ——

Sw ﬁw
We £, Ao ANDNIERRT (switching frequency) Taglu

NN GNuUsLlam U lEiavngu 20 kHz

dmduruin (b)) wazyu (0") vesnnmesusadulniingredinsaingy

AalAaINaNN1si (6-26) waraunisi (6-27) muaiau sufunmeinszylangy 6"

= v o @ ° a co =
MUA1T19 6.2 azgnlddmTunisAuIumIdInIaInsaIng daauni1sn (6-29) wazain
F3998N15830 TNLARIaNN15N (6-29) MuATeinerinusiazlddmiunisimualmdu
Fr91a1n15a3ndveantaesiauilagdy nsasenladindunisiivuniiaiaey

e Tagdud1miun1sIUTLATUIZUUAIUANYBIYANARDU BIdIUITOAIUINN

(%
v A

WAL NUALAAIENNNST (6-30) PaT

~
~

PWM vector times = t—o, L2, L2 L0
42 2 2 2 2 4

k. LWt to} (6-30)

(%
LYY [

F9UUIINNTM 191U LU wNSHTUTUADUN 8 A8FNUITANINUALINLADS -

6 a o a

ﬂéTuLﬁaqlﬁmLLazLamﬁuaaLaﬂLmaﬁwmuwaqtﬁmié’ﬁqaumaﬁ (6-28) hazaNN1SN (6-30)
o Y d“ U d‘ Y v 1 o Y o [ 2 [ £ v 6 r.ﬂ'

MUaFU Fateyanlanenainazgninlulddiniunisasiadudyyrauiadiientuny

N19Y119U09EINT Lo UNVDI199S LT gansehan AN LuuRenANTuTunaudaly

1 13 av a a A v a = aa fal o a 13
EJEJ'NIiﬂG]’]iJIU\'i’]U']f\]EJ’JV]SWUWUﬁUIWQﬁUW837868LE)‘EJG]SUEN’JﬁﬂLU“ZJL’JﬂLG]EJiW@ULUﬁE‘JJLEJM

%4

aatesulineduay iiieUsznaldiun1slusunIussuuAIuANYRIYANAAR UL T

[ I

d1usuiugIukasI1eazldenianunveIignisainadaiuisafneiiuifulagin

Ing1dnusUsyn1n e Tudnued NAnNT UIIAGNS wazided Lo 1nel MANS usIdgns,
2557; Yeoh, S.S., 2016)

¢l v a [

Tupauil 9 : aiedygraiadaindeyarinnesiiduidagduuaziaives

U

(%
a

nnwesiinullagdunmunwarssaianalaainuesa DSP Tudunaui 8 lagld built-in
SVPWM generator function ¥83uesa FPGA dailuntsadndygranadiondedidunay
U@ (timer/counter) S2uAUAQYY1UUIRNT (clock) V89UBTA FPGA 31nllulzdI00n

Y] v ea v v A Yo Y] o a & aaa a
am@qmwaamﬁiq\ﬂ@LW@ISUﬁ']ﬂﬁiJﬂ'JUF’]lIﬂqimqﬂqusﬂﬁqaﬁmaﬂiaf\]‘Uwﬁﬂ@Q'J\T"UiLiEJQﬂﬁ%LLa-

1%
°

v a 1 v oA i v ° s v & Ao a
ﬂ']ﬂ%u"lLLU‘ULL@ﬂV]WN'WUVI’]\TW'JL%@u@@LﬁUIUquLaﬂsﬂaﬂUaiﬂ FPGA AW UNAUILIU
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Tuzuf 6.19 Fediolunisduganisviinuvesdusunsudesdmiunistandmsluseuil
waglusunsuaznduidngnisvinauluguuedlusunIuvnanaedunaui 41iese
m3tndameluseudaly
AaunRaulugun 6.23 wagdrdudunaunisinuiilaesuigdadiediy
a I 14 IS
11150 08w dulUTUNTUTZUUAIUANVBIYANAADUAIEA1¥IE U Code Composer
Studio ¢ Fa9gazidunvedlusunuannsanldannniaxwIn a.

6.3.3 dduusznaunearuliiinsswansy

HSCHURTER
DLFL-0147-35C5

000pF  -10+50%

400 VDC
ALS10A 102 cC 400 e
40/085/56 :

U.K.MADE

(a) DC Transmission Line (b) Bus Capacitor

JUN 6.25 daudsznaumeauliihnssuansvesyanagey

Hanrssulniiinszuanssvesszuulainddavuiadosdufifiansun
Usznausie argdamidedbidanisdulifinnszuanss wazdaanuiszqliivie
FuAuszaiitaliiinszuanss Ssdmiunsadeyanaaouldldgunsaissd

1 anedsdalniimisiiulifiinszuanss Jsunudiersasoynsuves
ANEIUNIL (R ) wazauniienin (L, ) vesanedefndali éfmam’[,ugﬂﬁ 3.1 luundi 3

wagluguil 6.1 Tuunil 6 4 1eld§uniennin fu DLFL-0147-35C5 yosu3®m Schurter Fal
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fifnszualuiliindy 35 A $1udu 4 frevuufudsuansluguil 6.25() Insausumu
wasauwtsathmnvesasastdsiniesdaiiiu 5.56 ma uaz 16.36 uH auaIsy

2. geAuuszqliihudediAvussgiivaluiiinszuanss (C,) Bavinmtind
anussunalvesifulaiinssuanseidaluiiinssuansinsevandnvesssuy

s

Thidnuuedyyindsuwasasiivindu 18l4diulszauuusianinglad (electrolytic
capacitor) 31 ALS10A 102 CC 400 483U ¥% BHC Aerovox fauansluguil 6.25(b) @4
Fnulszgaenanifidavesuseiuluivindu 400 Vo
6.3.4 Inanvasszuy

Inanvanunasszuulaiisidavuinioadufifiansun Usznoudae
Tnaneuiumudsddunulnaniiinainszuudesfuuarazarsiudsuudnveaaiosdy
waglnanfdsliihasiiidunginssuvensulasfuidsiidnisauaunisinau
Fadulnanidsasinliszuulnfiidufanisuiaaiosnin Taggunsalilddingy
nsasiganadeuludinvesinananansouanseandenldii

1. Inanausuniu talgdadiunuringage (high power resistor) Wuusuil
(dummy load) 1 TE2500B20RJ ¥84U3¥N TE Connectivity Feflarmnuduniunaz e
Y18l NALYIIAY 20 Q wag 2.5kW AIuF1AU T1UIU 3 A7 A YNTUAUAILARY

Tugui 6.26 AtulnanANUIUNILAEIAIAMUAUUTINMNTY 60 Q AR5 6.1

JUN 6.26 anAMUAiMUNILYeIganaaey
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Lo
dIUN S

|
1
|
1
I
|

,,,,,,,,,,,,,,,,,,,, Control Scheme |

'

saa

U9 6.27 2asutasdusuudainiimsauaudldunulnanmasliiasiivesyamagey

&aNl

£

2. Waamdsliiinaeiy Fauddeinerdnusilaldasuuasiuwuudan
a [ s = ! v Y v ! = ::l' o 1 <
Nln1sAIvANLSIFULEIANATIANATONRAIA1UNIUAId U 2 Tugud 6.1 dmFudy
Inaannaelniineiiresganaasy lngdsasulasduiuudaifinaiilassasieuasg
drulsznauuuteanliidu 5 diu dwanslalugui 6.27 Fausazdiuliniseeniuuuay
nsidenidgunsnlanunsnesuieseazideaneduullinwalull

- @i 1 @ing (S,,,) wavlalan (D, ) ve99asulasiunuudan Loty

wagaledUfuavveuiUes (IGBT Chopper Module) §u DIM200WLS12A000 ¥83u3¥W Dynex
fauanasng @ lugud 6.27 Tnemeluvesuegasananuszneusieaindleidinazlnlen
Faifitaveausadulniuaznszualninginiu 1200 V uag 200 A anuddu

! a v N ] £ Y (3 =
SAIUN 2 AN UYIUNVDIIITHUAINULUUUAN (Lb ) BIAUITD

uck

DONLUUMIAIANUUATENLARIANNITN (6-31) WIBANUALANITITLADSEINSUNITONLUY
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Wusanns199 6.3 aatiuazlaaianumniedrtinaiuialdannaunisa (6-31) windu 4.50 mH

laglunisadrsyanaaeulalddnniiedn Ju U30865 Choke U09UTEN ARW. fauandsie

aa v

@ lu3ui 6.27 Feiunileaifsnandaniiiu 5.09 mH wasliidanssualniivintiu 65 A

Lmk _ Vo,buek(max) (V;n(min) - Vo,buck(max)) (6-31)
fs 'Vm(min) Al L
m37 6.3 Iwesdmiunisesniuuasasilasiuuuutar
WIMes A 3IUALLDYN
V imin 250 V ussulwihdunamanvonasudasiuluudar
ki 225V wsssulniiadnsgegnveasulasiuwuuden
e 0.9 Tndnswihil (duty cycle) geanvaresulasiunuudan
Al 0.5 A nSTIENE (ripple current) YB39ATULUAIRULUUTAN
AV, 15 mV LSFUNE (ripple voltage) vosaasulasiuLUUTAr
f 10 kHz audnsadatvensasiusuutan
G, it oo (6-32)

8 Y Lbuck g -fsz ] A V:J,buck

~duii 3 saiulszylniivesrsaswdasiuuuudad (C,,) Feaunsn
panuuunIA1ANg bl ldfannisi (632 waziednunlinisifmesdmiy
nseenuuutiufanisnedl 6.3 aglddranualuirdidualdanaunisi (6-32) winfy
416.67 uF FslunsafrayanaaeuldlddmiAuuszquuudidninglad su 736D T 400VDC
YosUIEM Sprague fauaniny @ Tusuit 6.27 Tasafuuszassnandiianugluimindy
474.10 uF wariiNnnuewsanulniimniu 400 Voc

~daudl 4 Tnanarudiuniuvesasaswlasfuwuudad (R,,,) ald

AnanAI1uA1UNIU (resistive load bank) faianinie @ lusun 6.27 Faaeluglvan

buci

Usznaulumigfdmununwuuuiu (plate resistor) wazlasuniseanuuulaegudinalulad

N15TULAZDINTA UNIINYIABUDANILTN dNT1TO1UITNT Laslnansinaniiiad

aNa v

AMUAIUNIUSIUVINAY 8.1 Q wazdAnanaaludvindy 35 kw
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- dudl 5 sruuAIuANYeINITKUauwuLTAd Usenausie faiuny

nszualiinluguarvquaislu wazdirivauussiuliidnduguaivaunisuen viie

Y

innthlunisauulivssiuliiinednefnnaseudifuniuveaswUasiuiuudan
(Ve ) HAnvIAUBs S0 ULAAND N0 81989 (V] ) Beawsesdulningredensnananinue
laanarveslnanniadlninnsdl (P,,) Inge1deauduiusue S unayisansnauany

Tuaunsi (6-33)

L 2
(I/u,buck)
Fopy =s77—— (6-33)
Rbuck
1
K, =
Rbu('k
1
Ky =
Rbuck Cbu('k
o 2é’ia)niLbu(‘k (6_34)
pi | "
in(min)
_ a)fi Lbuck
in(min)
M1599 6.4 W5 TwesdmsunseanLUUAIAIUANTTlavaINaTLUaRuLULTAN
W13 A sNgazYUn
g, 1 5913’1ﬁaumimhwaagﬂmﬁulﬂﬂ’]
dl a o a0 1 o 1
@,, 260.40 rad/s ANUDSTINIRVRIUUTITULNTN iy R C
buck ~~ buck
. 0.707 é’mqﬁaumwﬂawmgﬂmzLLal‘vxlﬂw

50x 260.40 rad/s  ANAsTIIMAYRIgUNTEUAlN Analldan 50,

1ndud 5 lugun 6.27 agdunaladn danrvauusadulnidiendns
nanaseudIa NIy (7, ) wazdansvaunssualiiinluaniudiniieadn (1,) ves
199sulasdusuudan uidednerdnusilddinrvauiile 39l K, uaz K, 10

w15 inesvesgunisarvanussiuliin luvued K, wag K, (unisidmesves
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qumsmuaunszualid TasAmsfmesdnanansnoonuuulddeisnsuuudais
Fadun59 (6-34) (LNNNUL Iaml,ﬁm, 2554; Tsang, KM., and Chan, W.L., 2005) wazLile
Anualinisifivmesdimiunisesniuudiniuauiilevesrsasulasduuuudnan
Jufnnsei 6.4 fauagldavesnisiines K, , K, K, uag K, a1’ 0.124,
32.148, 0.375 uag 3451.435 AEIAU

dmiunsadieszuuaiuauvessasulasiunuudaddedaudl 5
1814 4 qunsaifidrdy FeneasBoaseluil

ounsalil 1 vosaUszanana lelduasa Arduino Mega 2560 89U ¥
Arduino fisuansiie @ lugud 6.27 Tnsusiasananasimiiduiiuszananadmiu
N1IAMUIUNIIANAAIFATLATNITALTUNITVOITTUUAIVANTB IR TR UL uuTAn
smfeanisa¥rauazdseondygyiuiadiiioniuqunisinnuvesaindloidiives
2995uvasfuLUUTAf N dygaledNAvesTsUUAIUANTIATUIMLAsUTENIalH
ImEJmia%’wé’iyiywmﬁaéimm%i‘faiwmﬁwuéﬁi%’ﬁqﬁsﬁua%ﬁﬂé’fyjzyﬂmﬂé’uLﬁagl,?m
11 Phase and Frequency Correct PWM 983U9%A Arduino Mega 2560 Fadunisass
Fyarauiadfiendufidusaziuina srududygyinuifinivesuasadingd uay
nslUskNINTEUUAUANTEasLasuLuUTAd ULUadn Arduino Mega 2560 Tidesuiiu
A1801%T VU Arduino IDE @1u1sad1tfiunishetuvituesfeafiudunisiusunsy
STUUAIUANTEIINITIBINTEUAN AN LU ULEN TN LN S dudunaunisieiunes
Tusunsudefaaulusuil 623 uasldedurosioazidenliluiiden 63.2 urezd

Y o/ L3

ANLANA1SAuLENTos Taan1slusunsusEuUAIUANYEIIRTLUasduLUUT AR

pd)}

amududoutiesnin iilesanlsifimsduaamyudmiunuununyuififeomadengy
wagn1shuasUSinamaliiuusnuanaalviod uuununyuaay

gUnsalil 2 leddmiuduinnuaziienns1af (sate drive and isolation I0)
Ju HCPL-315) 9839U5¥W Broadcom fsuanadne @ lugudl 6.27 Fevimiifiensedu
wsadulifnvesdyyrauiadildainuesa Arduino Mega 2560 Litalifissnasne
n1synvuIULnnaindlediidimivalruqunisyinauvedisasulasdunuudan
wazusnaniuailedfendndaininfiuennsnag (ground) N14ATUKTIF UGS Tufe
drurenarsulasiunuudad 89n91nNITNAMNSILLTIRUA Tufe diuvesszuUAIUAL
1091995wlasiunuutan Tnsa1dendnnisniauas (opto-isolator) wiedesfunislnaves
nszualniinanniansmedunsadiugeundneasmeiuussiuii uaziiiedesfunissuniu

PUUAEN A ND1AAATUINNANUAIANSVDITEUUNTIIN
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oUnsalil 3uazaunsalii 41 Jugunsaidimiunisnsiatadn
LLiqﬁ’uMﬂﬂLmﬁwmﬁmﬂﬂiamﬁuﬁmmu (V, e ) waznszualiiihiilvanudumdeat (7,)
dieinluldlunisAunauazUssutanaszuuaiuauuessashuasiuuuutan alald
nIudieTusedulni u LV 25-P uagnsiudiweinszualiin Ju LA 55-P 98
UTEN LEM fauanadne @ waz @ lusui 6.27 audndu iuideafugunsaliladldly
n13asiinnseduliitnarnszualnindniussuuaIuANYeIIRTITBINTELAN AN
wuuuenivdsildesuenvasdenlluided 6.3.2
ns1eariduavesgunsaing 5 druiilfesurelinedvaudidafy
ansaaiiasulasiuuuudadniinisauguussiuedwninnasoufiduniy Fald
Julnaamdslniasiivesyanaaeuldiuansiie © waz ® Tunmsiuvesyanadeu
Faguil 6.14 wazUTl 6.15 uazanilénannlilumeuduveaiaded 6.2 41 Jaqiud
wmaluladuazueinlulasaeulnsaiasiiinimilunisuszunanaigenin daaunsa

AruanlvssuviinaniIsnovanesfby daduisaiuisafaglifiaisuinainues

a

asudasiunuutaniinsavauls nanfe awisafiansanlisasudasduuuudanig
inaianasendiiuniunlaasisululvandidelniiasiiuwuy

ﬂ?iﬂ'ﬂUﬂNLLﬁﬂﬁUL@”}G}

q

[

gauAdld Wuierfuiifiansunluaaidaenssuvesssuulnihddsvuiaiesduaie
Tuguil 3.1 Tuundl 3 e1alsfnnlusiuideineninusilfesuiessaziBonuos
2vsudasiunuudafuazuasa Arduino Mega 2560 Tiwodaauiintdu duduiiugiuuas
$18a2188AY0IN15NEIUNIAUN1TIUNITEBNRUUNNTIABTUAL N1T0BNIUUMAIAIUANYEY
193suUasuLuudan 59u89518a2L88AYIUBSA Arduino Mega 2560 Lagn15a314
dyerauiadnaglnun Phase and Frequency Correct PWM 999U85ARINGE1Y @1an50AnEN
anduldanInednususyruvndudavonnnmug Tanwiiy (nwwu Taniiy, 2556)
wagInentinusUsyyn el Uudinvesdniniy Anfla (Fnsn3v dnale, 2561)
FatuansraziBenvesdiutsznovuargunsainng q Aldesureludiediy
Faviaded 6.3.1 feaden 6.3.4 Fsaunsnadraduyanaaovvesszuulniindidevy
w3osduildlaiantuiifiszuusmmisuuuliinssuanss uuuiedesduidalwilfen
waztafedlddsiuanslugud 6.14 uazguil 6.15 uaziiieifunisnsiaasuinganaasy
vaaszuvlniidiumeiosduiildadisduludesu foinsarunsariarumudided
TWsunsuldegnsgndes deamnsafiasilulddmsunsBudunansimszimmauiuas
nsfnwifeiRefuaiosnninuntesineninusly euideinerdnusiedni
N9NATEULATATIVADUANTIOULVBITLUUAIUANYDIgANARBUT LFad 97y Tnena

= Yo o v o o &
ﬂ']iV]@a@‘ULLE‘1®35']EJ@$L@EJ®VL@I®Q“'JGU@V] 6.3.5 AU
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6.3.5 KANINAFIUIZUUAIUANVDIYANAFDU

ilo819899m11ATgIU MIL-STD-704F Fa18udermuaiifnanuazesniuy
syuuliihidsuuaiosdusioslfifauasnuin uasgrudananlddunaslranudidy
fumsimuadnuuzanizvesnsaiuliindivalwiinssuansasiniu fsduniamaaoy
LA¥ATIVABUANTINULVDITHUUAIUANTBIgANAAR U A ad 198 uluauiTeiner Tnusi
v nduslanznIsnovaueesdyyanseiuli i ivalndinszuanse (7,) widu
wazazlduinsgiusanandmiugadinisnsisdeunanisinuiteianun Wuieatu
NM3MTIRABUNANNTANEIATelFaInn1sdnansaniunsaluunenfinnesfeilliinaus
seazdealiluunil 4 wazundl 5 uaruenaNTudinIInTIAeUANTINULYDITFUUAIUAL
YaayANAdavarauetananITageudilianyannaeudeaiistulufosufidnns
wagnaldannisitassaniunisaivuneuiisneiisyaudenlulilnidsly SIMULINK
vulUsunsy MATLAB wasszuuanaaaufsfinanslilunianuan a. Tngsenaqin
YANAFBULAZIINNITINABIANIUAITIUUABUNILA DT L nnaaaungldanIunsallas
Feuluidertu Fuflodmunlininiinesvosyanaaouidudnisd 6.1 msnageunas
FTIIABUANITOUVDITZUUAILALTBIYANAdDURUIBan Ay 2 n3dl e

nsaif 1 Inanidaliiiagea ( 2,,) Snmsdsunlasiuuuiianfivunniy

<

wazfirnanas Tnefinsiwasunlasan 0.4 kw 1 0.6 kw wazann 0.6 kw undu 0.4 kw
787 0.1 3wt waz 0.2 3wt awd1du Famanisveaeulunsdiil 1 immlé’éf&gﬂﬁ 6.28
Tnegufl 6.28() Wurailldainnissrassaaiunisaluunesfiames luvugAigud 6.28(b)
Junaitldanyanaaouluiesufiinis dufvdeyaldainesadalaalay ju wavesurfer
3034 U93UTEN Teledyne LeCroy falaninig (9 Iugﬂ‘ﬁ 6.14

A58l 2 Inanindslninaiinsvasnudauuianfiviiniuios o
Taaifin1siUdsunlasan 0.6 kw iy 0.8 kwwazan 0.8 kw luidu 1.0 kw fivaan
0.1 3unl uaz 0.2 Jurft audeu Femanisnaaeulunsdld 2 ﬁmmlﬁﬁagﬂ‘ﬁ' 6.29 waziiu

Wi fiuguil 6.28 dufe 3UN 6.29() Wunaiildainnisdiaesaniunisaluuneuiiomes

a

uar3UT 6.29(b) Wunaiildanyanaaeulueaujuiiinis
IINNANTITNAABUKAZATIVARUANTIOULVBITEUUAIUANTYDIYANAADUT
ladawanslugui 6.28 sndunsdinlvanmiaslniiaeda (P, ) Insidsuudasisuuy
fAnfinuindusaziiaianas wazdawanslugui 6.29 Fadunsalvaniidsluilinegs
~ d' a a £ 4 o v & AV v °
fin1sdsundasiuuiianiuuinduiios 9 azdanalad anantaeinnisdiass
anrunIsaluuneuialnesfegUN 6.28@) Lag3Ui 6.29() wagnanlaanyanaaey

luosdJURANTAssUN 6.28(b) uarguin 6.29(b) dmnuaenndeItl lAUNANIINBUALDIVEY
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*s & MIL-STD-704F Standard
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(b) Experimental results \h 1
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#ee1aa1 0.02 Uil Fefesnin 0.04 3unit muiuesgiudivualy Sadunisuans
Ty ganeaeuiildassiuluies fiRnsamsornunuddsilusunsuldegig
anAeq Imsmwmsamuaﬂﬁmamsmauauawaqé’fgmzuLmé’uivxlﬂwﬁﬁ'alw%mimama
vesszuuisluanizdiniuarluanitzogdndulunuuinsgiu MIL-STD-704F 1§
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IWinszuanss wuuiadesddalaindoiuasvaidon fagud 614 Feldadrady

lureauUanisvesaniduinalulagnisiunazedinia un1Inerdeusnfiaiay
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1.2 NAN1SNAFBUNTISVIALEDESATNLazN1ISIURBULUaIAINIS1TLINDS
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| chapter 3:
I
|
|
: deriving the time-invariant mathematical model of the considered system |
|
|
' l
L T TR -
g0 e

predicting the beginning of the system’s unstable point
by using the linearization technique and the eigenvalue theorem

adding the loop-cancellation technique into
the existing system control loop for instability mitigation

;

defining a sufficiently small feedback gain (Kpp) for each load (Pcpr}
within the rated power via the stability analysis for instability line calculation

¢

defining adaptive stabilization equation based on
the instability line by using a polynomial curve fitting

.

creating the adaptive stabilization for the considered system based on
the loop-cancellation technique with the adaptive stabilization equation

I
chapter 51

_________________________________________________ 4

U7 8.1 WHUAINAITASINEDETAIMBIUSUFUDITZUUINAAAS

EaN

MgeIRANUIkaTLuINTaTULAINIRe Ineinug

SLUU NPUUILUITNINITVIALADYSAINVBITLUUD U RBIU1 N Inann1a9 WA AIs?

(P.,,) WnensiinmaiagUenidndnlulussuuaivaudundegud daiuvdslunisiig

o/ v 6

wainguenidndilvlussuumunuauaziiasanaingunismivaniiianuduiusiunaves
Tnaanideluiineda tielvnisadesdgyrursaseniodygruaiisaiosnin

o

a a ¥

nnatiaglenidnfaz@ndrlulussuvaiuquifuaiunsayavenseminnaves
Tnanmdslniassald drsudnunendunismen K, Aidosuazifisane (sufficiently small)
dmfunn 9 Arvedlnandidaluiinsi a1ngaisudunisviniadesnmauisaindslnd
AitnvesszvulneldnisiasiediiaiosninareisarsyinldmiduiBadusiudy
ngufunanzasiofouuuiiassmendinamanivesszuy ethwansiiasgiilalld
drufunisadradusunliunisuiaaiosannserduaaiosnin anntutduwullvy-

ANSVIALADESAINUSaLEUBLAR SN 19 LU TTA NS UNISTANUAELNITAS 1@ R ESAIN



216

WaUsudanaunisuiaunisindlutdeaneidenisidentdunsiWiinuizan way
nsasratsnmdeusudvesssuulniindsnnansu fareluanniasliilinedi
ausavilalagerfumaiingUenidnuavaunisadiaadosarmdausudinimuals g
12 o ° o Y a a v o A v o A
aeAnNTkazwINIdImunsaiinais s mdausud nasuladeununinlugun 8.1
p1aduuseloriaeiainssunisdunaselnideiu niedminssuluaiv1du q
FAINTIUEIULUA IAINTIUTLUUTN Fddensdnaula wethesdanuiuazuuinieile
nuITeInerdnusiludeseatasaurdinsvasrwaiosaimadsusudalidu

syuulniidauuanntnenssuvssssuunaulavaznansanla

v a a

8.2  ajUlAuYeUITeINYTNUS

) a

1. uAdinednusiiiauenisussimnisuaiaiesanvesssuu i deuu

wsaaunlgliiuinduiilissvudmmunsuuuliiinssuanse lnenisussynald

' 1%
= o |

aa LY [~ a ¥ 1% a a a =< o/ o 1
Fen1sleundusuuliilugadumsmalinglenidn denauslusfnaudetagiudalul

[y

ATefiRfimimeunsla 9 UssgndldainsTudnvardivssuulnihdsuueiosdu
ATORETS

2. uATInednusilaresonuaziaulfn1susInInITIIER TANAY
LwﬂﬁﬂqﬂaﬂLaﬂﬁ"mﬁ’umﬂi’fam'ﬁaﬂwdwsﬁumé’mwmsﬂauﬂﬁuﬁwim‘ﬁ'auﬁﬂ@f A11150
afraadosnimdaufusaldfussuuininddsvutadosdudldlnduinguddl
szuusmenuulnfianszuanssld Tnserdonsiiiuiisanasnsiatausatulniigaly

lusguuiniy dstudslidmademdsnuaaids vuin Uvin wazsiavesssuulag sy

Aaa

d‘ a A a = 5 1 a = LY % 1 a v 3 [}
VULATIIUUNNITTEUN ‘ZNGNLLG]I'UEJ@@QUOQ%QQUUHJI@JNQ’]U?QE’JVW]‘W&IWLN‘EJLL‘W{L@ 4

LY

o a 2 dy o o ‘d‘ a -’-ﬂl a
AfunstudnuwaediuszuulnimdsuueIasdunnad san

8.3  UaLduaLUTNaNISNAIUIIUIE TuaunAn
1. n1sadraadesarmdsusudifidiauelucuideinednudende

AUN1TASINADTAINBIUSUAINAIMUALAINNISUIaNNISInAluLTsan18n15La0N

;74

LEUNS N UL L AUN DAL EUB U I UUNITVIALEDETAINAINAITIATIEALEDYTNINAIY

o

Wil ududadusindung vi unata1zawinuwuudnaom e dnA1ansvedssuy

d" 1 a 6 =1 c{' ) Yal o I d' £ o a o
FAMNANITITLADSVRITEUULNSUAULUAY YNITTANUT T UNEABIAWLUNITAIUS

Y

aun1saanandtuuaiudunsunledausly dedurinevinlvnisasiwate s T IUSUS?

1%
=

A o [ ad A a S 1 ! £ a va a
‘1/I‘LHL?ﬂ‘LlE)L‘U‘Ll'lﬁﬂ’]iﬁ/lllﬂ’]?llSWMQULLazﬁSW’Jﬂﬁ]@ﬂ?iI%QWUIUWWQUQU@NWﬂﬁN%u



217

b4 al a [ £Y d' 1 QIJ I3 1 |
aunisasinadesamdsusudinedluguuvuvesaunisnilunaziduaunisednedng
(general and simple equation) mstasunsigatuasimuTudmsuidelueuan

2. uidveIneninusinauanisasrnatesn1ndaususivesseuulniiiaauy
wwspalunlgludranndundissuusmisnuulniinseunanse wuuias asn e liilneiway
U waga1tnenssuasavesseuulniniasuuasasuntsndiunndunilssuusinuie
wuubinszuanss nFsdueuirnvglasunisiauivazgninunldou asiduuuunane
w3osnuflalnias Ao (multi-generators-single-bus) Aatudnsuauidelusuing
AMSHRILILATINEUNSAS 1N e SN LT aUS UM IAnUsEuU I AdwuuRena?

3. NseanuwuukaidentdA1gnI1vensleunduvesnalinguenian (K,,) dmiu
UTIIINISVIALEDETAINLATAS 1 @D 8TAINTIUSUAVRasTUU LA A8 IuLLAS 90 UN
fisanedenisinsziaiosnnaedsnisvi lndudadusmiu nguiunataizas &9
lalgusafiansaninnanisnevauesvesdua s ulii nvaliiinszuanssaziuly
AUUIATFIU MIL-STD-704F lanFely dsdudivsuanuidelusuinnarsimuliisnis
PonNLULLazADN1TA K, d@11130W301035IuRInalutunauveInIsosnwuuld

a ¢ a o 1) = awv a a 9 vaa ° v

4. nM33AsIzInIgquinednuatesnnlusuideinednuslaisnsinlmdu

WRAUTINAUN B UNAILDIZawIItY deludmTunuidelusuianalsinisinsiei
a Y] a P aa @ a v A ad a ¢ a o
Wgadulatesninaledsnisuuulildududuniodisnisiiasisiatosnindey gy
R lng IUINTIATIZRAIUTENEUNTITHE@IUIIN (participation factor analysis) tNelu
lanaveIn1siasizintamguinelduiaiesaimiidaiiuvainvans 33e199zvinlula
9 a ) a A & s 9] a
Teyatngafuiatgsnnmiduysglovldanisiauinisussininisviaaie snan uaz

¥ al a % LY 2 1 Y o % =4 L7
A5ES1LENYTAIMTIUSURILA 19U @unsaltdivnsuniseanwuukaziaenttan K, 1ag
fin15fNsNn 3518 MIL-STD-704F ludumeunesnisesnwuuld vsearadudayaind ey
Fagrursalddmunisiigadmannisairaaiesaimdesuiudaneglusvuuvves
aunsinlusazduaunisegnaiels

5. szuulilihimdwwasesduniiansunddinivauuuuagudmsurimiine vy
AswuInsesatiinsaniaabninannuaaziasesnndalndludadunannaunveaseuy
1A 1fgN1TNNUATNYULLANIEYUDIANAVBILAAEUTAIT 8T UTULUUYB LTI UAN
Fedanavinbiwsasulninnvalninnsenanseiianlianed tngazdvuniianauialunanueassuu

o o

AAUANNINTU AU UEIMTUUITBTUDUIANAITHNITYALYBUTIAUANAINEND (voltage

v
= o

compensation) MAATUAINAIAIUANKUUATY Wiy liksedulniATalninszuansa

a0 dl 1 o 1 ! o U dIQ U ¥
llﬂ’]FN‘VIG]afz]G’I‘EJ’]“LJﬂ’]i‘I/H\‘i’]“Iﬂ‘IJ%’N“UENﬂ']ﬂWaQVLW‘W’WIWﬂﬂ%@ﬂi%U‘Ul@



1811591994

nesiu 81330 (2560). s¥UUAIUAN (control systems). unTineaemAluUlaggsus.

dn3n3Y AnAle (2561). NITUTININITVIAAYTNINYONTEUUIATITIET 1AW 1N T2 UaNTI
yumanineldinadngvenian. InerlinusUsyarininssumansguldudin
wIngaemalulagguns.

NANS USIAQNS (2557). n1509KkVUAIAIUANTETUUUYSUFIF IS Y9950 5997784
waninuvvywvlusgvuaungauna. Ine19nusUuS gy IaINTsUAIanT-
AuUdin unInerdenalulagasuis.

wnnus Laniidia (2558). 0153iA5eiade snnvesszvulniddue 1 Iudaid
Inandiannsoidnaniasyuruiy. Ie1inusUs Yy iAInTsuAIEn U Uudn
WIngaemAlulaggIuns.

NaANS FTURUTERUS (2559). 115ATUANKUYAAFIUTINAULT U NUYL TS UFId 195U
wasnsavdIamendnlusyyvasinadae. Ineninususyyrimnssumians-
AU unInerdemnelulagasuns.

afidy gueNus (2558). N153LATILANYTNINGYY 100 YUI9 IugjvaeseuulniiI1dued
uFFialnandigalnineda. nerinusUiyuiainssuaaasunVada
wIngaemalulagguns.

Abu-Rub, H., Malinowski, M., and Al-Haddad, K. (2014), “Power electronics for renewable
energy systems, transportation and industry applications,” IEEE Wiley.

Areerak, K-N., Bozhko, S.V., Asher, G.M., De Lillo, L., and Thomas, D.W.P. (2012), “Stability
study of a hybrid AC-DC more-electric aircraft power system,” [EEE Trans.
Aerosp. Elcetron. Syst., vol. 48, no. 1, pp. 329-347.

Areerak, K-N., Bozhko, S.V., Asher, G.M., and Thomas, D.W.P. (2008), “DQ-transformation
approach for modelling and stability analysis of AC-DC power system with
controlled PWM rectifier and constant power loads,” 2008 13th International
Power Electronics and Motion Control Conference (EPE-PEMC 2008).

Areerak, K-N., Wu, T., Bozhko, S.V., Asher, G.M., and Thomas, D.W.P. (2011), “Aircraft
power system stability study including effect of voltage control and actuators

dynamics,” IEEE Trans. Aerosp. Elcetron. Syst., vol. 47, no. 4, pp. 2574-2589.



219

Bacha, S., Munteanu, I., and Bratcu, A.L. (2014), Power Electronic Converters Modeling
and Control with Case Studies. New York, USA: Springer.

Cespedes, M., and Sun, J. (2014), “Impedance modeling and analysis of grid-
connected voltage-source converters,” IEEE Trans. Power Electron., vol. 29,
no. 3, pp. 1254-1261.

Cespedes, M., Xing, L., and Sun, J. (2011), “Constant-power loads system stabilization
by passive damping,” IEEE Trans. Power Electron., vol. 26, no. 7, pp. 1832-1836.

Chaijarurnudomrung, K., Areerak, K-N., and Areerak, K-L. (2010), “Modeling of three-
phase controlled rectifier using a DQ method,” 2010 International Conference
on Advances in Energy Engineering (ICAEE 2010).

Chen, J.,, Hou, S., and Wang, C. (2018), “Large-signal stability study of power system in
More Electric Aircraft,” 2018 IEEE International Power Electronics and
Application Conference and Exposition (PEAC).

Department of Defense Interface Standard, Aircraft Electric Power Characteristic,
Standard MIL-STD-704F, 2004. [Online]. Available: http://www.dodssp.daps.mil/.

Du, W., Zhang, J., Zhang, Y., and Qian, Z. (2013), “Stability criterion for cascaded
system with constant power load,” IEEE Trans. Power Electron., vol. 28, no. 4,
pp. 1843-1851.

Emadi, A.,, and Ehsani, M. (2000), “Aircraft power system: technology, state of the art,
and future trends,” IEEE Aerosp. Electron. Syst. Mag., vol. 15, no. 1, pp. 28-32.

Emadi, A., Fahimi, B., and Ehsani, M. (1999), “On the concept of negative impedance
instability in the more electric aircraft power systems with constant power
loads,” Soc. Automotive Eng. J., pp. 689-699.

Emadi, A., Khaligh, A., Rivetta, C., and Williamson, G. (2006), “Constant power loads and
negative impedance instability in automotive system: Definition, modeling,
stability, and control of power electronic converters and motor drives,” IEEE
Trans. Veh. Technol., vol. 55, no. 4, pp. 1112-1125.

Feng, X,, Liu, J., and Lee, F.C. (2002), “Impedance specifications for stable DC distributed
power systems,” IEEE Trans. Power Electron., vol. 17, no. 2, pp. 157-162.
Fulwani, D. K., and Singh, S. (2016), “Mitigation of negative impedance instabilities in dc

distribution systems: A sliding mode control approach,” in Springer briefs in

applied sciences and technology, Springer Nature, pp. 12-28.



220

Gao, F., and Bozhko, S. (2016), “Modeling and impedance analysis of a single DC bus
based multiple-source multiple-load electrical power system,” [EEE Trans.
Transp. Electrif., vol. 2, no. 3, pp. 335-346.

Gao, F., Bozhko, S.V., Asher, G., and Wheeler, P. (2015), “Comparative stability study of
dc current control strategies for a droop-controlled PMSG system,” in Proc. IEEE
Energy Conversion. Cong. Expos., pp. 6246-6253.

Gao, F., Bozhko, S.V., Asher, G., Wheeler, P., and Patel, C. (2016), “An improved voltage
compensation approach in a droop-controlled DC power system for the More
Electric Aircraft,” IEEE Trans. on Power Electron., vol. 31, no. 10, pp. 7369-7383.

Gao, F., Bozhko, S.V, Costabeber, A., Asher, G., and Wheeler, P. (2017), “Control
design and voltage stability analysis of a droop-controlled electrical power
system for more electric aircraft,” IEEE Trans. Indust. Electron., vol. 64, no. 12,
pp. 9271-9281.

Gao, F., Zheng, X., Bozhko, S., Hill, C., and Asher, G. (2015), “Modal analysis of a PMSG-
based dc electrical power system in the more electric aircraft using eigenvalues
sensitivity,” IEEE Trans. Transp. Electrif., vol. 1, no. 1, pp. 65-76.

Griffo, A., and Wang, J. (2012), “Large signal stability analysis of ‘more electric’ aircraft
power system with constant power loads,” IEEE Aerosp. Electron. Syst. Mag.,
vol. 48, no. 1, pp. 477-489.

Huangfu, Y., Pang, S., Nahid-Mobarakeh, B., Guo, L., Rathore, A. K., and Gao, F. (2018),
“Stability analysis and active stabilization of on-board dc power converter
system with input filter,” IEEE Trans. Ind. Electron., vol. 65, no. 1, pp. 790-799.

Izquierdo, D., Azcona, R., Cerro, F.J.L., Fernandez, C., and Delicado, B. (2010), “Electrical
power distribution system (HV270DC), for application in more electric aircraft,”
in Proc. IEEE Appl. Power Electron. Conf. Exhib., pp. 1300-1305.

Jalla, M.M., Emadi, A, Williamson, G.A., and Fahimi, B. (2004). Modeling of
multiconverter more electric ship power systems using the generalize state
space averaging method. 30" Annual Conference of IEEE Industrial Electronics
Society. 1: 508-513.

Kabalan, M., Singh, P., and Niebur, D. (2016), “Large signal Lyapunov-based stability
studies in microgrids : A review,” IEEE Trans. Smart Grid, vol. 99, no. 99, pp. 1-1.



221

Kongpan Areerak (2009). Modelling and Stability Analysis of Aircraft Power Systems.
Doctor of Philosophy Thesis. The University of Nottingham.: 198-203.

Krause, P.C., Wasynczuk, O., and Sudhoff, S.D. (2002), Analysis of Electric Machinery and
Drive Systems. New Jersey, USA: IEEE Press.

Leonhard, W., Introduction to Control Engineering and Linear Control Systems.
New Delhi.

Ligiu, Han., Jiabin, Wang., and Howe, D. (2007). State-space average modeling of 6- and
12- pulse diode rectifier. 2007 European conference on Power Electronics and
Application. 1-10.

Liu, F., Xu, L., Liu, R., and Li, Y. (2018), “Impedance and stability analysis of a permanent
magnet synchronous generator system for more electric aircraft,” IEEE Int. Conf.
on Electrical systems for Aircraft, Railway, Ship Propulsion and Road Vehicles
& International transportation  Electrification Conference (ESARS-ITEC),
Nottingham, UK.

Li, Y., Vannorsdel ,L.R., Zirger, A.J., Norris, M., and Makismovic, D. (2012), “Current mode
control for boots converters with constant power loads,” IEEE Trans. Circuit
Syst., vol. 59, no. 1, pp. 198-206.

Logue, D.L., and Krein, P.T. (2001), “Preventing instability in DC distribution systems
by using power buffering,” 2001 IEEE 32" Annual Power Electronics Specialists
Conference.

Lorzadeh, O., Lorzadeh, I., Soltani, M.N., and Hajizadeh, A. (2019), “A novel active
stabilizer method for DC/DC power converter systems feeding constant power
loads,” IEEE 28" International Symposium on Industrial Electronics (ISIE),
Vancouver, BC, Canada.

Lu, X., Guerrero, J.M., Sun, K, Vasquez, J.C., Teodorescu, R., and Huang, L. (2014),
“Hierarchical control of parallel AC-Dc converter interfaces for hybrid
microgrids,” IEEE Trans. on Smart Grid, vol. 5, no. 2, pp. 683-692.

Mahdavi, J., Emadi, A., Bellar, M.D., and Ehsani, M. (1997), “Analysis of power electronic
converters using the generalized state-space averaging approach,” IEEE Trans.
on Circuits and Systems | : Fundamental Theory and Applications., vol. 44,

no. 8, pp. 767-770.



222

Magne, P., Marx, D., Nahid-Mobarakeh, B., and Pierfedrici, S. (2012), “Large-signal
stabilization of a dc-link supplying a constant power load using a virtual
capacitor: Impact on the domain of attraction,” IEEE Trans. Ind. Appl., vol. 48,
no. 3, pp. 878-887.

Magne, P., Nahid-Mobarakeh, B., and Pierfedrici, S. (2013), “Active Stabilization of dc
microgrids without remote sensors for more electric aircraft,” IEEE Trans. Ind.
Appl., vol. 49, no. 5, pp. 2352-2360.

Marx, D., Magne, P., Nahid-Mobarakeh, B., Pierfederici, S., and Davat, B. (2012), “Large
signal stability analysis tools in dc power systems with constant power loads
and variable power loads-A review,” |EEE Trans. Power Electron., vol. 27, no. 4,
pp. 1773-1787.

Matousek, R., and Svarc, I. (2009), “Simple methods for stability analysis of nonlinear
control systems,” in Proc. WSEAS Inter. Conf. on Syst., vol. 2, San Francisco, USA,
pp. 336-382.

Middlebrook, R. D. (1976), “Input filter consideration in design and application of
switching regulators,” in Proc. IEEE IAS Annu. Meet., Chicago, USA, pp. 336-382.

Mohamed, Y.R., Radwan, AAA.,, and Lee, T. (2012), “Decoupled reference voltage-based
active dc-link stabilization for pmsm drives with tight-speed regulation,” IEEE
Trans. Ind. Electron., vol. 59, no. 12, pp. 4523-4536.

Pakdeeto, J., Areerak, K-N., and Areerak, K-L. (2017), “Large-signal model of DC micro-
grid systems feeding a constant power loads,” The 2017 International Electrical
Engineering Congress, pp. 21-24.

Pang, S., Nahid-Mobarakeh, B., Pierfederici, S., Huangfu, Y., Luo, G., and Gao, F. (2019),
“Towards stabilization of constant power loads using IDA-PBC for cascaded LC
filter DC/DC converters,” IEEE Journal of Emerging and Selected Topics in Power
Electronics., vol. 1, no. 1, pp. 1-12.

Pang, S., Nahid-Mobarakeh, B., Pierfederici, S., Phattanasak, M., Huangfu, Y., Luo, G., and
Gao, F. (2019), “Interconnection and damping assignment passivity-based
control applied to on-board DC-DC power converter system supplying constant

power load,” IEEE Trans. Indust. Appli., vol. 55, no. 6, pp. 6476-6485.



223

Pena, R., Clare, J.C., and Asher, G.M. (1996), “Doubly fed induction generator using back-
to-back PWM converters and its application to variable speed wind energy
generation,” IEE Proc. Electr. Power Appl., vol. 143, no. 3, pp. 231-241.

Radwan, A., and Mohamed, Y. (2012), “Assessment and mitigation of interaction
dynamics in hybrid AC/DC distribution generation systems,” IEEE Trans. Smart
Grid, vol. 3, no. 3, pp. 1382-1393.

Radwan, A.AA., and Mohamed, Y.R. (2012), “Linear active stabilization of converter-
dominated dc microgrid,” IEEE Trans. Smart Grid, vol. 3, no. 1, pp. 203-216.

Rahimi, A., and Emadi, A. (2009), “Active damping in dc/dc power electronic converters:
A novel method to overcome the problems of constant power loads,” [EEE
Trans. Ind. Electron., vol. 56, no. 5, pp. 1428-14309.

Rahimi, A. M., Williamson, G.A., and Emadi, A. (2010), “Loop-cancellation technique: A
novel nonlinear feedback to overcome the destabilizing effect of constant-
power loads,” IEEE Trans. Veh. Technol., vol. 59, no. 2, pp. 650-661.

Riccobono, A., and Santi, E. (2014), “Comprehensive review of stability criteria for DC
power distribution systems,” IEEE Trans. Ind. Appl., vol. 50, no. 5, pp. 3525-3535.

Rivetta, C., Williamson, G.A., and Emadi, A. (2005), “Constant power loads and negative
impedance instability in sea and undersea vehicles: Statement of the problem
and comprehensive large-signal solution,” in Proc. IEEE Electric Ship Tech.
Symposium., Philadelphia, PA USA, pp. 313-320.

Rosero, J.A., Ortaga, J.A., Aldabas, E., and Romeral, L. (2007), “Moving towards a more
electric aircraft,” IEEE Aerosp. Electron. Syst. Mag., vol. 22, no. 3, pp. 3-9.

Seang Shen Yeoh (2016). Control Strategies for the More Electric Aircraft Starter-
Generator Electrical Power System. Doctor of Philosophy Thesis. The University
of Nottingham.

Slotine, JJ.E., and Li, W. (1991), Applied Nonlinear Control. New Jersey, USA:
Prentice-Hall, pp. 17-188.

Sopapirm, T., Areerak, K-N., and Areerak, K-L. (2011), “Stability analysis of AC distribution
system with six-pulse diode rectifier and multi-converter power electronic
loads,” International Review of Electrical Engineering (LR.E.E.)., vol. 6, no. 7

(part A), pp. 2919-2928.



224

Sopapirm, T., Areerak, K-N., Bozhko, S., Hill, C., Suyapan, A., and Areerak, K-L. (2018),
“Adaptive stabilization of uncontrolled rectifier based ac-dc power systems
feeding constant power loads,” IEEE Trans. Power Electron., vol. 33, no. 10,
pp. 8927-8935.

Tsang, K.M., and Chan, W.L. (2005), “Cascade controller for DC/DC buck converter,” [EEE
Electric Power Appl., vol. 152, no. 4, pp. 827-831.

Weaver, W.W., and Krein, P.T. (2009), “Optimal geometric control of power buffers,”
IEEE Trans. Power Electron., vol. 24, no. 5, pp. 1248-1258.

Wen, B., Boroyevich, D., Burgos, R., Mattavelli, P., and Shen, Z. (2015), “Small-signal
stability analysis of three-phase ac systems in the presence of constant power
loads based on measured d-q frame impedances,” IEEE Trans. Power Electron.,
vol. 30, no. 10, pp. 5952-5963.

Wheeler, P., and Bozhko, S.V. (2014), “The more electric aircraft: technology and
challenge,” IEEE Electrif. Mag., vol. 2, no. 4, pp. 6-12.

Wu, M., and Lu, D.D. (2015), “A novel stabilization method of LC input filter with
constant power loads without load performance compromise in dc microgrid,”
IEEE Trans. Ind. Electron., vol. 62, no. 7, pp. 4552-4562.

Yang, Z., Shang, F., Brown, |.P., and Krishanamurthy, M. (2015), “Comparative study of
interior permanent magnet, induction, and switched reluctance motor drives for
EV and HEV applications,” IEEE Trans. Transp. Electrif., vol. 1, no. 6, pp. 245-254.

Yazdani, A., and Iravani, R. (2010), Voltage-Sourced Converters in Power Systems :
Modeling, Control, and Applications. New Jersey, USA: IEEE Press.

Yeoh, S.S., Rashed, M., Sanders, M., and Bozhko, S. (2019), “Variable-voltage bus
concept for aircraft electrical power system,” IEEE Trans. on Ind. Electron.,
vol. 66, no. 7, pp. 5634-1393.

Zhang, X., Vilathgamuwa, D.M., Tseng, K.J., Bhangu, B.S., and Gajanayake, C.J. (2013),
“Power buffer with model predictive control for stability of vehicular power
systems with constant power loads,” IEEE Trans. Power Electron., vol. 28,
no. 12, pp. 5804-5812.

Zhang, X., Xu, L., Li, Y., Zheng, Z., and Wang, K. (2016), “Stabilization and assessment
of interaction dynamics for more electric aircraft,” in Proc. IEEE Inter. Power

Electron. And Motion Control Conf., Hefei, China, pp. 1-7.



AMANUIN 1.

=

UNAMUNIGIVINITALASUNITANUN NSNS

a a 4

TUs217319N159113I8INB1TUNUS



S8YDUNAUNIIVINTNEASUNITANUW LB LN IUTLII19N15N I8N TNUS

A. Suyapan, K-N. Areerak, S. Bozhko, S. S. Yeoh, and K-L. Areerak, "Adaptive
Stabilization of a Permanent Magnet Synchronous Generator-Based DC
Electrical Power System in More Electric Aircraft," in /EEE Transactions on
Transportation Electrification, vol. 7, no. 4, pp. 2965-2975, Dec. 2021,
doi: 10.1109/TTE.2021.3081161. (Q1, IF = 5.444)

8ty guyius, nediy 91350 LAy nasna 8133nY, "N1sRRNLUUMAIAIUANYRLTEUULHTN-
fdauunszuanssluaiasduiildlnfnundy (A controller design of DC
electrical power systems in the more electric aircraft)," 275875397175
Imnssumans 4.9v. (UBU Engineering Journal), atufl 2, I 15 Usesieu
Wweu-lguieu 2565. (TCI 1)

A. Suyapan, K-N. Areerak, and K-L. Areerak, "A Controller Design of More Electric
Aircraft Power Systems Using an Adaptive Tabu Search Algorithm," 2017

International Electrical Engineering Congress (IEECON), 2017, pp. 1-4.



227

IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION. VOL. 7. NO. 4. DECEMBER 2021 2965

Adaptive Stabilization of a Permanent
Magnet Synchronous Generator-Based
DC Electrical Power System
in More Electric Aircraft

Apichai Suyapan, Kongpan Areerak ™, Member, IEEE, Serhiy Bozhko™, Senior Member, IEEE,
Seang Shen Yeoh™, and Kongpol Areerak

Abstract— Most loads of electrical power systems on a more
electric aircraft (MEA) are regulated power converters. These
loads behave as constant power loads (CPLs) that can signifi-
cantly affect system stability. The system will become unstable
and will be unable to operate at the rated power. In this article,
a novel adaptive stabilization of a permanent magnet synchro-
nous generator-based de electrical power system in MEA is pre-
sented using a nonlinear feedback approach via loop-cancellation
technique with a simple equation of feedback gain, which can be
calculated from the power level of the CPL. The equation can be
derived from a polynomial curve fitting based on the proposed
mathematical model derived using the dg method. The adaptive
stabilization results are validated by a small-signal stability
analysis using the linearization technique, a large-signal stability
analysis using the phase plane analysis, an intensive time-domain
simulation using MATLAB, and experimentation. The results
indicate that the proposed adaptive stabilization technique can
provide the considered aircraft power system always stable for
all operating conditions within the rated power, and the de¢ bus
voltage can adhere to the MIL-STD-704F standard.

Index Terms— Adaptive stabilization, constant power load
(CPL), dg model, large-signal stability analysis, loop-cancellation
technique, more electric aircraft (MEA), nonlinear feedback,
small-signal stability analysis.

I. INTRODUCTION
HE more electric aircraft (MEA) is an essential con-
cept and tendency in modern aerospace engineering that
attempts to replace four subsystems, i.e., electrical, pneumatic,
hydraulic, and mechanical systems with only an electrical
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system. The aim of using MEA is to reduce operating costs,
fuel consumption, environmental impact, and overall weight.
Furthermore, improvement in the efficiency and reliability
of overall aircraft systems has been concerned. The ac dis-
tribution system is the preferred system for use in MEA,
whereas a hybrid distribution system serves as a second option.
However, at present (and in the future), a dc distribution
system represents a potential architecture for MEA because of
the distribution advantages it presents. These include higher
system efficiency and reliability, as well as lower overall
weight and power losses, due to the absence of reactive power
compensation equipment [1]-[6].

The concept and tendency of MEA have resulted in the
wide use of power electronic technology because it is easy
to control and has high efficiency and low maintenance costs.
Hence, the electrical power system loads on MEA typically
include regulated power converters, e.g., power converters that
are connected to an electric motor to control the current and
speed of the motor, as well as ac/dc or de/de converters with
their output voltage controllers. However, regulated power
converters behave as constant power loads (CPLs), which
are characterized as having negative impedance to overall
systems [6]-[8]. These CPLs can significantly affect system
stability. Instability in this regard may affect controller perfor-
mance or causc system damage [6], [8], [9]. Thus, the stability
analysis for an electrical system with CPLs is important
and necessary, particularly for the electrical power systems
on MEA. System instability on MEA not only affects the
controller performance but may also cause damage to the
overall system, which, consequently, will impact passenger
safety. These are all undesirable circumstances in the context
of aviation. From past to present research, stability studies
have been proposed to predict unstable points that can be
used to avoid unstable operations. However, stability results
alone cannot revert an unstable system to a stable system.
Therefore, instability mitigation issues have been reviewed to
extend system operation.

The basic concept of instability mitigation due to CPL
involves the compensation or elimination of the CPL effect by
increasing the system damping. These can be categorized into
two methods, i.e., passive and active dampings. The passive

2332-7782 © 2021 Crown Copyright
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TABLE 1
ADVANTAGES AND LIMITATIONS OF MITIGATION METHODS

Method Advantages

Feeder Side
Active Damping
[10-17 and 22]

Limitations

not affect to
load performance

can only be applied for
the switched converters

CPL Side can compensate affect the
Active Damping CPL effect directly load performance
[11,18-21, 23-25]

Active Damping

can be applied

increase cost, power

using Auxiliary loss, and complexity
Circuits converters without the of the overall system
[11 and 26] load performance effect

approach [10], [11] involves hardware modification by increas-
ing filter capacitance, decreasing filter inductance, or adding a
passive component, e.g., a resistor, a resistor with a capacitor,
or a resistor with an inductor to the system to increase
system damping, resulting in increased system stability.
Passive damping involves a simple method for design and
practical implementations. However, the drawbacks of such
damping are an increase in the overall system size, weight,
and price and system power losses, which results in decreased
system performance. Active damping [11]-[26] is an approach
based on control structure modifications. A compensation
signal, known as a stabilizing signal, is created and introduced
to existing control structures. Virtual system damping can
also be created to increase system stability in which the
active damping approach is not a hardware modification.
In this way, the system can achieve higher efficiency and
reliability compared with using a passive damping tech-
nique. Most of the current research, thus, tends to use the
active damping approach for instability mitigation. According
to feedback characteristics, active damping can be divided
into two methods. The first is the linear feedback method
[11]-[12]), [14]-{17], [19]-[23]). in which the creation of
the compensation signal is based on the virtual impedance
principle. However, studies [11], [13], [26] reported that
the linear feedback compensates only for a limited amount
of CPL [L1], [13], [18], [26]. The second approach, the
nonlinear feedback method, can eliminate a wide range of
CPLs. The compensation signal is designed using a nonlinear
control technique, e.g., sliding mode control, state space
poles placement. a loop-cancellation technique, and neural
networks [11], [13], [18], [24]-[26].

The active damping approach can be implemented in three
ways, as given in Table L. The first is by implementing modifi-
cation at the feeder or source side [10]-[17], [22]. The advan-
tage of this approach is that it does not affect the load perfor-
mance. The main primary disadvantage, however, is a limita-
tion in terms of a usable system. This method can only be used
for a feeder system with switched converters. When the feeder
system includes nonswitched converters, such as an uncon-
trolled rectifier, CPL. compensation at the feeder side is not
possible. In this case, the second approach, i.e., modification
at the load or CPL side [11], [18]-[21], [23]-[25], can be used.

Modification at the CPL side is a method that can compensate
for the CPL effect directly by introducing a compensation
signal to the existing control loop. The drawback of this
method is that the load performance will be reduced. If the
load performance becomes more important than the losses,
compensation using an additional auxiliary circuit is a suitable
option [11], [26], in which an auxiliary circuit is installed
between the feeder and load systems. This will, however,
increase the cost and complexity of the overall system, as well
as power loss.

On the basis of the advantage of the nonlinear feedback
technique, this article presents adaptive stabilization using
the loop-cancellation technique. The compensating signal is
introduced into the existing control loop at the source side.
In addition, the stabilization gain can be adopted based on
the system’s operating point to maintain system stability.
The simple equation derived from a polynomial curve fitting,
alongside the instability line provided by the proposed aver-
aging model, is used to update the stabilization gain. After
applying the proposed mitigation technique, the considered
MEA system will always be stable within the rated operating
point. Furthermore, when stabilization is achieved, the dc
bus voltage can adhere to the MIL-STD-704F standard [27].
The intensive time-domain simulation using MATLAB and
the experimental results were used to validate the theoretical
results.

This article is structured as follows. In Section II, a
single-generator-single-bus de distribution MEA power system
with the loop-cancellation technique is introduced. Applying
the loop-cancellation technique to the considered MEA and
deriving the mathematical model using the dg method are
also explained. In Section III, a review of system stability
is presented by a small-signal stability analysis using the
eigenvalue theorem and large-signal stability analysis using
the phase plane analysis. The details of the proposed adaptive
stabilization are addressed in Section III. The validation of
the theoretical analysis by simulation using MATLAB and
the experiment using a test rig built in the laboratory are
presented in Section I'V. Finally, the advantages and benefits of
the proposed adaptive stabilization approach, as well as future
research, are concluded and discussed in Section V.

1I. CONSIDERED MORE ELECTRIC AIRCRAFT POWER
SYSTEM WITH THE LOOP-CANCELLATION
TECHNIQUE

Fig. 1 shows the MEA power system considered in this arti-
cle. It comprises a permanent magnet synchronous generator
(PMSG), which is used to generate ac power by converting
mechanical power from the aircraft’s engine turbines to elec-
trical power. An active front-end (AFE) rectifier is used to
convert the ac power from the PMSG to dc power for all
MEA loads, whereas a de-link capacitor is used to reduce the
ripple voltage of the dc bus to obtain a smoother and more
constant voltage. Furthermore, the dc transmission line and all
MEA loads include the CPL referred to the regulated power
converters, resistive load represented to a wing deicing system,
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Fig. 1. Considered MEA power system.

and the capacitor bank. The controllers of the AFE rectifier,
indicated.by the gray area in Fig. 1, are the vector controllers
on the dg-axis. The current controller on the d-axis is used to
control the PMSG and enable it to function at full-flux opera-
tion by setting /7 1o 0. The current controller on the g-axis and
the voltage controller are used to regulate the voltage across
the de-link capacitor (Vy.), which, in this instance, equals
250-280 V; this is based on the MIL-STD-704F standard [27],
in which the nominal voltage (V) is set to 270 V. The droop
controller is used to control current or power-sharing from
cach PMSG for all MEA loads to obtain the desired V-7
droop characteristic. The output of the droop controller is the
reference voltage for the Vye controller (V). Furthermore,
Fig. 1 indicates nonlinear feedback via the loop-cancellation
technigue and the adaptive stabilization approach (the green
and blue areas, respectively, in Fig. 1). In this section, only
the considered MEA with the loop-cancellation technique is
studied. The adaptive stabilization approach will be described
in Section III.

As shown in Fig. |, the instability mitigation technique is
added to the existing conventional controllers. The application
of the loop-cancellation technique for instability mitigation of
the considered MEA is explained as follows:

The dg method is applied for deriving the mathematical
model with which to obtain a time-invariant model suitable
for a stability study. The assumptions for deriving the model
are that the AFE rectifier is operated under the continuous
conduction mode (CCM) and an overlap angle () below 60°,
and all harmonics in the system are ignored.

For model derivation, the considered MEA system can be
divided into three parts.

A, Permanent Magnet Synchronous Generator Model

The dynamic equations of the PMSG on dq frame with a
synchronously rotating reference frame [4], [5] are shown as

follows:
Ry welLy
la = L la L, Ia— o Va
G ok Ry T o ®
Ly Ly L, Ly

where R, is the stator resistance, L, and L, are the induc-
tances on the dg-axis, ¢, is the permanent magnet flux linkage,
@, is the electrical rotor angular velocity, 1; and /, are the
stator currents on the dg-axis, and Vy and V, are the stator
voltages on the dg-axis.

B. AFE Rectifier Model

The inner structure of the AFE rectifier includes six
switches, herein identified as insulated-gate bipolar transistors
(IGBTs). After using the dg method to eliminate the IGBTS’
switching behaviors, the AFE rectifier can be represented
by a transformer on the dg-axis with the ratios M,:1 and
M,:1 [4]-[6]. The time-invariant switching function of the
AFE rectifier is shown as follows:

My =% cos(d — feon)

2)
My = _% Sin(¢ — Peon.) :
where m is the modulation index, ¢ is the phase angle of the
dg-axis, and ¢con is the phase angle of the voltage vector at
the converter bus.

First, the open-loop control of the AFE rectifier is con-
sidered. According to (1) and (2), as well as setting the dg-
axis rotating at the PMSG rotor angle, the considered MEA
without the closed-loop control can be represented by the
equivalent circuit on the dg-axi shown in Fig. 2. After
analyzing the equivalent circuit in Fig. 2 using Kirchhoff’s
voltage law and Kirchhoff’s current law, a mathematical
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Fig. 3.

Block diagram of the controllers without the adaptive stabilization.

model of the considered MEA without controllers is given as

follows:

. R,
la= *Et-ﬂ.‘ + wely — —
Iy = —welg—
) 3IMy

= ol Vg 3
Vae 2Cs + 3)
. 1
I.= » Vae —
N S S . |

Cy R.Cy CpVi

C. Controller Models

Fig. 3 shows a block diagram of the AFE rectifier controllers
without adaptive stabilization. It includes the existing conven-
tional controllers as shown in the gray area. The details for
how to design the controllers can be found in [4] and [5]. The
green area is the loop-cancellation for instability mitigation.

Referring to (3), the CPL effect is represented by the term
(PcpL/Vp) in the differential equation Vj. This effect can
degrade the system stability. Hence, the instability mitigation
via the loop-cancellation technique for the considered MEA
is required to ensure that the MEA system can be operated
within all ranges under the rated. The mitigation is started by
detecting the voltage across the capacitor bank (V). Then, V),
is inverted and multiplied by feedback gain Ky as shown
by the green area in Fig. 3. The gain can be adjusted to
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achieve a suitable value for eliminating the CPL effect. After
considering (3) in the steady-state by setting all differential
equations to 0 (x* = 0), the relationship between Vi, and V),
is given in (4), which indicates that the CPL effect has a plus
sign. Consequently, the elimination of the CPL effect via the
Ve controller can be achieved by creating a stabilizing signal
in the Vg control loop with a minus sign. Thus, a voltage
sensor is required only for v, Consequently, this does not
impact power loss or the size, weight, and cost of the overall
system

)

After analyzing the control structure in Fig. 3, equations for
the controllers are given in (5), and the reference modulation
index on the dg-axis (M,',q) can be calculated by (6). As
shown by (5), the new state variables, ie., X,, Xy, and
Xy, are obtained when the controllers are considered. Here,
Xy, Xia, and X, are from the V., Igand I, control loops,
respectively

Zh=~Kpilg + KigXiq + Kpal}
Zy=—Kpgly = KpoKpgVae + KinKpy X + KigXig (5
i a7
+K K pa Vae — Kpu K pg KI’HZ(W))

with Vg = V' = Kp((Vy/Re) + (Pcp/Ve))

My = (VL&)(Z; +onlly)
)i

» 6)
M= (W Zy —w.Laly+ o)
. . Ko KpgKen d (1
Tt #_(_)_ 7
ql q Li dt \ v, (¢

Creating the new state variable ;{,1 as defined by (7) can
be applied to eliminate term (d /d1)(1/V}), which can simplify
the model. Deriving the mathematical model for the considered
MEA (see Fig. 1) can be performed by substituting M; and M,
in (3) with M} and M; from (5) and (6) and by substituting
in (3) with. [;.in (7). The mathematical model of the consid-
ered MEA power system with the loop-cancellation technique
in Fig. 1, derived using the dg method, is given in (8). The
time-invariant system model in (8) is, thus, a suitable model
for studying system stability.

1II. STABILITY STUDIES AND ADAPTIVE
STABILIZATION

In this section, the considered system stability is reviewed
using the small-signal stability analysis via the linearization
technique and the large-signal stability analysis via the phase
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plane analysis for unstable point prediction

(&)

In addition, instability mitigation is presented. The details
for how to create adaptive stabilization based on the loop-
cancellation technique for the considered MEA are also
described.

The system model in (8) indicates that Ky occurred in
the equation. If Ky is equal to 0, it infers that the system
is operated without the proposed mitigation technique. After
linearizing (8) by the first-order Taylor series, eigenvalues
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Ie= le¢ - rlt' v fVl; from the linearization of (8) were calculated. The system para-
; (l ‘1 / ot melers (as given in the Appendix) represent a scaled version
Vy= C—l¢ - WV,, - CCIVI'- due to laboratory limitations in the experimental setup. Using
7 N L=k X P” e these parameters, Fig. 4(a) shows the dominant eigenvalue plot
X, = —Vy eV, — 22 4 of the considered MEA system when Pcpp is varied from
Ry Vi 0.8 to 2.2 kW without the mitigation technique (Kpg = 0).
X *=—1,+ 1% It hown that the real roots of the dominant eigenvalues at
id @+ 13 g
f ) Pepr, = 1.4 kW are higher than 0. Therefore, at this operating
Xig® = —Ip — KpoVac — _va+ Kin X - Ko Vi point, the system is un§lablg. Thc system instability occurs
Ry before the rated power in this instance reaches Pepyraea) =
K o K pg Kvn 1 2.2 kW. To return the system to a stable state, instability
|\ KpKpPop+————— ) — e s % i 3 B
4 Vi mitigation via the loop-cancellation technique is applied.

Fig. 4(b)—(c) present the dominant eigenvalue plots of the
considered MEA with the proposed mitigation technique when
Kgp is equal to 0.25, 0.74, 1.02, and 1.44, respectively.
Fig. 4(b) shows that the dominant eigenvalues at Pcp, =
1.4 kW (the unstable point) moved from the right-hand side
to the left-hand side of the s plane. This means that the
proposed mitigation technique can return the unstable system
to a stable state by only increasing Kpg from 0 to 0.25.
However, if Pep. is increased beyond 1.4 kW (here, it is
1.7 kW), while Kyp remains fixed at 0.25, the gain will not be
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Fig. 5. Analytical results from the phase plane analysis.

sufficient for mitigation. Accordingly. the system will become
unstable again. To make the system stable at Pep, = 1.7 kW,
Krg should be increased to (.74 [see Fig. 4(c)]. For Pcp. equal
to 1.9 and 2.2 kW (rated power), Kgg should be increased to
1.02 and 1.44, respectively.

Kpp = 1.44 can be used to mitigate the system (see Fig. 4).
which can make the system stable for all load powers
within the rated range. The phase plane analysis is used to
investigate the dc bus voltage response (V) adherence to
the MIL-STD-704F standard when the proposed mitigation
technique is applied. Using the system model in (8) with the
system parameters given in the Appendix. the trajectory of the
considered MEA on the [.—V,, plane when Pcp, = 1.4 kW
without the mitigation technique (Ky = 0) is determined
[see Fig. 5(a)]. The system trajectory motion starts from the
initial point and then diverges from the equilibrium point.
indicating that the system is unstable at Pepp = 1.4 kW,
corresponding to the eigenvalue theorem analysis in Fig. 4(a).
Fig. 5(b) presents the system trajectory at Pep, = 1.4 kW
when using Kpg = 1.44 (Kpg = 1.44 can stabilize the
system for all load powers within the rated range). The
analytical result shows that the trajectory can converge to
the equilibrium point, indicating that the system is sta-
ble at such conditions. However, the transient state V),
oscillates considerably exceeding the range of 200-330 V,
as specified by the MIL-STD-704F standard. Moreover,
the steady state V,, is also not in the range of 250-280 V,
as specified by the denoted standard. Fig. 6(b) shows the
simulation results when Pepp is increased from 1.2 to 1.4 kW
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Fig. 6. Simulation results for instability mitigation at Pepp = 1.4 kW,

with Kz = 1.44. The results show that the steady-state
response of Vj, does not adhere to the MIL-STD-704F standard
with Kpg = 1.44 for Pepr = 1.4 kW, corresponding to the
analysis in Fig. 5(b). Based on the analysis in Fig. 5(c), the
system trajectory at Pep, = 1.4 kW when Kpg = 0.25 can
converge to the equilibrium point, and the V), responses in both
transient and steady states can adhere to the standard. Fig, 6(a)
shows the simulation results, confirming the analytical results
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Fig. 7. Polynomial curve fitting.

of Fig. 5(¢). Concordantly, Kgg = 0.25 stabilizes the system
for Pepr. = 1.4 kW, and the Vj, responses in both transient and
steady states adhere to the MIL-STD-704F standard, while the
undesirable Vj, response is obtained for Kgy = 1.44. Hence,
a high Ky can cause the nonadherence of the Vj response
to the standard. Therefore, the design of a suitable K value
is required. The phase plane analysis was also performed for
other Pepps. Fig. 5 shows that Kpg = 0.74 is suitable for
Pepr, = 1.7 kW [see Fig. 5(d)], while Kgg = 1.02 and
1.44 are also appropriate for Pep = 1.9 [see Fig. 5(e)]
and 2.2 kW [see Fig. 5(f)], respectively. Thus, Kpy must be
designed sufficiently small to avoid undesirable V;, response.
Kgg should be adopted based on the Pepy. level to ensure that
the system remains stable for all operating conditions within
the rated power. Hence, adaptive stabilization is proposed to
provide the appropriate Kgg.

The proposed adaptive stabilization is based on a simple
equation obtained from polynomial curve fitting (see Fig. 7).
The instability line, indicated by the black dashed line
in Fig. 7, is first calculated from the stability analysis via
the proposed averaging model using the eigenvalue theorem
(see Fig. 4). Here, the phase plane analysis is not needed
to verify the V, responses again. The V;, responses adhere
to the MIL-STD-704F standard because the sufficiently small
K¥g was selected on the basis of the above-explained analysis
in Fig. 5. The instability line is investigated from the unstable
point (Pep. = 1.4 kW) to the operating point at the rated
power (PepLguedy = 2.2 kW). Points @®-@ of Fig. 4 for a
givenKpp are located on the black dashed line of Fig. 7. The
red and blue lines are defined via the first- and second-order
polynomial fitting functions using function “polyfit” in
MATLAB, respectively. The second-order polynomial equa-
tion is more accurate than the first-order polynomial equation.
The blue line is fitted using (9), where a suitable K can be
adopted based on the Pcp. level

Kp = (—4.282 x 1077) P2y + 0.003Pep. —3.079 (9)

where Pepr = 1,V — (V/Ry).

The blue area in Fig. | indicates the proposed adaptive
stabilization for the MEA power system using (9). The Pepr
value for adapting Kgg is calculated from /, and V. Both
values are measured from the existing current and voltage
sensors. In addition, (9) is only added to the code and operated
when including the loop-cancellation technique. Consequently,
the system is always stable until the rated power can be
achieved. Ky varies when Pgp, changes.

Fig. 8 shows the analytical results of adaptive stabilization
via the dominant eigenvalue plots. It demonstrates that the

] 5
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Fig. 8. Analytical results for the adaptive stabilization.
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Fig. 10. Validation of the unstable point prediction and instability mitigation.
(a) Simulation results. (b) Experimental results.

real roots of the dominant eigenvalues with the adaptable
Kpp are always on the left-hand side of the s plane. Kpp
is slightly increased following the proposed adaptive equation
in (9) until Kgp is equal to 1.449 at the rated power of 2.2 kW.
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Fig. 11. Validation of the adaptive stabilization. (a} Simulation results. (b) Experimental results.

It can be concluded that, before applying the proposed adaptive
stabilization, the system becomes unstable at Pep = 1.4 kW
(<rated power). After applying the proposed loop-cancellation
technique using a simple equation, the appropriate Kgs is
introduced into the system, and consequently, the system can
be operated at the rated power.

1V. SIMULATION AND EXPERIMENTAL VALIDATION

In this section, the validation of the theoretical analysis by
MATLAB simulation is presented alongside the details of the
experiment. A fest rig of the considered MEA power system
was designed and built in a laboratory (see Fig. 9). In this
case, a programmable ac power supply was used rather than
a PMSG, and the controlled buck converter was applied to
represent the CPL.

Fig. 10 shows the simulation and experimental results for
the unstable point prediction and instability mitigation. Both
the simulation and experimental results were tested in the same
conditions and are summarized as follows.

1) Initally, the system is operated without the proposed
mitigation technique. Kyp is designated as 0, and Pep
is increased by 200-W increments.

At t = 2.5 s, Pcp is increased to 1.4 kW. As pre-
dicted by the analysis in Figs. 4(a) and 5(a), the sys-
tem becomes unstable. Both the simulation results
in Fig. 10(a) and the experimental results in Fig. 10(b)
demonstrate the huge oscillation of Vj, which is no
constant within the range of 250-280 V, as specified
by the MIL-STD-704F standard. Furthermore, it has a
ripple voltage equal to 67.4 V in the simulation and
45 V in the experiment, which does not follow the
standard specifying the maximum ripple voltage in the
steady state (not exceeding 6 V). This indicates that
the analytical, simulation, and experimental results are

2

consistent in their indications that the system is unstable
at this operating point.

At t = 3.0 s, the proposed mitigation technique is
activated. K is designated equal to 0.25. The unstable
system at Pepp = 1.4 kW returns to a stable stz
denoted by the oscillation of Vj decreasing until it is
constant within the range of 250-280 V in the steady
state, thereby adhering to the standard. This confirms
that the proposed mitigation technigue can return the
unstable system to a stable state.

Finally, at t = 4.0 s, Pcp. is again increased to
1.6 kW, while Kpg is fixed at 0.25. The analytical results
in Fig. 4(b) show that the dominant eigenvalues at this
operating point are on the right-hand side of the s plane.
This indicates that the system is yet again unstable
due to Kpp being insufficient for mitigation. Both the
simulation results in Fig, 10(a) and the experimental
results in Fig. 10(b) correspond to the analytical results
in which the sysiem is unstable. However, the system
instability at this point Vj, suddenly decreases without
oscillation until the system fails. The system controllers
will attempt to stabilize a system with insufficient Ky,
resulting in the modulation index reaching the limit
specified for avoiding overmodulation. Consequently,
the system will fail and will be unable to continue
operating, which is an undesirable aviation situation.
This confirms the conclusion that if Pepy is increased,
Ky must be increased to be appropriate for mitigation
and to maintain system stability. Therefore, adaptive
stabilization based on the Pcpy. level is required.

w

4

=

Fig. 11 shows the confirmation results for the adaptive
stabilization as expected from the analysis in Fig. 8, and
the system with an adaptable Kpp based on the Pepp level
[acquired using the proposed equation in (9)] is always stable
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Fig. 12.  Simulation results for the validation of the robusmess of the proposed adaptive stabi

for all. Pepr. levels within the rated power. Both the simulation
results in Fig. 11(a) and the experimental results in Fig. 11(b)
confirm that the system is always stable and can be operated
at the rated power, which can be observed as a result of Vj, in
the steady state being constant within the range of 250-280 V
as per the denoted standard. Although Vj, in the experiment
indicated a degree of ripple voltage, the maximum ripple
voltage in the steady state was <6 V and, as such, adheres
to the denoted standard. In addition, the transient responses
Vp, from the simulation and experiment are shown in the
zoomed-in area of Fig. 11(a) and (b). The responses have
settling time = 0.02 s (not exceeding 0.04 s) without the
overvoltage and undervoltage more than 330 V and less than
200 V, respectively, of which the results can also follow the
standard.

The simulation results using the proposed adaptive stabi-
lization equation when R, and R, are changed to R. + 10%
= 6.09 mQ, R. — 10% = 4.99. mQ, R, + 10% = 66 Q, and
Ri — 10% = 54 Q are shown in Fig. 12(a)-(d), respectively.
Although R. and R; change, the system remains stable for
all operating conditions within the rated power. Moreover,
the transient and steady-state responses V;, adhere to the MIL-
STD-704F standard. This means that parameter robustness
does not affect the adaptive stabilization results.

AL 5]
@ Ri-10% -S40

Overall, it can be concluded that there is very good
agreement between the analytical, simulation, and experi-
mental results. Typically, a system without proposed adap-
tive stabilization will become unstable at Pepp = 1.4 kW
(<rated power). After applying the proposed adaptive stabi-
lization approach based on the loop-cancellation technique and
including the simple Kpg equation, which is defined using
the proposed mathematical model including the eigenvalue
theorem, system instability due to the CPL effect can be
fully eliminated. Accordingly, the system always remains
stable for all operating conditions within the rated power,
i, Popliueq) = 2.2 KW. As such, it is confirmed that the
proposed adaptive stabilization is an effective approach that
can be used to guarantee the stable operation of a PMSG-based
de electrical power system in an MEA.

V. CONCLUSION

This study presented an adaptive stabilization of a
PMSG-based dc electrical power system in an MEA. The
proposed approach is based on the loop-cancellation tech-
nigue with a simple equation that can calculate the adapt-
able gain based on the relevant power level. This simple
equation was derived from the polynomial curve fitting based
on the proposed mathematical model. The resulting adaptive
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defining a sufficiently small Ky for cach Py
within the rated power via the stability analysis

insubility line calculasion
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APPENDIX

The system parameters are given as follows: Vg
100 Vingphases fe = 400 Hz, Ry = 0.7 Q, Lo = 2 mH, Cy. =
1.45 mF, R, = 5.54 mQ, L, = 16.34 uH, C; = 0.99 mF,
R.=60Q,V;, =0V, V=210V, I} =0A, Kp =08,
K, = 1.288, Ki, = 343462, Kpq = Kpy = 17.069, Ky =
Ki, = 78956.835, Lpuk = 5.094 mH, Cpuer = 474.1 uF,
Rpuek = 8.1 Q. and Poppraiedy = 2.2 kW.
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Abstract

More Electric Aircraft is an important concept and tendency of modemn aerospace engineering which is possible
through the use of power electronics to convert and control electrical energy. Therefore, a controller design
of power converters in the More Electric Aircraft in order to control the system to improve the efficiency
and to provide the system responses following on the standard is important and has to be considered as a top priority
in the design process. The higher controller performance resulting in the increased overall aircraft systems reliability.
For this reason, this paper presents the controller design of a permanent magnet synchronous generator-
active front end rectifier-based DC electrical power system in the More Electric Aircraft using
conventional approach. The closed-loop transfer function can be derived from the dynamic equations
of the system. The controller performances are validated by the intensive time-domain simulation using MATLAB
and the experiment through a test rig built in the laboratory. It shows that the resulting controllers can regulate




240

MIATIVINT IMNTINMENT 3.0V

and provide the DC bus voltage response both
the MIL-STD-704F standard.

Keywords
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in the transient and the steady-state following on

more electric aircraft; vector control; conventional method; droop controller; permanent magnet synchronous

generator; active front end rectifier; constant power load
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wdsvudnanaiostuida il lidulninssuanss
Fmsudalviman 2aswlasiuedduid Addusd 73
Wuied uaziefilued dwiiuinansns q ulalihdes
Wudu (24,7 Fremgiinisesnuuuiiaiuguees
1gsudasifumddluedosDuildlnimndulasanis
athafersasulasiumdsva sTaluindn Saiandadi
Tumsudasuazmussmdsnuiihdmiulvaaiavensa
Hhidaddryuazdesidaduiududiudu 4 luduasunis
senkuusruy iesninnsmuesldssuvaansaia
Idetnaiiuszansnmuazlduam snavaussdulusiu
wasguiifvuaaunanfisanindefieituszuy
Tresauld Fufuunanaidfnhiaueniseenuuusmuny
wossvuuliiiduuunszuansaildiadosidinliiin
FalasdaviiawiminanisuazaeasiSeanssuaniaun
wuuuanitilupdeaduiildiinnndulneldignsuuy
Kudniumsieuduyssavsienduilaidudielouada
vawhnua Tasthiduinalowladinanigadlsinn
AUNITNATAVDITIUY N1SATIVADUANTIOUL DY
Farruauitldduniseanuuudieisnisiinaus
Tuumenuiiszardonisiiae denuniseivupeiames
dauTusunsy MATLAB uasnavngannasuitliassdu
luwasljianis amanisnsrvasunansliiui
Famuaniildansanualinansnevauswa iy
'Ja"lwﬂ'miau.amsu’w’;\:'[uam’lS‘B;Qﬂjuﬂs‘luam';zag'ﬁa
Wulumuanasgiu MIL-STD-704F 1#
unAiilsEneufieidsu fe dadivilaiuumi
druitanandndiszuuliiihiduuniasdiuiiiaisun

drufiaudunseiuinseanuuuiimuANBIsEUY

Ui 15 aduil 2 3

Iihiifionsan dwfidiiauenansnsisaouaussous
YesfmuANAIEMITasEn N stluuneIiImesLay
wannyamaaeuRlFasatuluiosUfiRnas uasdmdin
WuasUuaziumudmivmideluauan

2. szuuliiiduuadasdufiRansan
syuulififensuiluuneaniide seuuliidiaids
vuadeaduildlfanndudifiszuudmineuuy
Tifianszuanss wuuniesiudalifiisaasdaieon
(single-generator-single-bus) wamald i 34 W18
Usenauday 6 daude dail 1 wdeshuiialiihddasia
fflawiimanni2s (Permanent Magnet Synchronous
Generator : PMSG) ¥wiiiinanlnfnss uaadudaenis
wWasundirunanniaiu turbine) voussossudliiu
i mlih dwdt 2 2sSeensananiamiuuuueniin
(Active Front-End rectifier : AFE) iawtirfilun1sudas
Tflanszuaaduitldarneiesdudaln il
Inszuansufielfiduund mdsnudmivinan
Hanuauuaiosiu d2udl 3 dufudszaniaiiu
Idflansyuanss (OClnk capacton) Kauafian
wsadums (ipple voltage) 1atussdulninssuanss
flFaniesdsnsenananiuuuneniinlsiidnvas
FyaauilSevuagasiuaniu @il 4 awdeidsliiia
madulnfansEuanss (OC transmission line) @7uf 5
Tnandanunvosszuuldfaf 1davuniodu
Usznoude Tnananudumiudsldunulvaniiinen
sruudlesfunazazatoiwisvudnve nadeaiu
Inanginiuy seqldily (capacitor bank) uazluan
frdelnifapaia (Constant Power Loads : CPLs) aflu
woAinssuvensswasiuideiifinisniuay wu 1995
wasduirdsitideudefunemedlvilufiontuqu
nszualihuazaaniseuveewas 99Tulasiued
Wuidvdeddiduigitnsemuaudyyiuriesn Wudy
Falnanlasdulngvessruulwibhduuaiosduild
TshunFuiulandseinni (3,5,6) wazduit 6 Loy
m'uquﬂaass'u'ul'wﬁ1ﬁﬂé’aﬁﬁmimﬁmamﬁw'ﬁuﬁﬁmn

Tusuit 1 Fadusaunuwuuaniaes (vector controller)
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Ui 15 aduil 2 q

= Y C Iy
Ui 1 ssuuliiiduusioaduiifinsan

UNUNUNYUART (dg-axis) Us¥neudly faauny
aszualiiin (current controllers) Wuguaruauaiulu
Fmunuuswiuli (voltage controller) wazdaiuau
wuungl (Droop Controller) I.fJuQiJﬁ’m AuNIBUDN
Tasimuaunszualifiuuunumguisesimi il
asmunilieioaiuialiihdslnsdaviamimanans
fin1svinauuuuddndiiy (full flux operation) uas
AruanlidUsznauids (power factor : pf) vassEUY
A funils (unity power factor) sentsAnuali
nszualindnadavuunumnyuivinfueud (1] =0)
Tuvaeidinrununszualifruuununyudn
wazdanavguussiulnfiazvimiiitlunisnauay
wssduliinssuansafianpsoudifuysygnidu
IWfnszuanss (V) Willdragludag 250 v fis 280 v
AILUIASEIU MIL-STD-700F Feusaduluiingnede
(nominal voltage : V) asgndwualivindu 270 v [8]
wazdremuanuuuagUazyhmdhilunisasuaunisuds
nszualnin (current sharing) W3on1suusidelwiln
(power sharing) anip3asriialiiudaziadadluss
Tnanvianmunuuipiesiuiteliduluamudnunsansyes

ussnulWiuaznssualviia (V- droop characteristic)
Hlimuanazeanwuuld Fedynumuanuioonuos
famuauuuuazufe ussdulwinszuansisiadies
aunsmuanusiulh (7))
mmmuﬁ’waﬁxuumuﬂurﬁn‘auﬁmﬁmﬁuﬁﬁtm
TugUit 1 9zdunalidin drmvaunszualvfiay
pumuusdilihvesssuuisandudmuaile
(PI controller) #sluunmrmiiazinauenisesnuuy
ﬁ":muqnﬁana'ﬂﬁuﬂ":‘%mmmuﬁu'uﬁu (conventional
method) w%’auv'l"qﬁ'uauamiaaﬂuuuﬁ"}muﬂuuuumgﬂ
fiorfednvaziaw zuausadulifwaznseualii
Famunldannuinsg i MIL-STD-T04F Tngs1sasiBon
mseonuuURIRsUALT IvaALansliF wiaded 3

3. mssanuuuiiAuAsassTuL N ideRifinnsan
mspenkuufImUANTBsEUU IS AT BaTu

Asnsunamnsouseentéiiu 3 dou disluil

3.1 n1s0RNLUURIATUANNSELETINRN

faarvqunssualiiaviamiiflunisaivau
nizuaamAes (stator curent) vaaaiosinilaliiin
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Falasvasinudminaas Feaunrsnada (dynamic
equation) vaudesiiinliihddaniasiinuininons
vuununsuRAalunsaudeda@idlasida (synchronously
rotating reference frame) [5,6,9] wamalddaaunsi (1)
Tawaunisii (1) dazgnlfifevnilaidudielouastin
(closed-loop transfer function) @1M5Un1509NKUY
fhmuaunssualvifihvesszuufiansan

. R L
=iy L o LVM
L, L ! L, 1
1
& L R 1
i @ty , _ ], s 0.8,
L LV‘ L‘l l"}

Toit R femnudumuresieandimned (stator
resistance) L, L, ﬁammmﬁmﬁwumquuﬁﬁa
(inductance on dg-axis) ¢, AaWdndiieulosues
udwmdnn123 (permanent magnet flux linkage) ®, Ao
AEndagunisliiivaslanes (electrical rotor
angular velocity) 7,, I, ﬁaﬂisuaammaéuuunuwyu
Afa uay ¥, 7, Asussdualminesunununyudan

(stator voltage on dg-axis)

3.1.1 @angunssualviuunnumyud
INAUATTA (1) RITUUANIZANNITOYR UGV
nszuadmee IULLIUNLITUAD

d R a,lL 1
Sl ey, v _
a ol g Tl (2)

']

fmunlinatiuaiye (compensation term) @131150

dAwnnleidiaunisi (3)
Vi=V,- all, (3)
Fauninaunisi (2) uazaunisi (3) azamnsadagd

auniseuiusvansruaamnaiuuwnunsuilalni
fsaunnsi (@)

Ui 15 aduil 2 5

d '
L, ;‘ra =-RI, -V, (4)

aun1si @ Wuannisiaglulawunan (ime
domain : t domain) iekyasaunIsina1IF BN WA
auane (laplace transform) wazdmunlfideuleSudu
wasfuusyndadiugud alfaunmsfivrdniieguulam
arud (frequency domain : s domain) fauanalu
aunsit (5) waziodaguaunisit () Tud dafuesld
hfdudnelounasszuy (plant) uansisaunsi (6)

sL,1,(s)=-R1,(s) - V/(s) (5)

I,(s) 1

Vi) L +R wl

dmuald K, uaz K, Aewirsilwasves
dfhauauilevasgunsniuaunszualihuuunumug
Fafuununmudan (block diagram) 984gUn15AIUAY
nesualafuuununyuivandddagui 2 uasidle
Aisziusunmudendanas faidudelouilaves
aunsauaunszudly i uuununguiiansadiuim

v -
leanaums# (7)

. Ky _V"".. 1
Id 57 K,«.' + . | sLy+ R_, fd
PI controller Plant

Uit 2w wufentasgumsavasn sl

R @)
1 2+S(R‘ _Kp,{}i’(.a

Weraidudnelowarslnvessruudunuanunsgiu
(standard second-order system) uanaldnadunish (8)
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Cls) _ o
R(s) s*+2los+a

(8

fanruaufilovesgunisarvaunseualila
vuunuvudauisaeenuuulddinsiieudulseind
seudnannuinaImsvesiladdudisloutslaves
#anvnuluaunisit () Aunyuindinisens
Handudiglourslavesssvududvasiuinsgiulu
aunsdi (@) ﬁaﬁuﬂ‘wm'aﬁma%ﬂmﬁimuauﬁ‘laﬁanén

e -

annsodnnnlasannisi (9)

Km‘ =R - 24“(:1_01.4 ©)
K, = —L‘,(u:

i i

nefl @, AoA1us35uYd (natural frequency)
vasgunszualvila wazr ¢ Aedmsrdiunismiag

(damping ratio) vasgunszualiiii

3.1.2 AAruaunszualWihuuunuvguan
fvrsuienizauniseyiusvesnszuaanings
vuknurguATluaumsi (1) dude

d w.l, R 1
i e g T e W)

] 9 (] ‘@

o v « o o =
Amsualimatsnweausamuinladsaunsi (11)
V=V, + oLl - g, (11)
o ¥ = =
AIUUIINAUNTTH (10) uazanunsi (11) agamisa

FaguaunsayiiusvansruadamaiuuLnunyufi
Ielvaidseanisd (12)

d ¥
B ol =Rl s (12)

- e -
Mnaun1sh (12) agdanaldin dwatdvesaunisi

5 d & .
Adeivaunsi (4) fatuniseeniuudmunuiiloes

Ui 15 aduil 2 6

gumsamvaunszualiihuuwnumumeaansodiiuns
Ifdudentunisesnuuudaivauuasgunssudlil
vuwnuvyud uiaziinuuandnstuiinotyaise i
Aun1s# (3) uazaunad (11) whiy derfwuali K.

waz K, Aawisndiwedvesdinvquiilevaiguns
Arvaunszualiivuwnunyuds dawsifiinedves
w w ' o w =
Fnuuiledtndnasaunsofuanldfaunisi (13)

K =R -2o.L

Py Pty

K, =-Lo,

g Cni

(13)

3.2 nseanuuuAlnIuAuusaa Ul
firsansruuliihidnuelesiulugud 1 mad
Winszuansslasyszendlingnizualvfives
wasvanl (Kirchhoff's current law : KCL) 3ias1z il
Tum A (Node A) 9zldaunisayiusvoauseiulniing
anasaudLivUszanaesruliilinssuansauanas
aun1si (10) Faaunasit (10) ﬁwz‘]ﬂﬁﬂu'i.‘hﬁam
faddudrelonsslndniuniseanuuudanivgu
wsalatihvasssuniivntsan

d
Coe Vo = 1o~ 1, (14)
dt

Womruduwudssuitanssualufanaafiu
Ifnseuaaduiignudastieguuunumyuiugaiu
nszualrimiuldfansyuansivesneasdoanseua
aavtituukeniiiBudsaunsii (15) (3,6,10] thifte

T, =%(m1,, +ml) (15)

Awuald [ dafdenssualuihilnadivateds
fndalaimaiuliinssuansaidonssudlaiiilualy
El'ﬂwam‘?wumwal.ﬂ'%laqﬁul.'f]uﬁ'ryruﬂmiun".uu
(disturbance) Saa1usaazislufunaunisennuuy
Fanruauld [10] wasifonszualvfluuununyud
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gnatuaulkiiduiafuqud (7, =1; =0) faduain
dunisi (14) auni1sf (15) wazdanivundingnd

o & o = ' v &
aunseufusvewsaduliihiinnaseudniulsyy
malwihnszuanssluaunisi (1) aansadagulng
adaaunisi (16)

Ci—V,
de gy

3
= Em]“ (16)
sufluntsulasaUamaunisi (16) uaziimunli

GeuluSuduvssiudsyniadugud aeliaumsiivada

feguulamunuidumanduannisi (17) uazndledagy

aunsh (17) Twad Faduaglaftaddudislouveaszuu

wanaaENST (18)
3
sC,V, (s)= 3 ml,(s) a7

Ve) 3, L
1,(s) 4 $C4 (18)

davuald K, uay K, Aswisifineiuns
famrvauiilovesgunismunuusdulaia iy
usunwudenvaagumsmuaNusiiulianunsouans
Tedaguit 3 uaslodirseiniwudondsnan feitu
snelounlinvasgunsaunuusaduliihannsadman
Iganaumsd (19)

* K 3 1
Va1 K + S Tou 0 Vic
PI controller Plant

= 2
3UR 3 wnunmuBenvesgunismunuusaiiln

. (K, +K, )(3"’){%4,,}

Vi L (K, mk, ok
s+ e =
4C, 4C,,

Ui 15 aduil 2 7

faarunuiilavesgunisatvauusadulia
annsooonuuuldfsnsifeuduUssandseninmmuin
fanisvasflaidudirelouslavasdanaunulu
aumsd (19) fumpunadavnsvasilaidusalousalinues
srvududuassuinsgiuluaunisii @) datfu
Amnsimesveaiimuauiiladinaianusoduuld
Fsaunsil (20)

K, = 8¢,w,C,
3m
K, = 4C, @,
3m

lnefl @, Asarudsssuviivesguuseduliia
&, Aedasrdauntivinvesguusedulii uay
m fodduiinisuenian (modulation index) 484

NISIFLNNTTUAN AMTLUULDN AN

33 MseanuuUmAIUAuLUURTU

» A
Vo V-l drot_:p_
characteristic

«
fo— e

Lomax

= o - 'y o
3R 4 dnvuzonazveswsaiuliibuasnszualwihdmiv
nsAUALlluUARU

mseeniuuiimuuLuUazUrasTEUU WA
vuAasduiifiansunluguil 1 szordedhvomanizaas
|.|.‘Ns'fu"lvlﬁmazniwﬁ"lwﬁﬁmam‘lugd‘ﬁ' 4 ﬂwwngu
wdunalddn dasinisveteasy (droop gain : K,)
i'iqrfluwwwﬁma%‘uaaﬁ)muquuuuﬂgﬂﬁamm‘z‘fwaa
nimdnvazianizrssnsnuldduaznszualuda
diovdrarudurensmdananinsdredanesgiu
MIL-STD-704F fifmusliszuulniiduuaiosdudiil
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szuudmutsuuuldfianszuanssaunn 270 v
usesullihnssuansaiiandn (main bus 3o DC bus)
luanzegiazdasiidraglutg 250 v fla 280 V (8]
ﬁqu“uﬁ'na"mﬂmwmaﬂgﬂ dm¥uszuulwiiifiansan
aunsaduiaildinaunisi (21) ﬁ'amé’mfnmwmnﬂgﬂ
fiduanldiasgnirlulddmivnistinundn
usssiulwihnszuansidnadaasgunisavauusaiulih
(v

de

) AraunisresnisaruAuLuuaguinaaus Ity
(voltage mode droop control) Feaunsit (22) [4.5]
Weanuaunsutanszualiimisnruauniuy
frddivianiedadndalifudaviaiagluds
Tnasiammuuedeciiu

Vicaz—F 280-250 30
K e donin, o S
o 7 7 7 (21)

,max o, max o,max

Vi=V, -Kpl, (22)

loefl V) fie seduussfulnihdnadavesszuy

1, Ao nszualvihsdivan

4. MINTIVADUANTTOULVDIIAIVAY

Tusiaded ¢ Sasdunisinauenisnsindeu
aussouzvpaimuauissnuuulimniBnmsiinauelu
unmaimenshasmaumsaiuuneuianesiagld
TUsunsu MATLAB warwadldeinganadaeu
Tngyanaaauvatssuylniidsuuedssduitiionsmn
Tugudt 1 Aldadedy u e siiauadantumelulad
n1stuLareInia (nstitute for Aerospace Technology)
un1ing dousniiauay (University of Nottingham)
aus1v8119n3 (United Kingdom) waimsldiiagudt 5
%a'l.'unsﬂﬁﬁmwmaaqumﬂ%’uammmmﬁﬁ'ﬂﬁwé’me
Wesaindedrinvesgunsailusie sy jianas
wazuenaniudlildunasinalniinssuaaduuuy
Tusunsuls (programmable AC power supply) uvu
winatdnldidalasvasdauiningras uasld

Ui 15 aduil 2 8

2asulasuwuulan (buck converter) filin1sAauRy
wssiuinnaseudmumululyanidslviineia

6. Resistive Load
weSystems 7. Low Voliage DC Power Supphcs
ive Systems 8. Digital Multimeters

ammable AC Power Supply 9. Oscillosepoe
5. Revisive Load for Buck Comverter

p gopi Ao
FUN 5 gaveaeuyasssuuliihiduweioiuifianin

Mnswazduansseniuuimuruiilditaueld
Tustadadt 3 Frarununszualifivuinunyuiio
fharuaswssiulniuwardaruanwuuaiy a1miso
sanuuuldiesannisi 0) aunisi (13) aunnsit 20
wazaunsi (21) mudidy Auualid £ =¢ =0707,
@, =2rx100 rad’s, @, =10, =10(27 x100) rad/s
Fednnwanueiduinisiaiu (percent overshoot :
P.O.) vinffu 5% wazinandail (settling time : 7.)
wirffuuSetsenia 0.04 Furii lasd198emruuInsgiu
MIL-STD-704F (8] waziiiawasniimasunaszuulnia
Afarsanitanuituanalluntaauan feduasld
Arnnsifiweivesdanivauvesssuulddaings
wesastuiifmsnluzu 1 wanadanisnad 1 il

= : - 3 - Ha
#1519 1 H'lW’1‘5’ll.lIM'i]‘ﬂ'il»lﬂ’}ﬂ?UQN‘WDQiﬁHUIﬂﬁWﬂWQWTmﬂ

wasniies An

Ky Ky 0.8785
K. K, -3908.3633
K, 13162

K, 584.8654

K, 0.8
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L |
0175 [ 0225 025

MIATIVING INNTIMERT 3.0V
800, T T T
700 -
600 W
]
o 0125 0.15
e ST AT M

v

80V, 0045,

250V, 045

P —amv.00ls |

0:1 0135 015

T
! () Simulation resulds

= - -==—30 V008
1 " LALTES

R

1
ATD:TOE Standard)

- —swmveoks

L amy, ot

= MILSTITME Standard)

(b) Experimental results

= Y
EU\‘I 6 HANTINTINAUANIIOUZVDININIUA

Ha ﬂ?imﬁqﬂﬂ'ﬂuﬁuiiﬂuEﬂadﬁQﬂ?Uﬂu fae
amunsoidiassmsUasuuladinanveszuukanalid
U7 6 Tnuguit 6(a) iunadiliarnmsdraasaniunisal
vuroufinned wazgud 6b) unatiléinanyanaaoy
Faftmaninnisirassdniumsaivasainganaaaulign
naaeumelianrunisaluaziouludniufie

- lumeuudiuvassruy Arlwanideludia i
( Py asgnimualifidningu 400 W

- #8101 3uaf By, srgaiRudIiu
Tiviniu 600 W

- finet 02 3und P,
400 W 8nndy

Tagarnifegui 6@, 3uit 60) wazguilldvens

aggnanataslinaiy

azdunaldin lidnezBunsdilvanvesszuniianiy
& o o o o
uinfunieunsdiilvanvesszuvildranas
nan1snovaustvasnswudaludinszuanss (1)
i w ' = < w =
diedmuguuasszuviidmiaiiwesifudannad 1
Wulunusnsgiu MIL-STD-704F sisluannavdanguas

Tuanmsagd dufovunvassiulviviluannizding

fidnlatiandt 200 v uarlivaiu 330 v luvmed
uwssdulwihluannazegdadidnagluta 250 v fls 280 v
Treilvuinvesusadunaavihiu 1.7 V Saponitvuinves

Lﬁaeﬁ’uwgngaqmﬁmmsyﬂﬁﬁmumﬁa 6V uagua
mInsuaLBsanIaiganIzegfaldfenaniitosnd
0.04 Suft dafudnfunsBusulih dmuguitoaniuy
i&ae38nnsiiaueluunanui awrsoauaul
wan1smoUausIveTIiudalinsruansavessruy
Wi uuaiasduildliunniuiiuaniisdang
warluanzegdndulununnasgi MIL-STD-704F 1

5. dqU
Uﬂﬂ'l'llﬂi'lj']lﬁuﬂﬂ'l‘iﬂ'ﬂnl.l.UUﬁ')ﬂ'JUﬂN'ﬂaﬂ‘iUUU
Ihmduvunszuanssitiinesiudalihddasia
wlawlmdnaisuazaessomnseuanianiuunaniin
Tuiadpaiuilllianniu feismauuuiaduiums
WisvFusearifenduileitudielouninvesianiuay
?iaﬁ@w‘iﬂ"mnaumswa’m'umizuuﬁ'mi”umsaanuuv
frvauilavesgunisavaunszualwiuazgunis
avanusidulai wazardsdnvmsianizvag
wssdulniiaznszualniinidnsdsmumasgrudmiy
N1799NWUUAIAIVANKUUATY HATINAITATIVADY
AUTIAULVOIHIAIVANGIBNITI AR A UN Tl
vunauimeuasHai i ngaadaulurosUfianns
danadeanu Fauandiiunasiuduldd Frunu
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flEsunseanuuuandBnsiitnaualuunasui
arursonrvRulduanisnovausivey
usaudalwihnszuanssvasssuulwirrduuaiesdu
ﬂﬂﬂﬂ'nmn*‘fuﬁ"ﬂuan11x‘z'1"'mjmax'luam'mag‘ﬁ‘hnﬁﬂﬂ
AMUINTFIU MIL-STD-704F 161 petlsfinunantside
lsriwauarmuadtaniddliiinsihazagluiie 400 W
fia 600 W A sLiildduntmaaauitariidadadaludi
foenuuy wewndlediumivanlsanndiuaniasils
syuvlifiifiansanvinaiosain Suiileswnann
Tnaardlriihaai fildnvasduaddunuinay
(negative impedance) #esguulau iy Sedanade
w@figsn naeesruy lnanisviaaiiosnIne1odanaly
szruvldatuisavinudeldnieatvdanaliiig
Armdeniodeszuulassiuld [3-6] Fadudimiu
A5 IuI8 AN ITVIMET s AIM VB ITEUY Sl
A15UISMINFIRET s e b sz uuiiva
wigsamnduiniliaiosmmuazanansovhoudeliaui
seauAdsluiiidfidaazldTunsdnysaswaualu
ddelusuian Sndantdasnssuiidululdeswaes
syuulwihmdauuate suildlaianniuasdusuy
Vatieaildvatsuasing (single-DC bus-multi-source)
Faagusznaudrsyavoniosindalnidelasia
silauimdnnmsuazlesBeanssuanianiiuuLaniiv
(PMSG with AFE) 11041 1 4A Fafunissentuy
fmuaugassruusinanielasunsdnuiuasinu
Turuidsluowanmeiguiu

manuan: wisiimaivesszuulihiiRansan ()
R =1058mQ, L, = L, =99 4H, Poles (P) =6,
¢, =0.03644 V*s/rad,  f,=400Hz, C, =1mF,
R=6mQ, L=2u4H, C=05mF, R =10Q,
Ly =5.094 mH, C,, =474.14F , R, =810,

L=0A, V=270V, m=08 , Py =22 kW

finAnssuUsEnIA
uideilafunuaduayuaindidneu
neaquavvayuniside @na)aaeld

Ui 15 aduil 2 10

TassnsUGggiannigawiien (aun) @udvendians
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A Controller Design of More Electric Aircraft Power
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Abstract—This paper presents the optimal controller design
for more electric aircraft power systems using an adaptive tabu
search. The simple block diagrams are used as the objective
function to evaluate the quality of each solution. The simulation
results show that the proposed technique can provide the best
output performance compared with those of conventional
method. Moreover, this technique is very useful for engineers to
design the controller with good performances.

Keywords—More Electric Aircaft; Adaptive Tabu Search;
Constant Power Load; Vector Control

I. INTRODUCTION

Nowadays, the artificial intelligence (AI) techniques have
been applied to many areas of engineering such as system
identifications, controller design, active power filter design,
protection design in power system, power loss minimization,
and etc. In this paper, the application of Al technique called
adaptive tabu search (ATS) [1-4] for the controller design of
more electric aircraft power systems [5-7] is presented. These
controllers are used to regulate the DC-link voltage equal to
270 Vpe and to achieve a unity power factor at AC bus. The
ATS is used to tune the PI controller parameters to provide the
best output performance. The block diagrams of the control
system is used for the conventional method and also used as
the objective function for ATS algorithm. The comparison
results between the systems using the controllers designed
from conventional and ATS methods are also presented. The
results show that the best output performance can be obtained
when the controller parameters designed by the ATS method
are used.

The paper is structured as follows. In section II, the
considered aircraft power system is explained. The controller
design using conventional and ATS methods is described in
section I11. The simulation results are also presented in section
IV. Finally, Section V concludes and discusses the advantaged
of the proposed technique compared with the conventional
method.

II. CONSIDERED AIRCRAFT POWER SYSTEM

The DC distribution aircraft power system considered in the
paper is shown in Fig. 1 [5-7]. It consists of permanent magnet
synchronous generators (PMSGs) represented by a balanced

978-1-5090-4666-9/17/831.00 ©2017 IEEE

three-phase voltage source, AC transmission line, active front-
end PWM rectifier, DC-link capacitor and an ideal constant
power load (CPL). The regulated power converters normally
behave as a CPL in which it is used to represent all of loads on
the aircraft power system. The PWM rectifier consists of
vector-controllers on dg-axis as shown with the dashed line in
Fig. 1 to regulate the voltage across the DC-link, here equal to

the ¥, . In this paper, this voltage command is set equal to 270
V. Moreover, a unity power factor at AC bus is controlled by
setting I; equal to zero, The system parameters of Fig. 1 are

given in Table 1. In this paper, the design of the controllers
using the conventional and ATS methods is presented. The
comparison results between the systems using the controllers
designed from both techniques are also illustrated.

TABLE 1. THE PARAMETERS OF THE SYSTEM IN FIG. 1

Parameter Value Description

Fs T2 Vimophase phase source voltage

@ 21 400 rad/s source frequency

R 0.1Q resistance of transmission line
L 100 uH inductance of transmission line
& 1000 uF DC-link capacitance

m 0.75 modulation index

I1I. CONTROLLER DESIGN

In this section, the controller designs for the PWM rectifier
via the conventional and ATS methods are explained.

A. Conventional Method

The veetor-control on dg-axis is based on the reference
frame aligned to the source bus voltage vector with a peak
convention. Therefore, the details of conventional method for
PI controller design are as follow [5-8]:

1) Current Loop Control

The block diagram of the current (7, ./, ) loop control for
the system in Fig. 1 is shown in Fig. 2. The current loop
controllers of d-axis and g-axis are identical. Hence, the paper
will only show how to design the current loop for d-axis in
which the controller for ¢-axis can use the same equation.
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Source Bus

PWM Rectifier

AC Bus

<}

777777777 2

Control scheme

______________________ -]

Fig. 1. The considered aircraft power system.

* Ka |, 1 >
+5L Kpat=5 Ls + R ]

P1 controller plant

Fig. 2. The block diagram of the current loop control.

In Fig. 2, the K, and K, are the controller parameters
for the current loop control on d-axis, while R and L are the
transmission line parameters. Closed-loop transfer function
following on Fig.2 is shown by (1).

147 .S‘KN. +K, a
I; LS +(K,+Rs+K, )

It is well-known that the closed-loop transfer function for
the standard second order system can be written as given in (2).

e\ P

R(s) s+ 2, s+ @, @

Therefore, the current loop controller on d-axis can be
determined by comparing between the denominators of (1) and
(2) so as to achieve (3).

K, =2{w,L-R
K,=Lay

‘ni

(3)

As mentioned before, the d-axis and g-axis controls are
identical. Therefore, the equations to design the controllers on
q-axis are given in (4).

KN=2{,me—R @
K ig = Lf‘)ff
2) Voltage Loop Control
" Ky 3 1 =
Va—m( == K+ =5 el e e Vie
Plcontroller ~ modulation index  plant

Fig. 3. The block diagram of the voltage loop control.

The block diagram of the voltage (V) loop control for the
considered system is depicted in Fig. 3. The K, and K, are

the PI parameters for a voltage loop control, while m is the
modulation index and C is the DC-link capacitor parameters.
Closed-loop transfer function of the system in Fig. 3 is defined
in (5).

3m(sK,, +K,,)

g 4Cs* +3mK , 5+3mK,, ©)

Similarly to the current procedure, the equations for the
controller design of voltage loop are depicted in (6).
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(6)

In this paper, the PI controller parameters for both current
and voltage loops are calculated by using (3), (4) and (6).
Referring to these equations, the controller parameters depend
on the system parameters including a damping ratio of current
loop (¢, ). voltage loop (£, ). the bandwidth of current loop
(@, ) and voltage loop (@, ). In this paper, the PI parameters

v

designed by the conventional method are calculated by
selecting ¢, = 0.8, ¢, =08, @, =27rx500 rad/s, and @, =

27x10 rad/s. As a result, the PI controller parameters are
K,=K,=0403, K, =K, =986.96, K, =0.179, and K|

=7.0184.

B. Adaptive Tabu Search (ATS) Method

The controller design via the ATS algorithm is illustrated in
this section. The block diagram to explain how to determine
the PI parameters is given in Fig. 4.

* ATS |
searching parameters

Ko Ko, Kt Ko Ky Koy

objective function
W(P.O. YT}

\ [
.
Li block diagrdms of control systems I
. +N L in Fig. 3 and Fig. 3
Ve X Fa

Fig. 4. The ATS method for the PI controller design.

Referring to Fig. 4, the block diagram of Fig. 2 and Fig. 3
are used as the objective function for the ATS algorithm. The
quality of the solution during the searching process is defined
by W value. This W value can be calculated by (7).

W(PO.T,T,)=cPO.+ BT + T, %)
and
a+f+y=1 (8)

where P.0O., T,, and T, are the percent overshoot, rise
time and settling time of the [, and ¥V, responses,
respectively, In addition, e, £, and y are the priority
coefficients of P.O., T,, and T, respectively.

For this paper, &, £, and ¥ are set equal to 0.33, 0.33,
and 0.34, respectively. The ATS algorithm will try to tune the

PI parameters until the minimum W is obtained. For this case,
it means that the resulting controller parameters can provide the
best /, and V¥, responses,

de

According to Fig. 4, the steps for design the controller via
the ATS algorithm are as follow:

Step I: Define the search parameter boundary. The
boundaryof K ,, K,, K, K, , K, , K, for this paper are

pd> Thid> Thpgr g Thpvr
set equal to [7.440 0.151], [222066.099 246.740], [7.440
0.151], [222066.099 246.740], [2.681 0.089], [1579.137
1.755], respectively. These boundaries are determined by
selecting @,, =24%250 rad/s to @, =2xx%7500 rad/s and

@, = 2rx5 rad/s to @, =27x%150 rad/s with the constant

£ =¢ =08.

Step 2: Define randomly the initial values of searched
parameters within the boundaries as determined from Step 1.

Step 3: Define the radius value (Rurs), the one of ATS
parameter.

Step 4: Define the condition for adjusting the radius and
back tracking.

Step 5: Define the cost value. In this paper, W is used in
which it can be calculated from the objective function as given
in (7).

Step 6: Define a stopping criterion. In this paper, countma.
is used and set equal to 100 rounds.

As mentioned before, the ATS algorithm will search the
controller parameters until the minimum W value is achieved.
The more details of ATS algorithm can be found in [1-4].

IV. SIMULATION RESULTS
The system in Fig. 1 with the controllers designed by using
the proposed method and the conventional method was
simulated by using SIMULINK of MATLAB. The SIMULINK
block following on the system in Fig. | is given in Fig. 5.
The comparison results between the ATS and conventional
methods are depicted in Table I1.

TABLE IL. THE COMPARISON BETWEEN ATS AND CONVENTIONAL METHODS

Design Method

Ii Eﬂ;;llcr
Parameters :113‘ .E:ﬁmd Conventional Method
Ky Ky \ iowes | o4 |
Kuj i "C\ 4 1228.00 T 98;.96 -
AMCRY> 18320 0.179
K, [ 61.6834 7.0184
W of current loop 0.0496 0.3011
W of voltage loop 0.1247 0.3459

In Table II, the controllers designed for both current and
voltage loops from the proposed method can provide the
minimum W value compared with the conventional method.
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Fig. 5. The SIMULINK block of considered aircraft power system.

Por (kW)

Fig. 6. Simulation results when step Pepy from 5 kWto 6kWatr=0.5s.

Fig. 6 shows the /, and V,_ responses when a step change
of P, from 5 kW to 6 kW at ¢+ =0.5 s. is applied. It can be
seen that the output response of the system using the
controllers designed by the ATS method is better than those of
the conventional method in terms of percent overshoot, rise
time and settling time.

V. CONCLUSION

This paper presents the applications of ATS algorithm to
design the PI controller parameters for the more electric aircraft
power systems to regulate the DC-bus voltage. The resulting
output responses using ATS design are better than those of the
conventional method. Therefore, the controller design using
ATS algorithm is very convenient and flexible for engineers.
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% NRUAAINITILLABIVBITZUY

Rs=1.058e-3;

Ls=99e-6;

Flux=0.0364;

Poles=6;

fe=400;

Ws=((120%*fe)/Poles)*((2*pi)/60);

Xs=2*pi*fe*Ls;

ZG=sqrt((Rs"2)+(Xs"2)),

GammaG=atand(Xs/Rs);

Rc=6e-3;

RL=10;

m=0.90;

% AmuamAsUISIAULAzAIMNAMALARBUgIan iDL Uls
Pcpl=15e3;
Egen=((((Poles/2)*Ws)*Flux*(Poles/2))*3)/sqrt(2);
Vtgen(1)=Egen;

Vdc=(2*sqrt(2)*Vtgen(1))/m;
Vb=(Vdc+sgrt((VdcA2)-(a*(Re/RL)+1)*Rc*Pcp)/A2*(Re/RL)+1));
lc=(Vb/RL)+(Pcpl/Vb);

PRL=(VbA2)/RL;

PRc=(IcA2)*Rg;

Pgen=(PRL+Pcpl+PRc)/3;
Delta(1)=asind((Pgen*Xs)/(Egen*Vtgen(1)));

ea Vtgen=100;

ea Delta=100;

es=1e-6;

k=1;
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% AILIUNIAT S AIBNITANNALTIRILAUTDITIF LA SINEY
while 1
f1=(((Egen*Vtgen(k))/ZG)*cosd(GammaG-Delta(k)))
-(((Vtgen(k)"2)/ZG)*cosd(GammaG))-Pgen;
f2=(((Egen*Vtgen(k))/ZG)*sind(GammaG-Delta(k)))
-((Vtgen(k)A2)/ZG)*sind(GammaG))+(((Egen*Vtgen(k))/Xs)*cosd(Delta(k)))
-(Vteen(k)A2)/Xs);
f1_Vtgen=((Egen/ZG)*cosd(GammaG-Delta(k)))-
((2*Vtgen(k))/ZG)*cosd(GammaG@));
f1_Delta=((Egen*Vtgen(k))/ZG)*sind(GammaG-Delta(k));
f2_Vitgen=((Egen/ZG)*sind(GammaG-Delta(k)))
-((2*vtgen(k))/ZG)*sind(GammaG))+((Egen/Xs)*cosd(Delta(k)))
(2*vtgen(k))/Xs);
f2_Delta=(((-Egen*Vtgen(k))/ZG)*cosd(GammaG-Delta(k))
-((Egen*Vtgen(k))/Xs)*sind(Delta(k)));
Fx=[f1;f2];
DiffFx=[f1 Vtgen f1 Delta;
f2_Vigen f2_Delta];
DeltaX=-((inv(DiffFx))*(Fx));
Vtgen(k+1)=Vtgen(k)+DeltaX(1,:);
Delta(k+1)=Delta(k)+DeltaX(2,:);
Vdc=(2*sqrt(2)*Vigen(k+1))/m;
Vb=(Vdc+sqrt((VdcA2)-(@*(Re/RL)+ 1)*Rc*Pcp))/(2*((Re/RL)+1));
lc=(Vb/RL)+(Pcpl/Vb);
PRL=(VbA2)/RL;
PRc=(IcA2)*Rc;
Pgen=(PRL+Pcpl+PRc)/3;
ea_Vtgen=(abs((Vtgen(k+1)-Vtgen(k))/Vtgen(k+1)))*100;
ea_Delta=(abs((Delta(k+1)-Delta(k))/Delta(k+1)))*100;
if ea_Vtgen<=es && ea_Delta<=es
Egen
Vtgen=Vtgen(k+1)
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end

end

k=k+1;

Delta degree=Delta(k+1)

Vdc=(2*sqrt(2)*Vtgen)/m

Vb=(Vdc+sqrt((VdcA2)-(a*(Re/RL)+ 1)*Rc*Pcp))/(2*((Re/RL)+1))

lc=(Vb/RL)+(Pcpl/Vb)

Pgen=(PRL+Pcpl+PRc)/3

Qgen=-(((Egen*Vtgen)/Xs)*cosd(Delta_degree))+((Vtgen/2)/Xs)
break
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lUsunsunisadneaunisegrsitevesardnsivetetaunduveanaiingenian (K,,)

dusulslunisasrsadesnimdaususi

% ANRUAAINITIRLABIVITZUY
Rs=1.058e-3; Ls=99%e-6; Ld=Ls; Lg=Ls; Flux=0.0364; Poles=6; fe=400; W=2*pi*fe,
Ws=(d*pi*fe)/Poles; Wm=Ws; We=(Poles/2)*Wm; Cdc=1e-3; Rc=(0.6e-3)*10;
Lc=(0.2e-6)*10; Cb=0.5e-3; RL=10; m=0.9; DampingRatio V=0.707;
NaturalFrequency V=2*pi*140; DampingRatio 1=0.707;
NaturalFrequency 1=2*pi*1500;
Kpv=(8*DampingRatio V*NaturalFrequency V*Cdc)/(3*m);
Kiv=(4*Cdc*(NaturalFrequency VA2))/(3*m);
Kpd=Rs-(2*DampingRatio_*NaturalFrequency [*Ld); Kid=-Ld*(NaturalFrequency I12),
Kpg=Kpd; Kig=Kid; Kd=0.065; Vo=270; IdRef=0;
% AMUINNLEULUILUININTSVIALEDE TN INUTOLEUBLEDE TN
count=1;
for Pcpl=35e3:10:55e3
for Kfb=0:0.01:5
x0=[0 0 270 0 270 0 0 QJ;
X=fsolve(@FindingEquilibriumPoints,x0);
x10=X(;,1);
x20=X(:,2);
x30=X(:,3);
x40=X(:,4);
x50=X(:,5);
x60=X(:,6);
x70=X(,7),
x80=X(:,8);
a25=((Kpv*Kpg*Kd)/(Lg*RL)-((1/(x50A2)*(Kpv*Kpg*Kd*Pcpl)/Lg)
+H(Kpv*Kpg*Kfb*(Kpg-Rs))/(LgA2));
a31=(3/(2*Cdc*x30))*((-2*Kpd*x10)+(Kid*x70)+(Kpd*IdRef);
a32=(3/(2*Cdc*x30)*(-2*Kpg*x20)-(Kpv*Kpg*x30)
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“(Kpv*Kpg*Kd*x50)/RL)+(Kiv*Kpg*x60)+(Kig*x80)
+HKpv*Kpg*Vo)+(We*Flux)-(2*Kpv*(Kpgh2)*Kfb)/Lg)
+Kpv*Kpg*Kd*Pcpl)*(1/x50)));
a33=(-3/(2*Cdc*(x30/2))*((-Kpd*(x10/2))+(Kid*x10*x70)
+(Kpd*x10*IdRef)-(Kpg*(x20/2))-(Kpv*Kpg*Kd*x20*x50)/RL)
+(Kiv*Kpg*x20*x60)+(Kig*x20*x80)+(Kpv*Kpg*x20*Vo)+(We*Flux*x20)
-((2*Kpv*(Kpg” 2)*Kfb*x20)/Lq)

+H((KpvA2)*(Kpgh 3)*(KfbA2))/((LgN2)*x50)+(Kpv*Kpg*Kd*Pcpl*x20)
+H((KpvA2)*(Kpgh 2)*Kd*Pep*Kfb)/(Lg*x50))
-(Kpv*Kiv*(Kpgn2)*Kfb*x60)/Lg)-((Kpv*Kpg*Kig*Kfb*x80)/Lq)
-((KpvA2)*(Kpgh2)*Kfb*Vo)/La)-(We*Flux*Kpv*Kpg*Kfb)/Lg))*(1/x50))
(KpvA2)*(KpgA 2)*Kd*Kfb)/(Lg*RL)));
a35=(3/(2*Cdc*x30))*(((-Kpv*Kpg*Kd*x20)/RL)

+H((2*Kpv¥(Kpg/ 2)*Kfb*x20)/Lq)
+((2*(KpvA2)*(Kpg/3)*(Kfb2))/(LgA2)*x50))

+H(Kpv/A2)*(Kpgh 2)*Kfb*x30)/Lg)+(Kpv*Kpg*Kd*Pcpl*x20)
+(2¥(KpvA2)*(KpgA2)*Kd*Pcpl*Kfb)/(Lg*x50))
-(Kpv*Kiv*(Kpgn2)*Kfb*x60)/Lg)-((Kpv*Kpg*Kig*Kfb*x80)/Lq)
{(KpvA2)X(Kpah2)*KFo™Vo)/La)
-(We*Flux*Kpv*Kpg*Kfb)/La)*(1/(x50A2))));
a36=(3/(2*Cdc*x30))*((Kiv*Kpg*x20)
+H((Kpv*Kiv(KpgN2)*Kfb)/Lg)*(1/x50)));
a38=(3/(2*Cdc*x30))*((Kig*x20)+((Kpv*Kpg*Kig*Kfb)/Lg)*(1/x50)));
a85=((-Kpv*Kd)/RL)+(((Kpv*Kpg*Kfb)/La)+(Kpv*Kd*Pcpl)*(1/(x5012)));
A=[(Kpd-Rs)/Ld) 0 0 0 0 0 (-Kid/Ld) 0;

0 (Kpg-Rs)/Lg) (Kpv*Kpa)/Lg) 0 a25 ((-Kiv*Kpg)/Lg) 0 (-Kig/Lq);
a31 a32 a33 (-1/Cdc) a35 a36 ((3*Kid*x10)/(2*Cdc*x30)) a38;

0 0 (1/Lc) (-Rc/Lc) (-1/Lc) 0 0 0;

0 0 0 (1/Cb) ((-1/(RL*Cb)+(Pcpl/(Cb*(x5012))) 0 0 0;

00 -1 0 (Kd*Pcpl)/(x5012))-(Kd/RL)) 0 0 O

-1000000 0;

0 -1 -Kpv 0 a85 Kiv 0 0];
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EigenValues=eig(A);
if real(EigenValues(1,:))<0 && real(EigenValues(2,:))<0
&& real(EigenValues(3,:))<0 && real(EigenValues(4,:))<0
&& real(EigenValues(5,:))<0 && real(EigenValues(6,:))<0
&& real(EigenValues(7,:))<0 && real(EigenValues(8,:))<0
Kfb_stable min(count)=Kfb;
Pcpl Kfb_min(count)=Pcpl;
count=count+1;
break
end
end
end
% FMnMMALNTEEiesnESUfensaun1snaludeadivanyay
order=1;
for order=1:1:5
polyfit(Pcpl Kfb min,Kfb stable_min,order)

end




AMANUIN Q.

N133AAMNIIANBIVBNYANATDUAIENTT IdlaRTmasiuulidama

$2UNUNIT ITLATDIINATICADUN AU



267

nsfadmninesvesyanaaeuszuuliiiniideuuaiesduifiansan d9ld
a$19tuluresujiinsvesandunaluladinisduuazesnia uninerdoueniisus
AnT1T0IN9NT NI Tnusialddafiimesuuulaneia (phase sensitive multimeter)
?iatﬂuqﬂnsaiﬁm%’ui‘Lﬂswﬁmsmauauaqmmmﬁ (frequency response analyzer) 33U
nsldgunsainsinsgidufiuauduuusouszau (impedance analysis interface) a1du
\n3esilodm3uTinTgiBufiunud (impedance analyzer) Insyngunsaifiananandugu NaL
PSM1735 NumetriQ 2039U38% Newtonsdth fianunsaufuiudsuaiiuivesnisnsiaia
ALY 10 pHz §9 35 MHz waziiusaqulningeaniniu 10 Voea o peak 819150
msnnaiauagnansinildvesdmiiinefvesyanaaeu Fasznousae AauAunIL
melufanilendn () wagAranumisd (L,) vessasnsesmauliiinssuaady,
Aranuglniivesdniuuszamissuliiinssuanss (C, ), ARIUAIUNIY (R,) way
Aot (L) vesansdeindsliiiinszuanss, Arnaugluiivesdufvuses
Fvalufinszuanss (C,), Araumidsativesdiuieriivessassiasdusuudad
(L) waza1a1uglainvesdiiulszquosnsasuiasduwuudnn (C,,,) wanald
Faguft 0.1 Baguil 9.6 muddu dadumnits 6 sUTdldAm o ftesyanadeusfiuans

Tuns97 6.1 Tuunil 6

NumetriQ

Phase sensitive multimeter

SUT 2.1 M3davmaAmnifiwesvensasnsaamesnuliinssuaadu



268

2 WARNNG
HOT SURFace
RISK OF BURy

PSM1735 NumetriQ

Phase sensitive multimeter

Z00M  AEAUTIME TABLE = GRaPy VM LCR RMS  POWER HARM

FRA
. g 3 m u B

START

16:34 pH
5Ghomee [P

P

50,0004k

m 4L: ATC-PEMC
Impedance Analysis Interface

SIGNAL -
a

dl U ! a [ 1 o U
E‘U‘Vl 2.3 Myiamansdinesvesangdemadlniinssuanse



269

PSM1735

Phase sensitive multimeter

i m' Z00M - REALTIME TABLE GRAPH FRA WM LCA AMS.  POWER HARM
0000 mnEESESE
el i - ‘l .' = J SIARY
Sesr | S |ss ' @
96.92me | = o e e = .
oo | | «an»> @®
50.0001Hz .

v p-

@

NumetriQ

JUT 9.4 mstameaugiwesduiudszantalihnssuanss

3

U

=
]

2.5 MFINMANANUATREIU VIR NTEIT V9995wl asiuwuuTAn



270

NumetriQ

Phase sensitive multimeter

W7 ApF
200bm2

P
UULD

50.0000H:

U 9.6 mstamernnuglnfvesdnfulszavenvsuasiuiuuden



AANUIN 2.

TUUNTUNITAIUANLATNITETINADNEINNATIUTUAT VDI YANAEDY
YUUDSA DSP TMS320C6713 S2UnuUasa FPGA ProAsic3 A3P400



272

lUsunsun1smvaukaznIsasiaiesnmsusudivesganaasuuasssuulniinigs
YUAII0U VUUBSA DSP TMS320C6713 S1uAUUasH FPGA ProAsic3 A3P400

/* Usgmaenldauilenduinnsgiu, library, wazdiwlsuaiuasa DSP/FPGA **/

#include <stdio.h>

#include <math.h>

#include <c6x.h>

#include "c67fastMath.h"

#include "c6x11dsk.h"

#include "initfunc.h" // Initialization Function of TIMERO, TIMER1, McBSP1
#include "FPGA.h" // Initialization Function of FPGA

#include "params.h" // Constant Values of Controller

#include "display.h"

#include "Variables.h"

#include "trace.h" // Variable declaration for HPI Daughter Card

#include "host.h" // Inclusion of "host.h" has to be done after variable declarations

/xxxxxxxxxx Modified by A.Suyapan (J) on 09 July 2019 **xxxxxxxx/

/ Functions Declaration /

void init_controller(void); // Initialization of Controller Parameters

void reset_controller(void); // Reset Value of Controller

void pwm_isr(void); // Interrupt Service Routine for Control of Converter
void V_C(void); // Subroutine for Calculation of Vector control algorithm
void swit_times(void); // Subroutine for Calculation of SVPWM Timings

void process_message(void); // Display messages like E-ON, PWM and DUCK

/¥ 1519 UN15%19UdlUswNsuMan (Main Program) **/

/ MAIN Program /
void main(void)
{
host_init(TS); // Initialization of Host Port Program
timer0_init(); // TIMERO Initialization
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timer1_init(); // TIMER1 Initialization

*(unsigned volatile int*)PLL_CSR = 0x08;

*(unsigned int*)TIMER1T_COUNT = 0;

*(unsigned int*)TIMER1_CTRL |= 0x00CO0;

while((*(unsigned int*)TIMER1_COUNT) < 3000);

*(unsigned volatile int*)PLL_M = 0x04,

*(unsigned volatile int*)PLL_DIVO = 0x8000;

*(unsigned volatile int*)PLL_CSR = 0x0;

*(unsigned int*)TIMER1_COUNT = 0;

*(unsigned int*)TIMER1_CTRL |= 0x00CO; // Start timerl

while((*(unsigned int*)TIMERL_COUNT) < 3000);

*(unsigned volatile int *)PLL_CSR |= 0x1;

*(unsigned volatile int*)TIMERO_CTRL &= OxFF3F;

CSR = 0x100;

IER = 2; // Interrupt enable register

*(unsigned volatile int *)EMIF_GCR = 0x3320;

*(unsigned volatile int *)EMIF_CEO = 0x30;

*(unsigned volatile int *)EMIF_CE1 = OxFFFFFFO03;
*EMIF_CE2 = 0x30D3C321;

*(unsigned volatile int *)EMIF_SDCTRL = 0x57116000;

*(unsigned volatile int

*(unsigned volatile int *)EMIF_SDRP = Ox61A;

init_ FPGA(); // Initialization of FPGA for A2D, SVPWM Generation

init_display(); // Initialization of LED on FPGA Board

*( char *)0x90080006 = 2;

init_ McBSP1(); // McBSP1 Initialization

dig_angle = *(unsigned volatile int *)McBSP1 DRR; // receiver is ready,read DRR
*(unsigned volatile int *)EXTPOL &= OxFFFFFFFE;

ICR = OXFFFF; // Interrupt clear register

IER |= 0x0010; // Enable ext. int. 4 (pwm_isr)

CSR |= 0x1; // Enable global interrupt

init_controller(); // Initialization of Variables and Constant Values for Controller

*(unsigned int *)DPR1 = 0x00000000;
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*(unsigned int *)DPR1 = 0x00000000;

*(unsigned int*)DPRO |= 0x00004000; // Enable pwm

*(char *)0x90080006 = 2;

*(unsigned int*)TIMER1T_COUNT = 0;

*(unsigned int*)TIMER1_CTRL |= 0x0CO0; // Start timer

while ((*(unsigned int *)TIMER1_COUNT) < 15000); // Wait time
*(unsigned int*)TIMER1 _CTRL &= OxFFT7F; // Hold timer
*(unsigned int*)TIMER1 CTRL &= OxFFT7F;

*(unsigned int*)TIMER1_COUNT = 0

)
*(unsigned int*)TIMER1 CTRL |= 0x0CO;

£ dihdgumshaunyulaifau iiesemsdadmng (interrupt) */
while(1)
{
process_message();
for (i = 1; i < 2000; i++)

if (message sent)

{
HPImsg(7);
decode host_msg();
message_sent = 0,

}

}
}// End of main()

/2 Wsunsueesd1miun1sindsnay (Interrupt Service Routine : ISR) **/

/ Interrupt Service Routine Generating SVPWM
interrupt void pwm_isr(void)
{
*(unsigned int*)DPR9 |= 0x30000;
DataSetting(); // Start data transmission settings (host.h)
EN_ON = *(unsigned int*)DPRO & 0x00000008;
ifLEN_ON)
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EN_ONf = 1,
else EN_ONf = 0;
// Extract information from FPGA registers
dpr0 = *(unsigned int*)DPRO;
// Power on Reset, Reset Trip Button State, Enable Button State
// PWM_Period, PWM Reset, PWM_Enable, PWM FIFO Level

// Current direction Input Polarity, Encoder zero pulse polarity, A2D mutiplex,

// A2D Converter Start
dpr8 = *(unsigned int*)DPR8; // Software and Hardware Trip
if(dpr8)

*(unsigned int*)DPR8 |= 0x0080;
if((dpr0 & 0x00000008) || (dpr8))
{

DriveOn = 0;

AccidentalEnable = 0;
}
else if ((IDriveOn) && (!AccidentalEnable))
{

reset_controller();

DriveOn = 1;
}
if((I(dpr0 & 0x00000010)) && (dpr0 & 0x00000008))

*(unsigned int*)DPR8 &= O0xFFFFFFOO;
*(unsigned int*)TIMERO_COUNT = 0;
*(unsigned int*)TIMERO_CTRL |= 0x0CO0; // start timing
*(unsigned int*)DPR2 |= 0x00007F00; // set SVPWM
*(unsigned int*)DPRO &= OxFFFFF7FF; // set a2d to software triggered
*(unsigned int*)DPRO |=0x00000040; // start A2D conversion
while(*(unsigned int *)DPR1 & 0x00000080);
*(unsigned int *)DPRO |=0x00000800;
adcO = *(unsigned int *)DPR3; // Read Channel 0 & 1 of A2D Conversion
adcl = (adc0 & 0x3FFF0000) >> 16; // Saving Channel 1 Data
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adc0 &= 0x3FFF; // Saving Channel 0 Data
adc2 = *(unsigned int *)DPR4; // Read Channel 2 & 3 of A2D Conversion
adc3 = (adc2 & 0x3FFF0000) >> 16; // Saving Channel 3 Data
adc2 &= 0x3FFF; // Saving Channel 2 Data
adcd = *(unsigned int *)DPR5; // Read Channel 4 & 5 of A2D Conversion
adc5 = (adcd & 0x3FFF0000) >> 16; // Saving Channel 5 Data
adcd &= 0x3FFF; // Saving Channel 4 Data
adcé = *(unsigned int *)DPR6; // Read Channel 6 & 7 of A2D Conversion
adc7 = (adc6 & 0x3FFF0000) >> 16; // Saving Channel 7 Data
adc6 &= 0x3FFF; // Saving Channel 6 Data
adc8 = *(unsigned int *)DPR7; // Read Channel 8 & 9 of A2D Conversion
adc9 = (adc8 & 0x3FFF0000) >> 16; // Saving Channel 9 Data
adc8 &= 0x3FFF; // Saving Channel 8 Data
/////1//////// Control Algorithm Starts from Here //////////////
Ic = (float) (adcO-OFFSETO0) * GAINO;
Ib = (float) (adc1-OFFSET1) * GAIN{;
la = (float) (adc2-OFFSET2) * GAIN2;
Vab = (float) (adc3-OFFSET3) * GAIN3;
Vbc = (float) (adcd-OFFSET4) * GAIN4,
Vdc = (float) (adc5-OFFSET5) * GAINS5;
Vb = (float) (adc7-OFFSETT) * GAINT;
lo = (float) (adc6-OFFSET6) * GAING;
JxFFFREERE Software Protection Logic **xxxxx/
if((la > IMAX) || (la > IMAX) || (b > IMAX) || (ic > IMAX) || (-lc > IMAX))
{
*(unsigned int*)DPR8 |= 0x0001;
DriveOn = 0;
}
if((Vdc > VclampMax) || (Vb > VclampMax))
{
*(unsigned int*)DPR8 |= 0x0004;
DriveOn = 0;
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}
if(DriveOn) // Control Works When DriveOn is "1" & "ENABLE" is ON
{
V_C();// Run main control loop
swit_times();
} //Control Algorithm Ends from Here
if(*(unsigned int*)DPR2 & 0x00000500)

{

next message = 0x452D4F4E;
}
Else
{

next message = Ox50574DFF;
}

(unsigned iNt*)TIMERO_CTRL &= OxFF7F; // Hold timer

int_delay = *(unsigned int *)TIMERO_COUNT;

DriveOnf = (float)int_delay * FPGA_PERIOD;

DataCapture(); // Store Data in External Memory used in Host Program

}// End of pwm_isr()

/2 USUNSUYRITEUUATUAL Fululusunsutasas ISR **/

/ Main Control /
void V_C()
{
frrxpexsx*Calculate Van, Ybn and Ven from Vab and Vbc****xxxsxxxxxx,
Vab=SQRT2*Vab;
Vbc=SQRT2*Vbc;
Van=(TWO_3*Vab)+(l_3*Vbc);
Vbn=(-I_3*Vab)+(I_3*Vbc),
Ven=(-_3*Vab)(TWO 3*Vbo);
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pressssoeesCalculate Vd, Vg and Theta via PLL**sssssxxsces/
Vd=TWO_3*(Van*CosTheta + Vbn*CosTheta TWOPI 3

+ Ven*CosThetaTWOPI_3);
Vg=TWO_3*(-Van*SinTheta - Vbn*SinTheta TWOPI 3 - Vcn*SinThetaTWOPI_3);
Jrsssssnoens pl| Control Loop **seess,
ErrVd=VdRef-Vd;
WePrePLL=WePrePLL+KiPLL*Tsampling*ErrVd;
WePLL=KpPLL*ErrVd+WePrePLL;
WePLL filterd = WePLL filterd + (WePLL - WePLL filterd) * Tfilter We,
GridFrequency=WePLL _filterd*| TWOP];
ThetaPLL=ThetaPLL+(TS*WePLL filterd);
ThetaPLL=BoundTheta(ThetaPLL);
Theta=ThetaPLL;
/rExRxxxxxCalculate Id and g from la, 1b and Ic (DQ transformation)****xxx*xxx/
Theta TWOPI_3=Theta-TWOPI_3;
ThetaTWOPI_3=Theta+TWOPI_3;
SinTheta=sinsp(Theta); // sin(Theta)
SinTheta TWOPI_3=sinsp(Theta_ TWOPI_3); // sin(Theta-(2pi/3))
SinThetaTWOPI_3=sinsp(ThetaTWOPI_3); // sin(Theta+(2pi/3))
CosTheta=cossp(Theta); // cos(Theta)
CosTheta TWOPI_3=cossp(Theta TWOPI 3); // cos(Theta-(2pi/3))
CosThetaTWOPI_3=cossp(ThetaTWOPI_3); // cos(Theta+(2pi/3))
Id=TWO_3*(la*CosTheta + lb*CosTheta TWOPI_3 + Ic*CosThetaTWOPI_3);
lg=TWO_3*(-la*SinTheta - Ib*SinTheta_ TWOPI_3 - Ic*SinThetaTWOPI_3);
Id_filterd = Id_filterd + (Id - Id_filterd) * Tfilter_Idg;
Iq_filterd = Iqg_filterd + (Iq - Iq_filterd) * Tfilter Idg;
[ RIRHIIIIIIIIIRRRHISIIISADQPEIVE SEADIliZAtION FFF¥¥RRRHIKIIIIKK KX XXX 4
lo_filterd = lo_filterd + (lo - lo_filterd) * Tfilter Vdc;
Vb filterd = Vb filterd + (Vb - Vb _filterd) * Tfilter Vdc;
Pcpl=(Vb_filterd*lo_filterd)-((Vb_filterd*Vb_filterd)*0.0167);
Kfb=((-0.0000004282)*(Pcp*Pcpl))+(0.003*Pcpl)-3.079;
if (Kfb<=0)
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Kfb=0;
}
JxEesss Mitigation based on Loop-Cancellation Technique***x¥xxxxxx//
Vb _inv = recipsp(Vb_filterd);
TsampLCT _inv=recipsp(TsampLCT);
Vb inv_k=Vb inv;
StabilizingSignal=Kfb*TsampLCT _inv¥(Vb _inv_k-Vb inv k 1),
Vb inv k 1=Vb inv_k;
RS RRRIDEO 0D CONtrOller essssmmmsssssxenss, /
VdcRef=Vnominal-(Kd*lo_filterd);
J/FHERRRRIIXRXDC-link Voltage (Vdc) Controller****xxxxxxxxxx//
Vdc filterd = Vdc filterd + (Vdc - Vdc filterd) * Tfilter Vdc;
Vdc_inv = recipsp(Vdc_filterd);
ErrVdc=VdcRef-Vdc filterd;
if(Mitigation switch==1)

{
ErrVdc=VdcRef-Vdc filterd-StabilizingSignal;
}
if(Vdc_PI > -45 && Vdc Pl < 45) // Anti-Windup
{
VdcPre=VdcPre+Kiv*Tsampling*ErrVdc;
Vdc_Pl=Kpv*ErrVdc+VdcPre;
}
else
{
Vdc_Pl=Kpv*ErrVdc+VdcPre;
}
if (Vdc_PI >= 45)
{

Vdc Pl = 45;
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else if (Vdc_PI <= -45)
{
vdc Pl = -45;
}
S/ FHRRRRIEXRXCUrrent on g-axis (1) Controller***xxx*xxxxxxx/,

if(lq_switch==1)

{
lgRef=Vdc_PI;
}
Errlg=IgRef-Ig;
if(lgq_PI > -140 && Iq_PI < 140) // Anti-Windup
{
IgPre=IgPre+Kig*Tsampling*Errlg;
lg_Pl=Kpg*Errig+lgPre;
}
else
{
lg_Pl=Kpg*Errlg+IgPre;
}

S/ RERRIRRRRERXE CUrrent on d-axis (Id) Controller*****xxxxxxxxx,//
Errld=IdRef-Id;
if(ld_PI > -140 &&Id_PI < 140) // Anti-Windup

{
IdPre=IdPre+Kid*Tsampling*Errid;
Id_Pl=Kpd*Errid+IdPre;

}

else

{
Id_Pl=Kpd*Errid+IdPre;

}

JyRIIRRERRRRxx Controller Outputs for Generating SVPWIM *¥¥xxsxxsxxxxx//
Vd_comp=Id_PI;
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Vqg_comp=Iqg_Pl;
VASVPWM=(-Vd_comp)+Vd+((TWOPI*400)*Lac*Iq_filterd);
VgSVPWM=(-Vq_comp)+Va-((TWOPI*400)*Lac*ld_filterd);

}// End of V_C0)

/4 TUsunsuasna PWM vectors kay PWM vector times @40uluswnsaeasvad ISR **/

/

swit_times /

void swit_times()

{

ValphaRef =(VdSVPWM*CosTheta)-(VgSVPWM*SinTheta);
VbetaRef =(VdSVPWM*SinTheta)+(VgSVPWM*CosTheta);

// Calculate Magnitude and Angle of Reference Vector Vs //
v_mag = sqgrtsp(ValphaRef*ValphaRef + VbetaRef*VbetaRef);
v_ang = fmod(atan2sp(VbetaRef, ValphaRef)+ TWOPI, TWOPI),
v_mag filterd = v_mag filterd + (v_mag - v._mag filterd) * Tfilter Vdc;
// Sector Detection - Sector 1 middle at Phase A Ref. Peak //
sector = (int) floor(THREE_PI*v_ang);

// Calculate Sector Angle //

sector_offset = Pl_3 * (double) (sector);

alpha = v_ang - sector_offset;

// Calculate Modulation Index from m=(sgrt(3)*Vm)/Vidc //
m = SQRT3*v_mag _filterd*Vdc _inv;

sg3cosA = SQRT3*cossp(alpha); // sart(3)*cos(alpha)

sinA = sinsp(alpha);

maxM = 0.99; // Define Maximum Value of Modulation Index
if (m>maxM) m = maxM;

if (m<0.0001) m = 0.0001;

msg3cos = m¥*sg3cosA; // m*sart(3)*cos(alpha)

msin = m*sinA; // m*sin(alpha)

d1l = (msg3cos-msin)*0.5; swl = 1; // Time (V1)

d2 = msin; sw2 = 2; // Time (V2)

d0 = 1.0-d1-dz; swO = 0; // Time (VO)
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SUBSECTOR = 0; SW3 = 3;
dl = d1*Tseq Pulses; // (T1/2)
dll = d2*Tseq_Pulses; // (T2/2)
dlll = d0*Tseq_Pulses; // (T0/2)
if (CPWM == 1)
{
// Define Switching Pattern (on-off) based on Sector (SVPWM Vectors)
swConf0 = sw_2lvi[sector][sw0];
swConfl = sw_2lvi[sector][sw1];
swConf2 = sw_2lvi[sector][sw2];
swConf3 = sw_2lvi[sector][sw3];
// DSP tells FPGA and loads switching states (SVPWM Vectors) and timing
(SVPWM Vector Times) to Fiber Optic by using FIFO //
dill>2) *(unsigned int *)DPR1 = (swConf0<<16 | dlli>>2); // VO
di>2) *(unsigned int ¥)DPR1 = (swConfl<<16 | dI>>1); // V1
dil>2) *(unsigned int *)DPR1 = (swConf2<<16 | dlI>>1); // V2
dill>2) *(unsigned int *)DPR1 = (swConf3<<16 | dlli>>1); // V7
dil>2) *(unsigned int *)DPR1 = (swConf2<<16 | dlI>>1); // V2
di>2) *(unsigned int *)DPR1 = (swConfl<<16 | dI>>1); // V1
*(unsigned int *)DPR1 = (swConf0<<16); // VO, PVT=0 for last vector

if (
if (
if (
if (
if (
if (

}
}// End of swit_times()




UseIRgUeu

v [

a o a d{' v A A o [ ) 1o <
UNYDAVY FUTNUT LNALUDIUN 9 ATNHIAN W.A. 2534 199 inaealng 61159

9

AsANYISEAUUS RS ArnssudiansUndin Gainssuluii) aleiesitieususunis

e

a

waEN1SANEISEAUUS NN FAInTsuAIansurItudin Gainssulnii) annumiinende

)

a o v =

walulagasuns Janiauass1vdun el w.e. 2556 wazd .. 2559 arud1du wagludl

w.a. 2559 latd1Anwineluszauusaygiten @a1v13g13danssuliin unidinede
walulagasuns nglasununisdnwiaindrdnaunesyuatduayunisive @na.) nels
Tasesn1sUsgennigaunfen (AUn.) a1e1inereaniuazmatulad deluvaeiidne
flenadunislusiuyinideduanrtumalulagnistunazeane (nstitute for Aerospace
Technology : IAT) 4n13ne1d8uaniiskaa (University of Nottingham) @1151%81419N03

<

(United Kingdom) tJuszeziial 1 U (Hu1AN w.A. 2562 D9 Au1As w.A. 2563) kazusnaini

a wva

galavirntnlugaeudfifnisvesarviivndsnssulaily didndgndeinssueans
wnninerdewaluladgsuns 91w 4 518390 laun Uﬁﬁ’ﬁmﬁmmmlﬂﬁwﬁugm
(Fundamental of Electrical Engineering Laboratory) Uﬁﬁﬁm'ﬁLﬂ%@ﬂ%’ﬂﬁﬂﬁiﬂ/\lﬁﬁﬁyugﬁu
(Fundamental of Electrical Machinery Laboratory) YU#n15La Soadnsnaluiln
(Electrical Machines Laboratory) wagn1slusunss MATLAB (MATLAB programming)
AadeiiauaulanunenunsiegiazUsulsaaissnmvesseu i
N33 1MUUTIAeHaZNITIaBI@nIUNTaleITEULBIANMIalndfdY qulszuuAIUAY
wazsyuulnimduniadosduatiolml MandesduildlniuinTusazinie sdudild

Ivianue (all-electric aircraft) 931001511398 ane1dnusivinlng3deinasuaium

UTINAeNIANWIN A, 31U 3 AU



	Cover
	Approved
	Abstract
	Acknowledgement
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Chapter6
	Chapter7
	Chapter8
	Reference
	Appendix
	Biography

